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19 Abstract

20 ∆9-tetrahydrocannabinol (∆9-THC), the main active ingredient of Cannabis sativa 

21 (marijuana), interacts with the human brain cannabinoid (CB1) receptor and mimics 

22 pharmacological effects of endocannabinoids (eCBs) N-arachidonylethanolamide (AEA) and 2-

23 arachidonoylglycerol (2-AG). Given recent intriguing findings that some allosteric modulators 

24 can enhance selectively the AEA-activated CB1 receptor, it is imperative to determine the 

25 structure of the AEA-bound CB1 receptor. However, due to its highly flexible nature of AEA, 

26 establishing its binding mode to the CB1 receptor is elusive. The aim of the present study was to 

27 explore many possible binding conformations of AEA within the binding pocket of the CB1 

28 receptor that is confirmed in the recently available X-ray crystal structures of the agonist-bound 

29 CB1 receptors and predict essential AEA binding domains. We performed long time molecular 

30 dynamics stimulations of plausible AEA docking poses until its receptor binding interactions 

31 became optimally established. Our simulation results revealed that AEA favors to bind to the 

32 hydrophobic channel of the CB1 receptor, suggesting that the hydrophobic channel holds 

33 essential significance in AEA binding to the CB1 receptor. Our results also suggest that the 

34 H2/H3 region of the CB1 receptor is an AEA binding subsite privileged possibly over the H7 

35 region. The results of the present study contribute to identifying the (hidden) allosteric site(s) of 

36 the CB1 receptor in our immediate future study.

37

38

39

40

41
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42 Introduction

43 ∆9-tetrahydrocannabinol (∆9-THC), the main active ingredient of Cannabis sativa 

44 (marijuana), interacts with the brain cannabinoid (CB1) receptor and elicits a wide range of 

45 neurological, psychological and biological effects [1]. Continuous marijuana use may increase 

46 risks of addiction, chronic pain, mood disorders, and birth defects [2,3]. 

47 Recently determined X-ray crystal structures of the CB1 receptor in complex with 

48 various ligands [4-7] have revealed the detailed receptor interactions with the bound ligand. 

49 Toward understanding molecular mechanisms of marijuana action, these X-ray crystal structures 

50 have also shed light on how the ligand activates the receptor upon binding at the molecular level. 

51 It is seen in the X-ray crystal structure of the classical cannabinoid full agonist AM11542-bound 

52 CB1 receptor [6] that the dimethyl heptyl (DMH) chain of the ligand binds the hydrophobic 

53 channel, disrupting the toggle switch of Phe200/Trp356. The toggle switch has been proposed to 

54 be required for CB1 receptor activation [8]. The hydrophobic channel appears to be conserved 

55 not only in the CB1 receptor but also in other related lipid receptors [9,10]. The classical 

56 cannabinoid ∆9-THC is expected to bind the CB1 receptor in a way similar to AM11542. Thus, it 

57 is likely that the known partial agonistic activity of ∆9-THC [11,12] is attributed to its pentyl tail 

58 moiety that binds the hydrophobic channel but not as tightly as the DMH chain of AM11542.    

59 Just like Δ9-THC, endogenous lipid ligands such as N-arachidonylethanolamide (AEA) 

60 (Fig 1) and 2-arachidonoylglycerol (2-AG), known as endocannabinoids (eCBs), also interact 

61 with the CB1 receptor. AEA was isolated from porcine brain [13] and 2-AG from canine 

62 intestines [11]. These eCBs are known to be produced only when biologically demanded [14,15]. 

63 A common structural feature of eCBs is a long lipid chain containing the polyene linker moiety 

64 and the pentyl tail moiety (Fig 1), which makes them extremely flexible and allows them to 
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65 adopt millions of conformations. Identification of the bioactive conformation of AEA to the CB1 

66 receptor can be quite elusive due to its potential to adopt many low-energy binding 

67 conformations only a few of which would be responsible for receptor activation. AEA is a partial 

68 agonist at CB1 receptors [16,17] just like Δ9-THC but somewhat more potent than Δ9-THC in 

69 activating the CB1 receptor [1]. Without any known X-ray crystal structure of the AEA-bound 

70 CB1 receptor, the nature of binding interactions of AEA with the CB1 receptor remains poorly 

71 understood. 

72

73 Fig 1. Structure of anandamide (AEA).

74 The structure of AEA consists of three moieties, including the polar head moiety, the polyene 

75 linker moiety, and the hydrophobic tail moiety.

76  

77 Our initial motivation of the present study was due to some intriguing results from recent 

78 studies demonstrating that the CB1 allosteric modulators (AMs) such as lipoxin A4 and ZCZ011 

79 enhance selectively the AEA-activated CB1 receptors [18,19,20]. As the first step toward 

80 understanding how CB1 AMs allosterically enhance AEA-activated CB1 receptors, we felt 

81 imperative to determine the binding conformations of AEA responsible for CB1 receptor 

82 activation. In the present study, by using a combination of molecular docking and molecular 

83 simulations approaches, we explored many possible binding conformations of AEA within the 

84 binding pocket of the CB1 receptor and identified essential AEA binding domains. Our results 

85 indicate that the hydrophobic channel interactions are crucial for AEA binding to the CB1 

86 receptor. Our results also suggest that the H2/H3 region of the CB1 receptor is an AEA binding 

87 subsite privileged possibly over the H7 region. 
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88

89

90 Methods

91

92 Determination of the AEA binding model 

93 A low-energy ligand structure of AEA was obtained by performing the conformational 

94 analysis by using the MMFF molecular mechanics force field [21] implemented in the 

95 SPARTAN computational modeling package (Spartan'16, Wavefunction, Inc.). Initial docking 

96 poses of AEA were generated by using AutoDock4 [22]. For the receptor template, the CB1 

97 receptor in the CB1-Gi complex model [23] refined according to the X-ray crystal structure of 

98 the AM11542-bound CB1 receptor [6] was used. The validity of the CB1 receptor model was 

99 partly confirmed by the overlay of the classical cannabinoid HU210 bound to the CB1 receptor 

100 in the refined CB1-Gi complex model to AM11542 in the X-ray crystal structure of the 

101 AM11542-bound CB1 receptor [6], which shows almost identical positions (see Figure in S1 

102 Fig). For exploring AEA binding to the CB1 receptor, a grid box was created by setting 60 grid 

103 points in the x and y dimensions and 56 grid points in the z dimension with 0.375 Å spacing 

104 between grid points (i.e., a box of 22.5 Å x 22.5 Å x 21.0 Å) such that it covered the entire 

105 orthosteric binding pocket region. The position of the center of the grid box was guided by 

106 AM11542 bound to the CB1 receptor in the X-ray crystal structure of the AM11542-bound CB1 

107 receptor [6]. A typical setting of docking parameters for performing AutoDock runs using a 

108 hybrid global-local Lamarkian genetic algorithm (LGA) [24] were: the rate of gene mutation 

109 (0.02), rate of crossover (0.8), GA window size (10), the number of individuals in population 

110 (150), the maximum number of energy evaluations in each run (25,000,000), the maximum 
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111 number of generations (27,000) and the number of LGA docking runs (10). Only the ligand was 

112 allowed to freely move inside the grid box while the protein was rigidly fixed in position. The 

113 resulting docking poses were evaluated by the AutoDock4 scoring function [25]. AutoDock runs 

114 were performed more than one hundred times using the best scoring docking pose from the 

115 previous run as the starting pose for the next run. For every run the same grid box was used. 

116 The best scoring docking poses obtained from the above AutoDock runs were overlaid to 

117 AM11542 bound to the CB1 receptor in the X-ray crystal structure [6]. Then, depending upon 

118 how AEA interacted with the hydrophobic channel, where the DMH chain of AM11542 was 

119 occupied in the X-ray crystal structure of the AM11542-bound CB1 receptor [6], they were 

120 clustered into three docking pose groups: 1) AEA docking pose Group 1 where the hydrophobic 

121 tail moiety of AEA occupied the hydrophobic channel; 2) AEA docking pose Group 2 where the 

122 polar head moiety of AEA occupied the hydrophobic channel; and 3) AEA docking pose Group 

123 3 where the hydrophobic channel left unoccupied. Three representative poses were selected from 

124 AEA binding pose Group 1. Similarly, three and two representative poses were selected from 

125 AEA docking pose Group 2 and AEA docking pose Group 3, respectively. Overall, a total of 

126 eight docking poses were selected (Fig 2).

127

128 Fig 2. Selection of eight representative AEA docking poses from AutoDock docking poses. 

129 (A) AEA docking pose Group 1: docking pose1 (in cyan), docking pose2 (in green) and docking 

130 pose3 (in orange). (B) AEA docking pose Group 2: docking pose4 (in magenta), docking pose5 

131 (in cyan) and docking pose6 (in purple). (C) AEA docking pose Group: docking pose7 (in 

132 orange) and docking pose8 (in green). Not all of the Autodock docking poses are displayed for 

133 clarity.
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134

135 Molecular dynamics simulations of the CB1-G assembly

136 Each of the eight selected AEA docking poses inserted into the binding pocket of the 

137 CB1 receptor in the CB1-Gi complex model in a fully hydrated 1-palmitoyl-2-oleoyl-sn-glycero-

138 3-phosphocholine (POPC) lipid bilayer was subjected to energy minimization (5,000 iterations). 

139 This was followed by a molecular dynamics (MD) simulation at 310 K in the NPT ensemble to 

140 obtain an all-atom, solvent-equilibrated AEA binding pose. A long time (typically 200 ns) MD 

141 simulation of each of the eight selected docking poses was performed to ascertain receptor 

142 binding interaction of AEA became optimally established as indicated by the RMSDs of the 

143 receptor as well as the bound ligand AEA. 

144

145 Simulation Protocol

146 All simulations were performed using the NAMD simulation package (ver. 2.7 Linux-

147 x86_64) [26], using CHARMM36 force field parameters for proteins with the  angle cross-

148 term map correction [27,28] and lipids [29], and the TIP3P water model [30]. The temperature 

149 was maintained at 310 K through the use of Langevin dynamics [31] with a damping coefficient 

150 of 1/ps. The pressure was maintained at 1 atm by using the Nosé-Hoover method [32] with the 

151 modifications as described in the NAMD user’s guide. The van der Waals interactions were 

152 switched at 10 Å and zero smoothly at 12 Å. Electrostatic interactions were treated using the 

153 Particle Mesh Ewald (PME) method [33]. A pair list for calculating the van der Waals and 

154 electrostatic interactions was set to 13.5 Å and updated every 10 steps. A multiple time-stepping 

155 integration scheme, the impulse-based Verlet-I reversible reference system propagation 
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156 algorithm method [34], was used to efficiently compute full electrostatics. The time step size for 

157 integration of each step of the simulation was 1 fs.

158

159 CHARMM parameterization

160 To describe AEA in the MD simulations using the CHARMM force field, missing 

161 parameters were determined. To minimize any inconsistency with the existing CHARMM 

162 parameters, most of the missing parameters for describing AEA were borrowed from the 

163 parameter values of lipids and chemically relevant structures.

164

165 RMSD analysis

166 RMSD values of the CB1 receptor were calculated by root mean square fitting to the 

167 initial coordinates with respect to the backbone Cα atoms of the TM helical residues of the CB1 

168 receptor (TM1: Pro113-His143; TM2: Tyr153-His178; TM3:Arg186-Ser217; TM4:Arg230-

169 Val249; TM5: Glu273-Val306; TM6: Met337-Ile362; TM7:Lys373-Arg400). The RMSD values 

170 of the polar head moiety of AEA bound to the above fitted CB1 receptor were calculated with 

171 respect to the initial coordinates after fitting to the heavy atoms of its head moiety (Fig 1). 

172 Similarly, the RMSD values of the hydrophobic tail moiety of AEA bound to the above fitted 

173 CB1 receptor are calculated with respect to the initial coordinates after fitting to the heavy atoms 

174 of the hydrophobic tail moiety (Fig 1). 

175

176

177 Results
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178

179 Eight representative AEA docking poses selected from AutoDock 

180 docking runs

181 The eight representative docking poses selected from more than one hundred AutoDock 

182 docking runs are shown in Fig 2.  These docking poses were clustered into AEA docking pose 

183 Group 1, AEA docking pose Group 2, and AEA docking pose Group 3, depending upon how 

184 AEA interacted with the hydrophobic channel or the deep hydrophobic channel (In our 

185 AutoDock docking runs, AEA sometimes occupied the hydrophobic channel deeper than 

186 AM11542 in the X-ray crystal structure of AM11542-bound CB1 receptor [6]. Thus, this 

187 extended hydrophobic channel was called the deep hydrophobic channel.)

188 In three selected poses (named docking pose1, docking pose2 and docking pose3) that 

189 belong to AEA docking pose Group 1, the tail moiety of AEA commonly occupied the 

190 hydrophobic channel or the deep hydrophobic channel (Fig 2A). In docking pose1, the tail 

191 moiety of AEA occupied the deep hydrophobic channel and the head moiety of AEA bound the 

192 H7 region. Thus, docking pose1 was assigned to be docking pose Group 1d_H7 (“1d” denotes 

193 that the tail moiety binds the deep hydrophobic channel and “H7” denotes the H7 region where 

194 the head moiety binds). In docking pose2, the tail moiety occupied the deep hydrophobic channel 

195 and the head moiety bound the H2/H3 region. Thus, docking pose2 was assigned to be docking 

196 pose Group 1d_H2/H3. In docking pose3, the tail moiety occupied the hydrophobic channel and 

197 the head moiety bound the H7 region. Thus, docking pose3 was assigned to be docking pose 

198 Group 1_H7.  

199 For the three selected docking poses (named docking pose4, docking pose5 and docking 

200 pose6) that belong to AEA docking pose Group 2, the head moiety of AEA commonly occupied 
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201 the hydrophobic channel or the deep hydrophobic channel (Table 1). In docking pose4, the head 

202 moiety of AEA occupied the deep hydrophobic channel and the tail moiety bound the H2/H3 

203 region (Fig 2B). Thus, docking pose4 was assigned to be 2d_H2/H3 (“2d” denotes that the head 

204 moiety binds the deep hydrophobic channel and “H2/H3” denotes the H2/H3 region where the 

205 tail moiety binds). In docking pose5, the head moiety occupied the deep hydrophobic channel 

206 and the tail moiety bound the H7 region. Thus, docking pose5 was assigned to be 2d_H7. In 

207 docking pose6, the head moiety occupies the hydrophobic channel and the tail moiety points 

208 toward the middle of the binding core toward the EC region (i.e., the pocket outer core). Thus, 

209 docking pose6 was assigned to be 2_OC (“2” denotes Group 2 and “OC” denotes the outer core 

210 region).  

211

212 Table 1. Receptor interactions of the eight docking poses selected from AutoDock runs and 

213 the corresponding equilibrated poses in simulation. 

AEA pose The orthosteric binding pocket Group

Hydrophobic 

channel

Deep hydrophobic 

channel

H2/H3 

region

H7 region

Docking pose1 

Equilibrated pose1 tail

tail head 

head 

1d_H7

1_H7

Docking pose2 

Equilibrated pose2 tail

tail head 

head 

1d_H2/H3

1_H2/H3

Docking pose3 

Equilibrated pose3 

tail

tail

head 

head

1_H7

1_H7

Docking pose4 

Equilibrated pose4  

head 

head

tail

tail

2d_H2/H3

2d_H2/H3
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Docking pose5 

Equilibrated pose5 

head 

head tail

tail 2d_H7

2d_H2/H3

Docking pose6 a)

Equilibrated pose6 

head

head tail

2_OC

2d_H2/H3

Docking pose7 a),b)

Equilibrated pose7 head tail

3_IC_H2/H3 

2d_H2/H3

Docking pose8 b)

Equilibrated pose8 tail

head 

head

3_H7_IC

1_H7

214 aThe tail moiety points toward the middle of the binding core toward the EC region (i.e., the pocket outer 

215 core). 

216 bThe head moiety points toward deep inside the binding core toward the IC region (i.e., the pocket inner 

217 core).

218

219 For the two selected docking poses (named docking pose7 and docking pose8) that 

220 belong to AEA binding pose Group 3, the hydrophobic channel or the hydrophobic channel was 

221 commonly left unoccupied (Fig 2C). In docking pose7, the tail moiety bound the H2/H3 region 

222 and the head moiety points toward deep inside the binding core toward the IC region (i.e., the 

223 pocket inner core). Thus, docking pose7 was assigned to be 3_IC_H2/H3 (“3” denotes Group 3, 

224 “IC” denotes the outer core region where the head moiety binds, and “H2/H3” denotes the 

225 H2/H3 region where the tail moiety binds). In docking pose8, the head moiety bound the H7 

226 region and the tail moiety binds the pocket inner core. Thus, docking pose8 was assigned to be 

227 3_H7_IC (“3” denotes Group 3, “H7” denotes the H7 region where the head moiety binds, and 

228 “IC” denotes the inner core region where the tail moiety binds). 

229
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230 RMSD analysis of the eight representative AEA docking poses

231 As shown in Figure in S2 Fig, all the receptors in the AEA-bound CB1-G complex 

232 model systems were converged with the r.m.s.d. values <2 Å with respect to the Cα atoms of the 

233 receptor TM helical bundle, indicating the CB1 receptor models became stable at the end of the 

234 simulation. Similarly, all the ligands in the AEA-bound CB1-G complex model systems were 

235 converged at the end of the simulation, indicating the bound ligand became stable. The RMSD 

236 values of the head moiety and the tail moiety of the bound ligand in the eight AEA docking 

237 poses are shown in Fig 3. The RMSD values of the tail moiety of AEA in docking pose3 and 

238 docking pose7 and the RMSD values of the polar head moiety of AEA in docking pose3, docking 

239 pose4, docking pose5, and docking pose8 showed little change, indicating that these binding 

240 interactions remained stable throughout the simulation. However, significant increases in the 

241 RMSD values of the head moiety or the tail moiety indicated that the regions initially occupied 

242 by the head moiety or the tail moiety became noticeably altered in simulation. Significant 

243 increases in the RMSD values are seen for the hydrophobic tail moiety of AEA in docking pose1 

244 and docking pose2 (a shift out from the deep hydrophobic channel to the hydrophobic channel), 

245 docking pose5 and docking pose6 (a shift from the H7 region to the H2/H3 region) and docking 

246 pose8 (a shift from the binding pocket core region to the hydrophobic channel) (Fig 3). 

247 Similarly, significant increases in the RMSD values are seen for the polar head moiety of 

248 AEA in docking pose2 (a shift from the binding pocket core region to the H2/H3 region), 

249 docking pose6 (a shift from to the hydrophobic channel to the deep hydrophobic channel), 

250 docking pose7 (a shift from the binding pocket core region to the deep hydrophobic channel) 

251 (Fig 3). The eight docking poses and equilibrated poses are summarized in Table 1.

252
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253 Fig 3. RMSD plots of the eight AEA docking poses. 

254 (A) RMSD plots of AEA docking pose Group 1. (B) RMSD plots of AEA docking pose Group 

255 2. (C) RMSD plots of AEA docking pose Group 3. The r.m.s.d. values of the whole molecule (in 

256 black), the polar head moiety (in red), and the hydrophobic tail moiety (in green) of the bound 

257 AEA (in red) in eight AEA docking poses, calculated with respect to the initial coordinates 

258 (heavy atoms only) after fitting the proteins based upon the backbone heavy atoms of the TM 

259 helical residues of the CB1 receptor. 

260

261 Three AEA binding poses merged from eight equilibrated poses

262 As shown in Fig 4, the equilibrated poses share the binding region in the orthosteric 

263 binding pocket well with the cannabinoid ligands in the orthosteric binding pocket as found in 

264 the X-ray crystal structures of the AM11542-bound CB1 receptor [6] and the CP55940-bound 

265 CB1 receptor [7]. Each of the eight equilibrated poses adopts an extended conformation that 

266 spans throughout the binding core region. It is also revealed in all of the equilibrated poses that 

267 the hydrophobic channel is always occupied by the tail moiety or the head moiety of AEA. As 

268 shown in Fig 5, most of the equilibrated poses are quite different from their initial docking poses 

269 in conformation and position (Table 1). This can be also seen in the RMSD plots of these 

270 docking poses (Fig 3).

271

272 Fig 4. Superposition of the CB1 receptor in AEA equilibrated pose1 and the X-ray crystal 

273 structures of the CB1 receptor. 

274 All the eight equilibrated poses (in atom type) are overlaid to AM11542 (in green) and CP55940 

275 (in mauve) after the receptor in these poses were superimposed to the receptors in the X-ray 
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276 crystal structures of the AM11542-bound CB1 receptor [6] and the CP55940-bound CB1 

277 receptor [7]. The alignment rule: the backbone C atoms of H3 (Arg186-Ser217), H4 (Arg230-

278 Val249), H5 (Glu273-Val306) and H7 (Lys373-Arg400). Color coding: carbon, cyan; oxygen, 

279 red; and nitrogen, blue. Hydrogen atoms are omitted for clarity.

280

281 Fig 5. Overlay of the eight docking poses and equilibrated poses.

282 (A) AEA docking pose Group 1 (docking pose1, docking pose2, and docking pose3). (B) AEA 

283 docking pose Group 2 (docking pose4, docking pose5, and docking pose6). (C) AEA docking 

284 pose Group 3 (docking pose7 and docking pose8). The eight docking poses (in white) and 

285 equilibrated poses (in atom type) were superimposed to AM11542 (in green) and CP55940 (in 

286 mauve) in the X-ray crystal structures of AM11542-bound CB1 receptor [6] and CP55940-bound 

287 CB1 receptor [7]. The alignment rule of the receptors is same as in Fig 4. Color coding: carbon, 

288 cyan; oxygen, red; and nitrogen, blue. Hydrogen atoms are omitted for clarity.     

289

290 After overlaid to the cannabinoid ligands in the orthosteric binding pocket as found in the 

291 X-ray crystal structures of the AM11542-bound CB1 receptor [6] and the CP55940-bound CB1 

292 receptor [7], the eight equilibrated poses became merged into 1_H7, 1_H2/H3 and 2d_H2/H3 

293 (Fig 6). No AEA equilibrated pose is found such that the tail moiety of AEA binds the deep 

294 hydrophobic channel (Figs 6A and 6B). Also, no AEA equilibrated pose is found such that the 

295 tail moiety binds the H7 region when the head moiety binds to the deep hydrophobic channel 

296 (i.e., 2_H7). 

297

298 Fig 6. Three AEA equilibrated poses. 
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299 (A) AEA equilibrated pose 1_H7 (equilibrated pose1, equilibrated pose3 and equilibrated 

300 pose8). (B) AEA equilibrated pose 1_H2/H3 (equilibrated pose2). (C) AEA equilibrated pose 

301 2d_H2/H3 (equilibrated pose4, equilibrated pose5, equilibrated pose6 and equilibrated pose7). 

302

303 Detailed structural features of each of three AEA equilibrated poses are described below:

304 a) Equilibrated pose 1_H7. Equilibrated pose1, equilibrated pose3 and equilibrated pose8 are 

305 merged into the equilibrated 1_H7 (Table 1 and Fig 6A). The hydrophobic tail moiety is well 

306 aligned with the DMH chain of AM11542 and CP55940 and the head moiety binds the H7 

307 region. It is interesting to see that not only the terminal five carbons (C16-C20) but also the 

308 fourth double bond (C14=C15) binds the hydrophobic channel (Figs 6A and 6B). The detailed 

309 receptor interactions of AEA in equilibrated pose1 are shown in Fig 7A. The tail moiety of AEA 

310 occupies the hydrophobic pocket formed by Leu193, V196, Thr197, Phe200, Ile271, Phe268, 

311 Tyr275, Leu276, Trp279, Leu359, and Met363. The head moiety of AEA is surrounded by 

312 Cys107, Phe108, His178, Lys376, Phe379, and Ala380. The middle linker moiety in equilibrated 

313 pose 1_H7 interacts with a group of aromatic residues in the binding core, including Phe103, 

314 Phe174, Phe177, His178, Phe189, Phe268, and Phe379, through aromatic- stacking interactions 

315 (see Figure in S3A Fig).

316

317 Fig 7. Detailed receptor binding interactions of three AEA equilibrated poses.

318 (A) AEA equilibrated pose 1_H7 (equilibrated pose1). (B) AEA equilibrated pose 1_H2/H3 

319 (equilibrated pose2). (C) AEA equilibrated pose 2d_H2/H3 (equilibrated pose4).

320
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321 b) Equilibrated pose 1_H2/H3. Equilibrated pose2 remains as the equilibrated pose 1_H2/H3 

322 (Table 1 and Fig 6B). The tail moiety occupies the hydrophobic channel just as in the 

323 equilibrated pose 1_H7, while the head moiety binds the H2/H3 region. The detailed receptor 

324 interactions of AEA in equilibrated pose2 are shown in Fig 7B. The head moiety closely 

325 interacts with D184 and Lys192. The hydroxyl group of the head moiety is H-bond to Asp184, 

326 which forms a salt bridge with Lys192 (see Figure in S4 Fig). In addition, Asp184 forms water-

327 mediated H bonds to Asp176. It appears that the extensive H-bonding network centered at 

328 Asp184 and Lys192 contributes favorably to the binding of the polar head moiety of AEA. The 

329 head moiety binds the H2/H3 region under E1 extensively, including Ile169, Ser173, Phe174, 

330 Asp176, Phe177, Lys183, Phe189, Lys192, and Leu193. The middle linker moiety in the 

331 equilibrated pose 1_H2/H3 interacts with a group of aromatic residues in the binding core 

332 through aromatic- stacking interactions similar to the equilibrated pose 1_H7 (see Figure in 

333 S3B Fig).

334 c) Equilibrated pose 2d_H2/H3. Equilibrated pose4, equilibrated pose5, equilibrated pose6 and 

335 equilibrated pose7 are merged into the equilibrated pose 2d_H2/H3 (Table 1 and Fig 6C). In this 

336 equilibrated pose, the polar head moiety binds to the deep hydrophobic channel while the tail 

337 moiety binds to the H2/H3 region. The detailed receptor interactions of AEA in equilibrated 

338 pose4 are shown in Fig 7C. Most of the binding residues that interact with the tail moiety are 

339 somewhat similar to not as extended as those that interact with the tail moiety in 1_H2/H3. The 

340 binding residues that interact with the head moiety are similar to those in the equilibrated pose 

341 1_H7 or 1_H2/H3. However, the terminal hydroxyethyl group of the head moiety occupies the 

342 deep hydrophobic pocket (Fig 7C). A close examination reveals that the N atom of the amide 

343 moiety forms an H-bond to Thr197, while the O atom of the hydroxyethyl group frequently 
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344 forms an H-bond to Tyr275. It appears that these H-bonds to the polar residues play key roles in 

345 stabilizing the polar head moiety deep inside the hydrophobic channel. Similar to the equilibrated 

346 poses 1_H7 and 1_H2/H3, the linker moiety in the equilibrated pose 2d_H2/H3 interacts with a 

347 group of aromatic residues in the binding core through aromatic- stacking interactions (see 

348 Figure in S3C Fig).

349

350

351 Discussion

352

353 The importance of the hydrophobic channel in AEA binding to the 

354 CB1 receptor

355 All of the eight representative equilibrated AEA binding poses show that AEA interacts 

356 tightly with the hydrophobic channel. If either the tail moiety or the head moiety initially binds 

357 to the hydrophobic channel, it remained there throughout the simulation (Figs 3A, 3B, 5A and 

358 5B). If the hydrophobic channel initially left empty, it became occupied by either the tail or the 

359 head moiety in simulation (Figs 3C and 5C). These results underscore the importance of the 

360 hydrophobic channel of the CB1 receptor in AEA binding just as seen in the recent X-ray crystal 

361 structures of the CB1 receptor in complex with various ligands [4,6,7,35]. In support, it has been 

362 reported that Ala mutations of the hydrophobic channel forming residues Leu193 and Met363 of 

363 the CB1 receptor caused ~80-fold and ~4-fold decreases in CP55940 binding [36]. Since the tail 

364 moiety of AEA in the equilibrated poses 1_H7 and 1_H2/H3 is exactly overlaid to the DMH 
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365 alkyl chain of AM11542 [6] and CP55940 [7], mutation of these hydrophobic pocket residues 

366 would also alter AEA binding affinity. 

367 It is surprising to see in the present study that the polar head moiety of AEA is also able 

368 to stably occupy the hydrophobic channel (as in the equilibrated pose 2d_H2/H3) (Fig 6C). It 

369 appears that the stabilization of the polar head moiety through H-bonding is required for its 

370 binding to the deep hydrophobic channel.

371

372 Which binding region is a privileged subsite? 

373 It is shown from the present study that regardless of whether the hydrophobic pocket was 

374 occupied or empty in the initial docking poses, the hydrophobic channel become preferentially 

375 occupied in all of the eight equilibrated poses in simulation. Therefore, it is likely that if the one 

376 end moiety (either the head moiety or the tail moiety) of AEA establishes its binding interaction 

377 with the hydrophobic channel as the primary binding contact, then the other end moiety of AEA 

378 establishes its binding to either the H2/H3 region or the H7 region before the linker moiety 

379 forced to be conformationally much restricted to complete AEA binding to the receptor. 

380 The recently determined X-ray crystal structure of the classical cannabinoid agonist 

381 AM11542-bound CB1 receptor [6] reveals that the trimethyl substituted B/C-ring moiety of 

382 AM11542 binds the H2/H3 region. Similarly, the X-ray crystal structure of the nonclassical 

383 CP55940-bound CB1 receptor [7] reveals that the propylhydroxyl substituted C-ring moiety of 

384 CP55940 bind preferentially the H2/H3 region. A 10-fold increase in binding affinity by the 

385 introduction of the propylhydroxyl group to the C-ring of CP47497, which becomes equivalent 

386 to CP55940 [37], supports the idea that the H2/H3 region is important for cannabinoid binding. 

387 Alanine mutations of the H2/H3 residues Phe174, Phe177, Asp184, Phe189, Lys192 and Leu193 
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388 resulted in significant decreases in binding affinity of CP55940 [8,36,38,39], also underscoring 

389 the importance of the H2/H3 region in cannabinoid binding. 

390 The equilibrated pose 1_H2/H3 uniquely shows extensive H2/H3/E1 interactions of the 

391 head moiety of the ligand (see Figure in S4 Fig). Collectively, these experimental results 

392 indicate that the H2/H3 region of the CB1 receptor is a ligand binding subsite privileged over the 

393 H7 region. In the present study, AEA interacts with the H2/H3 region in the equilibrated poses 

394 1_H2/H3 and 2d_H2/H3, while AEA little interacts with the H2/H3 region in the equilibrated 

395 pose 1_H7. As shown in Table in S1 Table, the CB1-AEA binding interaction was estimated by 

396 the nonbonding interaction energy between the binding pocket residues and the bound ligand 

397 AEA. Based on the estimated binding interaction energy values, it is predicted that the 

398 equilibrated pose 1_H2/H3 interact with the receptor more strongly than the equilibrated pose 

399 1_H7. Because the tail moiety of the ligand in both the equilibrated pose 1_H2/H3 and 1_H7 

400 interacts with the hydrophobic channel quite similarly (see Figs 6 and 7), the favorable binding 

401 interaction shown in the equilibrated pose 1_H2/H3 over the equilibrated pose 1_H7 suggests 

402 that AEA interactions with the H2/H3 region is more important than with the H7 region. 

403  

404 Which AEA binding pose is the best candidate for the bioactive 

405 conformation? 

406 If we assume that all of the equilibrated poses 1_H7, 1_H2/H3 and 2d_H2/H3 as 

407 potential candidates for the bioactive conformation, the measured binding affinity of AEA to the 

408 CB1 receptor would be the results of the binding of these poses in equilibrium. If the equilibrated 

409 poses 1_H7 and 2d_H2/H3 are weaker binding modes than the equilibrated pose 1_H2/H3, as 

410 predicted by the estimated the CB1-AEA binding interaction (Table in S1 Table), some ligand 
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411 binding exerted by the equilibrated poses 1_H7 and 2d_H2/H3 may still be present but would be 

412 weaker than ligand binding exerted by the equilibrated pose 1_H2/H3. In this regard, an increase 

413 in CB1 affinity by substituting the 2-hydroxyethyl group of AEA with a cyclopropyl ring or a 

414 halogen [41-43] is intriguing. It is possible that such a hydrophobic substitution for the polar 

415 head moiety of AEA would make the equilibrated pose 2d_H2/H3 a more favorable binding 

416 mode, contributing to an increase in AEA binding affinity overall.     

417 Compared with the equilibrated pose 2d_H2/H3, the equilibrated pose 1_H2/H3 exhibits 

418 extensive binding interactions with the H2/H3 region under E1 (Fig 7B), including an H-bond to 

419 Asp184 (Figure in S4 Fig). On the other hand, the binding interactions with the hydrophobic 

420 channel in the equilibrated pose 1_H2/H3 presumably less extensive than the binding 

421 interactions with the deep hydrophobic channel in the equilibrated pose 2d_H2/H3 (Fig 7C). 

422 Therefore, it is expected that the overall binding interactions in the equilibrated poses 1_H2/H3 

423 and 2d_H2/H3 would be quite competitive. However, the estimated the CB1-AEA binding 

424 interaction energy values predict that the equilibrated pose 1_H2/H3 binds the receptor much 

425 stronger (~ 10 kcal/mol) than the equilibrated pose 2d_H2/H3 (Table in S1 Table), suggesting 

426 that in the equilibrated pose 2d_H2/H3 the binding interactions of the polar head moiety with the 

427 deep hydrophobic channel is not advantageous for compensating for the limited binding 

428 interactions with the H2/H3 region of the tail moiety. In agreement, our simulation results of 

429 docking pose1 and docking pose2 reveal that the binding interactions of the tail moiety of AEA 

430 with the deep hydrophobic channel is not favored (Fig 3A). Moreover, the equilibrated pose 

431 2d_H2/H3 would not be a plausible binding mode in physiological environments, because the 

432 polar head moiety of AEA would not easily reach the hydrophobic channel located deep inside 
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433 the binding pocket. Overall, it is less likely that the equilibrated pose 2d_H2/H3 is an ideal 

434 candidate for the bioactive conformation of AEA.

435 On the other hand, the equilibrated pose 1_H2/H3 could be a better candidate for the 

436 bioactive conformation than the equilibrated pose 1_H7, in consideration of the recent X-ray 

437 crystal structures of the CB1 receptor [6,7] and the available mutational studies suggesting the 

438 H2/H3 region of the CB1 receptor offers a binding subsite privileged over the H7 region. 

439 Overall, the equilibrated pose 1_H2/H3 could be the best candidate for the bioactive 

440 conformation of AEA. In order to check the validity of the equilibrated pose 1_H2/H3, another 

441 independent MD simulation was carried out, starting from a docking pose (named docking 

442 pose2’) different from docking pose2 within AEA docking pose group 1_H2/H3. The resulting 

443 equilibrated pose2’ was quite similar to equilibrated pose2 (Figure in S5 Fig). 

444 The chance of the bioactive conformation being present in AEA is much lower than in 

445 AM11542 and CP55940, simply because AEA is structurally far more flexible than AM11542 

446 and CP55940. It is difficult for the highly flexible AEA to be locked into the active conformation 

447 required for best fitting to the binding pocket. Both the varying polar head moiety and the 

448 varying hydrophobic tail of AEA would interfere significantly from achieving the bioactive 

449 conformation. Overall, AEA is expected to achieve the active conformation much more difficult 

450 than AM11542 and CP55940, possibly contributing to its known partial agonistic activity [1].

451

452

453 Conclusions

454 In summary, we have explored many possible binding conformations of AEA within the 

455 binding pocket of the CB1 receptor well defined in the recently determined X-ray crystal 
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456 structures of the ligand-bound CB1 receptors, by using a combination of docking and MD 

457 simulation approaches. Because the challenging problem of the conformational explosion in 

458 AEA was significantly reduced owing to the binding preference of AEA to the hydrophobic 

459 channel, we were able to predict essential AEA binding domains of the CB1 receptor. Although 

460 the present study is rather limited in exploring all the available binding conformations allowed 

461 for the extremely flexible AEA, our results suggest that CB1 receptor interactions of the H2/H3 

462 region as well as the hydrophobic channel are important for AEA binding. 

463  
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622

623 Supporting information

624

625 S1 Fig. Overlay of HU210 and AM11542. HU210 (in gray) in the binding pocket of the CB1-

626 Gi complex model [1], refined according to the X-ray crystal structure of the AM11542-bound 

627 CB1 receptor [2], is overlaid to AM11542 (in green) in the X-ray crystal structure of the 

628 AM11542-bound CB1 receptor [2]. The binding pocket residues within 4 Å of the ligand are also 

629 displayed.

630
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631 S2 Fig. The r.m.s.d. values of the CB1 receptor in the eight AEA docking poses. The r.m.s.d. 

632 values were calculated by root mean square fitting to the initial coordinates with respect to the 

633 backbone heavy atoms of the TM helical residues of the CB1 receptor. (A) AEA docking pose 

634 Group 1. (B) AEA docking pose Group 2. (C) AEA docking pose Group 3.

635

636 S3 Fig. Aromatic- Stacking interactions of the polyene linker moiety of AEA. (A) 

637 Equilibrated pose 1_H7. (B) Equilibrated pose 1_H2/H3. (C) Equilibrated pose 2d_H2/H3.

638

639 S4 Fig. Key receptor interactions of the polar head moiety of AEA in the equilibrated pose 

640 1_H2/H3. Hydrogen bonding interactions are shown in red dotted lines. Hydrogen bonding 

641 distance (in Å) is also shown. Residues and water molecules are shown in stick mode and AEA 

642 are shown in space-filling mode.

643

644 S5 Fig. Analysis of docking pose2’. (A) Docking pose2’ (in dark green) and the AEA docking 

645 poses (in line mode) that belong to the same cluster as docking pose2 (in pink). (B) AEA 

646 equilibrated pose 1_H2/H3 (equilibrated pose2 and equilibrated pose2’). (C) The r.m.s.d. values 

647 of the CB1 receptor in docking pose2’. (D) The RMSD plots of the head moiety and the tail 

648 moiety of AEA in docking pose2’. The r.m.s.d. values of the polar head moiety (in red) and the 

649 hydrophobic tail moiety (in green) of the bound AEA (in red), calculated with respect to the 

650 initial coordinates (heavy atoms only) after fitting the proteins based upon the backbone heavy 

651 atoms of the TM helical residues of the CB1 receptor.

652
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653 S1 Table. The CB1-AEA binding interaction estimated by the nonbonding interaction 

654 energy. NAMD Energy Plugin as implemented in VMD [4] was used to calculate the 

655 nonbonding interaction energy values between the bound ligand AEA and any binding pocket 

656 residue. For the overall binding interaction energies, the whole ligand atoms were considered. 

657 For the head moiety of AEA, the ethanolamide and the propyl (C2-C4) atoms were used. For the 

658 polyene moiety of AEA, only the polyene (C5-C15) atoms were used. For the tail moiety of 

659 AEA, the terminal pentyl (C16-C20) atoms were used. A smooth switching function was 

660 activated at the distance of 10 Å to truncate the nonbonding interaction energies smoothly at the 

661 cutoff distance of 12 Å. The energy values with the standard deviation of the values in 

662 parentheses were averaged over the last 25.0 ns of the simulation.

663
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