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Abstract

Classic psychedelics are compounds that target the 5-hydroxytryptamine receptor

type 2A (5-HT2AR), inducing profound changes in consciousness. Although these com-

pounds most closely resemble the natural neurotransmitter serotonin, their therapeutic

and psychoactive action is still not well understood. Therefore, a quantitative atom-

istic description of their interaction in the 5-HT2A receptor is required to shed light

into their mode of action. In this work, we performed a computational characteriza-

tion of the orthosteric binding pocket for classical and photoswitchable psychedelics
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by means of semi-flexible molecular docking, classical molecular dynamics and bind-

ing free energy computations to identify the interactions with the key protein residues.

Two nearly degenerate binding poses were observed inside the orthosteric pocket. 5-

HT (5-hydroxytryptamine) and LSD (lysergic acid diethylamide) show a preference for

the canonical crystallized pose of the 5-HT2AR-LSD structure, in contrast to N,N-DMT

(N,N-dimethyltryptamine) and 4-OH-N,N-DMT (4-hydroxy-N,N-dimethyltryptamine),

which show a small preference for the newly identified pose. The photoswitchable

analogs trans- and cis- AzobenzeneDMT (AzoDMT) interact similarly to N,N-DMT,

with the cis-AzoDMT isomer being the most stable. Finally, the azobenzene domain of

both cis- and trans-AzoDMT interact with the same key residue (L229) responsible for

the extracellular loop closure of LSD. Our simulations clarify the nature of intermolec-

ular drug/protein interactions, which can help to develop new classes of classical and

photoswitchable psychedelics.

Introduction

After decades of global constraint on research, the current "renaissance" of scientific interest

in hallucinogenic compounds is one of the most promising areas in mental health.1 Classic

psychedelics (meaning "mind-manifesting") are a class of hallucinogenic compounds com-

prising three main chemotypes: phenethylamines, including mescaline and synthetic substi-

tuted phenethylamines (e.g., 4-bromo-2,5-dimethoxyphenethylamine (2C-B), 2,5-dimethoxy-

4-iodoamphetamine (DOI), and 4-[2-[(2-hydroxyphenyl)methylamino]ethyl]-2,5-dimethoxybenzonitrile

(25CN-NBOH);2 ergolines, including LSD (lysergic acid diethylamide) and the non-hallucinogenic

lisuride and ergotamine;3,4 and tryptamines, including psilocybin, N,N-DMT (N,N-dimethyltryptamine),

and 5-MeO-DMT (5-methoxy-N,N-dimethyltryptamine).5 Over the last few years, an ever-

increasing number of clinical trials is harnessing the potential of psychedelic-assisted psy-

chotherapy to target a variety of internalizing psychiatric conditions, such as addiction, de-

pression, obsessive-compulsive disorder, anorexia nervosa, anxiety, chronic pain, and trauma.6
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In this context, research has shown that psychedelics can induce significant rapid-acting

and long-lasting therapeutic effects, as opposed to typical psychiatric medications that re-

quire repeated exposure and have longer onset of action.7 The precise mechanism of action

of these compounds in the brain remains elusive, but evidence coming from different lev-

els of analysis is emerging. Neuroimaging studies in humans have consistently found that

during the acute phase, psychedelics increase functional connectivity across typically un-

related brain regions and increase brain signal complexity.8,9 Another well-replicated find-

ing is the reduction of power in low-frequency brain waves, an effect associated with the

emergence of sensory hallucinations.10 Animal studies have shown that psychedelics in-

duce long-term morphological changes in neurons, leading to an increase in the number

of neural branches and synapses.11 Consistently, psychedelics promote the expression and

up-regulation of neuroplasticity-related genes, an effect lasting several days after drug ex-

posure.12 Importantly, all such changes correlate with the long-lasting therapeutic effects of

psychedelics, potentially serving as the structural basis for the rewiring of pathological brain

circuitry.

Agonism of the 5-hydroxytryptamine receptor type 2A (5-HT2AR), called 5-HT or serotonin,

is thought to be the main mediator of both the subjective and neurophysiological effects of

classic psychedelics, although they have complex pharmacological profiles.13 5-HT2AR is a

canonical G protein-coupled receptor (GPCR), which interacts with various post-synaptic

effectors, as schematically shown in Figure 1.
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Figure 1: Schematic representation of neurophysiological effects of the interaction of classic
psychedelics with the 5-HT system. a) Brain-wide increase in functional connectivity be-
tween typically unrelated regions, increase in brain signal complexity, and reduction in alpha
wave spectral power. b) Frontocortical release of glutamate and increase in structural and
functional plasticity in layer V pyramidal neurons. c) Agonism at the 5-HT2AR, triggering
three main post-synaptic signalling cascades via transduction of the G-coupled protein Gq.
Those includes the canonical inositol trisphosphate (IP3) pathway, the β-arrestin-2 pathway,
and the arachidonic acid (AA) pathway. As a result, there is an increase in the expression
of activity-dependent and plasticity-related genes.

In humans, the 5-HT2AR is densely expressed in cortical and neocortical regions involved

in cognition, perception, sensorimotor gating, and mood.14 In particular, the apical dendrites

of glutamatergic pyramidal neurons located in the layer V of the prefrontal cortex have a

high density of 5-HT2ARs. When stimulated by the endogenous ligand 5-HT and by classic

psychedelics, those neurons fire, leading to glutamate release, as represented in Figure 1.

Such neuronal activation is mediated by three main molecular pathways, namely the Gq/11,

the β-arrestin-2, and the arachinoid acid (AA) pathways, although additional pathways have

been found.15–18 Activation of those signalling molecules leads to an increase of intracellu-

lar calcium (Ca2+), causing neuronal firing and expression of activity- and plasticity-related

genes. Virtually all psychedelics seem to activate those pathways, as also do the endogenous
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ligand 5-HT and some non-hallucinogenic analogs, but there is significant compound-specific

variability in the relative signaling potencies and subjective effects those molecules produce.

It has been proposed that different agonists can stabilize distinct active conformational re-

ceptor states, thus interacting with specific receptor residues to trigger specific subsets of

signaling proteins coupled to the receptor, a phenomenon known as “biased agonism”.15,16

Yet, this concept is mechanistically poorly understood, and the study of ligand-receptor in-

teractions in the context of psychedelics is still in its infancy.

The first 5-HT2 family receptor to be crystallized was the 5-HT2BR in complex with

ergotamine,19,20 followed by the 5-HT2BR with the β-arrestin biased LSD.21 In the last few

years, several new 5-HT2 structures were crystallized: The inactive structure of 5-HT2CR22

and 5-HT2AR,23,24 the G-αq-coupled active structure of 5-HT2AR24 and, very recently, the

lipid activated structure of 5-HT2AR.25 Based on those results and previous site-directed

mutagenesis studies, the orthosteric binding pose (OBP) of the 5-HT2AR has been identified

and characterized.26,27 Yet, the bound structure to its endogenous compounds, 5-HT and

N,N-DMT, is not available, but the 5-HT2AR-LSD bound structure may provide hints about

the binding mode of the indole moiety shared between ergotamines and tryptamines, and

unravel, at the atomistic level, the extremely different pharmacological output induced by

biased agonism.28

In addition to the multivariable problem of biased agonism, drug selectivity is a major

problem of classical pharmacology, originated by uncontrolled drug activity in time and

space. To this end, photopharmacology, allows to reversibly photosensitize an exogenous

compound, and control its activity via illumination in the UV-vis region, recently opening

its application to in vivo studies.29 The main benefit of photopharmacology strategies is

that they enable to follow a drug with a high spatio-temporal resolution, retaining the

biological activity (“on") in at least one of the conformations and be non-toxic in the other

one (“off"), reducing the off-target side effects and decreasing drug resistance.30 After its
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full establishment into class A rhodopsins,29 which incorporates a class of photoreceptors,31

recently, a series of photoswitchable ligands for optical control of the 5-HT2AR based on the

endogenous compound 5-HT was synthesized and tested.32 The lead compound, Azo-5HT-2

is inactive in the dark state and showed preferential agonism upon illumination in the UV

region. In addition, a very promising class of photoswitchable agonists of the 5-HT2AR based

on the structure of N,N-DMT was created, tackling the C4-C6 position of the indole group,

optimizing the size of the molecule by incorporating only one aromatic ring. One of the

compounds emerged as a cis-on “efficacy switch” at 385 nm and allowed reversible optical

control of 5-HT2AR.33

Despite these promising results shown by photoactivatable drugs, no mechanistic studies

investigating at atomistic level the binding mode of photoswitchable agonists in the 5-HT2A

receptor, and the main differences with the binding of classical psychedelics, are available.

In this context, the performance of computational studies is a fundamental tool since the

identification of the key protein residues involved in the binding process of the photosensitive

domain would allow for a selective functionalization of the aromatic rings of the drugs and

for a better understading of the mode of action of the 5-HT2AR protein control. Herein, we

characterize the binding mode of different drugs into the 5-HT2AR protein by means of semi-

flexible molecular docking, classical molecular dynamics (MD) simulations, and molecular

mechanics generalized Born surface area (MMGBSA) free energy calculations. Specifically, 5-

HT, N,N-DMT, 4-OH-DMT (4-hydroxy-N,N-dimethyltryptamine), LSD and the azobenzene

(Azo) based photoswitchable analogs of the psychedelic compound, trans-Azo-N,N-DMT and

cis-Azo-N,N-DMT, based on the structure of trans-Azo-5HT-2,32 are investigated (see Figure

2a).
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Computational Details

Molecular Docking

The crystal-bound structure of the 5-HT2AR with the partial agonist LSD was obtained

from the RCSB-PDB (PDB ID: 6WGT).24 The ligands 5-HT, N,N-DMT, 4-OH-DMT, LSD

and cis/trans-Azo-N,N-DMT (Figure 2a) were constructed using IQmol Molecular Viewer.34

The geometry of the ligands was optimized at B3LYP/cc-pVDZ level of theory, and the ESP

Merz-Singh-Kollman charges were obtained from the optimized structure at HF/6-31G∗ level

of theory with Gaussian09 software.35 Protein and ligand preparation and docking were

completed using AutoDock Vina,36 which added polar hydrogens, united atom Kollman

charges, solvation parameters and fragmental volumes to the protein. Protonation states

were assigned with Open Babel with a target pH of 7.4.37 The grid size was set to 20 x 20 x

20 xyz points with a grid spacing of 1 Å, centered at the orthosteric binding pose. During the

docking simulation, the protein was considered to be rigid, while the ligands were considered

flexible. For the photoswitches, the C-N=N-C and C-C=N-N dihedral angles were locked to

their equilibrium values to avoid torsion during the sampling. In this way, we are able to

discriminate between the two isomers’ binding modes, in case they differ.

Since the orthosteric binding pose for 5-HT and N,N-DMT was characterized in previous

mutagenesis studies38–43 and LSD was recently crystallized in 5-HT2AR,24 the docking poses

were selected based on those findings. In particular, the orthosteric binding pose presents the

following features: the protonated primary/tertiary amine nitrogen of the drug interacts with

D155, the indole -N1 atom creates a hydrogen bond with S242, and the aromatic indole group

interacts with W336, F339 and F340 via hydrophobic interactions (Figure 2b,c). During the

MD simulation of 5-HT (see below), the indole group performed a ≈180◦ rotation along

the C2 bond (see Figure 2a), showing a new binding pose where the key interactions are

retained but the indole group points towards the inside of the pore, into a hydrophobic cage

formed by W336, F339 and F340 (Figure 3a). A representative snapshot of the protein
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Figure 2: (a) All the compounds under investigation. (b) Representation of N,N-DMT
(green) interacting with the 5-HT2AR (orange) embedded into a membrane (gray). Water
is represented by the cyan surface and the Na+ and Cl- ions by the yellow and violet beads.
The black rectangle shows a simplified zoom of the OBP including a portion of the S3, S5
and S6 helices interacting with N,N-DMT. (c) Cartoon representation of the S3, S5 and S6
helices with a licorice representation of the residues involved in the major interactions with
N,N-DMT.

8



was extracted from the simulation and used again for semiflexible docking using the same

procedure, to dock the tryptamines and LSD to the newly discovered binding pose. A total

of 12 binding poses, two per each compound (p1 and p2) were selected as initial structures

to run MD simulations, where p1 represents the pose discovered via MD simulations, while

p2 represents the canonical binding pose of the 5-HT2AR-LSD bound structure.

Molecular Dynamics System Setup

Missing heavy atoms and hydrogens were added with the tleap module of the Amber20 pack-

age for the 5-HT2A receptor.44 The protein-ligand complexes obtained from docking were

aligned along the z-axis using the Positioning of Proteins in Membrane (PPM) web server.45

The complexes were then inserted in a 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)

lipid bilayer (xy length: 50 x 50 lipid components), and solvated in a rectangular box with

aqueous solvent and NaCl at a concentration of 0.15M L-1 (box dimensions: x: 67.9 Å, y:

67.9 Å, z: 109.9 Å) with the CHARMM-GUI Bilayer Builder.46 Potential parameters for

the protein, lipids, water and ligands were taken from the FF19SB, Lipid17, TIP3P and

GAFF2, respectively.47–50 For the two isomers, trans-AzoDMT and cis-AzoDMT, dihedral

parameters were taken from the GAFF2 with the exception of C-N=N-C and C-C-N=N,

which were taken from a previous work.51 In total, the solvated systems were composed by

≈ 45000 atoms.

Classical Molecular Dynamics Simulations

Classical MD simulations for the solvated membrane-protein-ligand system were performed

with the CUDA version of the AMBER20 package.44,52 First, energy minimization was car-

ried out with the steepest descent method for 5000 steps followed by the conjugate gradi-

ent method for additional 5000 steps. Positional restraints were applied to the membrane-

protein-ligand system gradually from 10 to 1 kcal/(mol Å2), while heated from 0 to 303.15 K

with the Langevin thermostat for a total of 120 ps. The desired density was reached by run-
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ning an equilibration in the NPT ensemble with a Monte Carlo barostat and a semiisotropic

pressure scaling for 4 ns. For 5-HT, N,N-DMT, 4-OH-DMT and LSD, an unconstrained

production run was carried out at 303.15K for 200 ns, while for trans/cis-AzoDMT it was

carried out for 500 ns. During the full MD protocol, a timestep of 2 fs was employed, the

cutoff radius and switching distance to compute the non-bonded interactions were set to 12.0

Å and 10 Å, respectively, and bond lengths involving hydrogen atoms were kept fixed using

the SHAKE algorithm.53,54

MMGBSA free energy analysis

The binding free energy of all the systems was calculated with the one-average molecular

mechanics generalized Born surface-area (1A-MM-GBSA) approach.55 From the most stable

100 ns interval of the production run, in terms of the root mean squared deviation (RMSD) of

the drug, 1000 equidistant snapshots were selected to calculate the MMGBSA total binding

free energy. In addition, a pairwise residue free-energy decomposition analysis was performed

to obtain the contribution of each residue-ligand interaction to the total binding free energy.

The decomposition was performed by considering residues within a radius of 5Å distance

from the ligand.

Results and Discussion

Classical Psychedelics

Total Binding Free Energy

As explained above, the docking and MD simulations found two different poses (p1 and p2)

for the drugs inside the orthosteric binding pocket of the receptor (Figure 3a). During the

MD simulations, both poses were stable for all the ligands, as can be concluded from the

time evolution of the RMSD of the drugs shown in Figure 3b. However, the p2 pose displays
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relatively large RMSD oscillations for the cis and trans forms of the AzoDMT compound.

The visualization of the trajectories revealed that this is a consequence of the motion of the

azobenzene moiety of the photoswitchable drug, which interacts in a weaker way with the

protein than the indole fragment.

Figure 3: (a) Representation of N,N-DMT interacting with the S3 helix showing the 180
rotation along the C2 carbon. (b) RMSD of 5-HT, N,N-DMT, 4-OH-DMT, LSD for 200ns
and of t-AzoDMT and c-AzoDMT for 500ns of production run. The green and yellow lines
represent the p1 and p2 poses respectively.
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The ligand/protein binding free energy was computed by the 1A-MM-GBSA approach

by considering 100 ns from the dynamics. Then, it was decomposed into electrostatic, van

der Walls, and solvent polar and non-polar contributions. The energies for the classical

psychedelic drugs (not the photoswitchable ones) are shown in Figure 4. Overall, all the

compounds present similar energies but LSD in the p2 pose, which displays the lowest total

binding free energy of -63.7 kcal/mol. It should be highlighted that the higher binding free

energy found for LSD results from additional interactions of its diethylamide domain, further

discussed in the next section, which is not present in the other drugs.

Looking at the interaction types involved in the binding (Figure 4), the electrostatic

contribution is larger for 5-HT than for the other compounds. In 5-HT, the presence of

the 5-OH, indole -NH, and protonated primary amine groups provide five hydrogen bond

(HB) donor atoms, as opposed to the protonated tertiary tryptamines, which have only two

(N,N-DMT and LSD) and three (4-OH-DMT) HB donor atoms. However, those tertiary

tryptamines present a higher van der Waals contribution than 5-HT. Despite their analo-

gous structures, the ligands do not share the same lowest energy binding pose (Figure 4).

5-HT and LSD show an energy difference between the two poses of -5.5 and -16.1 kcal/mol,

respectively, in favor of the canonical p2 pose. The p2 is favored in 5-HT due to the stronger

van der Waals interactions than in p1, while in LSD p2 is more stable than p1 due to the

electrostatic contribution. The tertiary tryptamines, N,N-DMT and 4OH-DMT, on the other

hand, favor the binding to the hydrophobic p1 pose. However, in those cases, the stability of

the different poses relies on a complex balance among all the energy terms. N,N-DMTp1 and

4-OH-DMTp1 display a higher van der Waals energy (in absolute value) and a lower polar

energy compared to N,N-DMTp2 and 4-OH-DMTp2. This can be understood when analyzing

the protein residues interacting with the drug in each of the poses (Figure 5a,b). In p1, the

aromatic indole and the dimethyl amine groups are locked into a hydrophobic cage formed

by several highly conserved aliphatic and aromatic residues, which favor the formation of

non-polar interactions, e.g., π − π interactions, which are classified as van der Waals inter-
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actions in the force field employed here. In addition, the energy penalty associated with the

desolvation of the residues is lower in the p1 pose because of their more hydrophobic nature.

Figure 4: Total free energy (orange squares) in kcal/mol and its decomposition into van der
Walls (blue), electrostatic (red), polar (green) and non- polar (yellow) for all the classical
psychedelics.

The next section will provide a more detailed discussion of the residues involved in the

binding of all the compounds. First, a description of the canonical p2 pose is discussed.

Then, a comparison between p1 and p2 for the classical tryptamines and LSD is performed

to understand the main dissimilarities between the two poses. Finally, the binding modes of

the photoswitches are described and the interactions with the key residues are compared to

the non-photosensitive compounds.
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Figure 5: (a) Top view of the OBP with N,N-DMTp1(yellow) and N,N-DMTp2 (green). (b)
Side view of the OBP with DMTp1 (yellow) and N,N-DMTp2 (green).

The Canonical p2 Pose

The canonical OBP is located ≈10 Å inside the 5-HT2AR protein from the extracellular

medium, with the helices S3, S5 and S6 folding towards the center of the pore, resulting

the most involved protein fragments in the binding of the drugs, as shown in Figure 5. All

the ligands under investigation have been docked to the OBP with the same tryptamine

orientation. Figure 6 illustrates with a heat-map the pairwise residue-ligand decomposition
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of the total binding free energy for each classical ligand in the p1 and p2 pose.

Figure 6: Pairwise residue decomposition of the binding free energy for the p1 and p2 poses
of 5-HT, N,N-DMT, LSD and 4-OH-DMT. Each residue contribution is in turn decomposed
into ligand/protein van der Walls (vdW) and electrostatic (el) contributions and polar (pol)
and nonpolar (np) solvation contributions to the total residue binding energy (tot). The
rectangle on top of each heat-map represents the total energy of interaction in kcal/mol (in
absolute value) between the helix and the ligand.
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The S3 helix, accommodates the alkylamine domain of all the compounds, with D155

being the major contributor to the anchoring of the alkylamine to the pose. 5-HT, N,N-

DMT, LSD and 4OH-DMT (mainly protonated at physiological conditions) form salt bridges

interactions between their +NH3 and +NH(CH3)2 groups and the negatively charged side

chain COO- of D155. This residue contributes ≈40% to the total binding free energy for

5-HT, N,N-DMT, LSD and 4OH-DMT, ranging between -18.0 and -22.0 kcal/mol (Figure

6). Experiments revealed that the D155A, D155Q and D155N mutations of the 5-HT2AR

protein completely disrupt the binding of both 5-HT and N,N-DMT, but upon the D155E

mutation N,N-DMT affinity is higher, showing that the longer alkyl chain of glutamic acid

can substantially change the affinity of the drug, mainly because of steric effects.38,43

Moving along the S3 helix, V156 has equal importance for all compounds, since it interacts

via its isopropyl side chain with the aromatic indole and via HB with the -N1 indole. This

residue was never mutated but it was previously mentioned to be a strong contributor to

the binding of 25X-NBOMEs and LSD.56 Finally, S159 interacts with 5-HT, N,N-DMT,

4OH-DMT and LSD through HB between its -OH side chain and the primary/tertiary alkyl

amines of the drugs. For the primary amine compound, 5-HT, a much stronger interaction is

observed due to a larger number of HB sites available in comparison to the other compounds.

In fact, the S159 residue was intensively studied via mutagenesis to understand the change

in binding affinity of 5-HT, N,N-5-HT and LSD between the native and the S159A mutants.

It was shown that 5-HT substantially decreases its affinity by the S159A mutant, while only

shows an intermediate decrease in affinity for the S159C variant. In contrast, N,N-5-HT

showed no decrease in affinity by the S159C mutation and a very small decrease by S159A

results,41 fully in agreement with the current. This is the first energetic difference observed

in S3 between the primary amine 5-HT and the tertiary amine compounds. Overall, S3 is

the helix that provides the strongest interactions, which are mainly of electrostatic character

with the alkylamine domain, as observed in Figure 6.

In the S5 helix, S242 is the main contributor to the binding energy (see Figure 6), which
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interacts with its -OH side chain with the indole -N1 of all compounds via HB. Interestingly,

rodents 5-HT2AR possess a A242 at the human’s S242 position, and A242S mutation in ro-

dents resulted in a pharmacological profile almost identical to that of the human.57,58 In ad-

dition, it was previously demonstrated that -N1 substitution of the ergolines and tryptamines

have no effect in the affinity to 5-HT2AR receptors in rodents. In contrast, N1-alkyl sub-

stitution of the same ergolines and tryptamines results in a substantial difference in affinity

for the pig, squirrel, monkey and human proteins.59 For the more extended ergotamine

molecule, LSD, further stabilization is achieved with the alkylamide domain that creates HB

with C227, hydrophobic interactions with L228 and, particularly, with L229, which is the

strongest contributor to the binding in S5, in agreement with the crystallized structure of

5-HT2AR-LSD.24 LSDp2 in fact shows the strongest interaction with S5, in comparison to all

the other compounds (Figure 6).

The S6 region involved in the OBP is mainly hydrophobic and stabilizes the interaction

with the ligands via cation-π and π-π interactions with the indole group of tryptamine and

ergotamine molecules. Mainly, three aromatic residues contribute to the binding of 5-HT,

N,N-DMT, 4-OH-DMT and LSD: W336, F339 and F340. The W336 is the major contributor

to the binding energy in 5-HT, while is weaker in N,N-DMT, 4-OH-DMT and LSD. In the

simulation, 5-HT mainly binds via a cation-π interaction with W336, giving raies to a large

electrostatic contribution. W336 has been proposed for many years as a “toggle switch" that

controls GPCRs transitioning between inactive and active state.60 The F340 residue shows

a T-shaped ππ interaction with the indole aromatic group, and the van der Walls term

predominates in the interaction. In fact, mutagenesis studies showed that F340L mutation

greatly diminishes the affinity of a series of 5-HT2AR agonists including 5-HT and 5MeO-

N,N-DMT. However, the F340Y mutation behaved identically to the native receptor showing

that an aromatic residue is required at that position, but not specifically phenylalanine.40,61

Finally, LSD weakly interacts also with N343, V366 and Y370.
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The p1 versus p2 Binding Poses

During the MD simulation of 5-HTp2, the indole group performed a ≈180◦ rotation along the

C2 bond (Figure 3a) going to the p1 pose, allowing the ligand to retain the interactions with

the key residues of the initial p2 pose, but with slightly different strength. Even though the

spatial orientation of the tryptamine domain is the same for 5-HT, N,N-DMT, 4-OH-DMT

and LSD, the compounds showed different preferences towards the p1 and p2 poses, where

common interactions are retained with S3, S5 and S6 helices (see Figure 6).

Starting from S3, the first difference between the two poses is found at the interaction

with V156, which creates strong van der Waals interactions of its isopropyl side chain with the

indole group in the p2 pose, which are in a more favorable orientation for alkyl-π interaction.

Instead, S159 interacts in a stronger fashion with the drugs in the p1 pose, since their

orientations in the S3 helix favors van der Waals interactions with the indole group of the four

compounds in addition to the HB created with the alkylamine domain, which is pronounced

in 5-HT, due to the larger amount of HB sites available. An exception is observed for LSD,

where the difference between the two poses is determined by the interactions with D155,

being -7.8 and -18.6 kcal/mol for p1 and p2 respectively. The ergotamine LSD must be

thought of as a rigid tryptamine, therefore the rotation of the cyclic domain implies also a

rotation of the alkylamine, which then disfavors the interaction with D155, in contrary to

classical tryptamines, where the indole group can freely rotate along the C2 carbon, without

perturbing the alkylamine interaction.

The total binding free energy with the S5 helix ranges between -5 and -7 kcal/mol for

all the ligands, with the exception of LSD, which presents a stronger interaction. Both

binding poses create an HB with S242 and a T-shaped π-π interaction with F234. LSDp2

creates, in addition, an essential hydrophobic interaction with L229 through the alkylamine

domain, which is the main contributor to the binding free energy in S5. The L229 residue

was previously observed to work as an extracellular “lid" both in 5-HT2BR (L209) and 5-

HT2AR, increasing the resistance time of the drug.21 This effect is observed in the LSDp2
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simulation, where the isopropyl group of L229 interacts with the ligand and induces a loop

closure at the extracellular region.

The S6 helix forms a hydrophobic cage for the indole domain and the dimethylamine

group, in the case of N,N-DMT and 4-OH-DMT. The major contributors to the binding,

in both poses, are W336, F339 and F340, which contribute with different strengths to the

binding depending on the rotation of the indole group in the two poses. First, comparing

5-HT with N,N-DMT and 4-OH-DMT, the major difference in p1 is the lack of alkyl-π

interactions between the dimethylamine and W336 and F339, which is replaced by a strong

cation-π interaction in the case of the monoamine 5-HT. The tertiary tryptamine compounds

are more hydrophobic and can accommodate better in the cage, in comparison to 5-HT, a fact

which is observed in the larger van der Waals energy value and lower polar solvation energy.

This is a crucial point because the S6 helix provides the largest structural deformation.

Thus, future computational studies should be aimed at investigating these interactions at a

QM level, for example, with energy decomposition analysis62 based on quantum mechanical

calculations.

Comparing N,N-DMT and 4-OH-DMT in p1, the extra hydroxyl group further stabilizes

the interaction with W336. In the p1 pose, all the ligands under investigation interact via

T-shaped π − π stacking with W336 and F340 with the indole group, and via cation-π

interactions with F339, as shown in Figure 5. The interaction with the W336 residue is the

main contributor to the binding energy. Hoever, for the p2 pose the interactions with W336

are weaker since the rotation of the indole group disfavors cation-π and π − π interactions,

while the relative distance and orientation to F339 and F340 are retained and become the

major contributors.

Overall, despite the similar binding mode and free energy, major differences are observed

between the p1 and the p2 poses. In the helix S3, where electrostatic interactions dominate,

all the compounds strongly interact with the anchor D155, but V156 and S159 determine

the binding free energy difference among the different compounds with the helix. In S5,
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the main interaction observed for all the compounds is of electrostatic character with S242,

except for LSDp2, where the diethylamide domain binds to L229 inducing a loop closure

at the extracellular region. Furthermore, in the hydrophobic S6 helix, the residue W336

displays the largest difference in binding free energy between the two poses.

AzoDMTs - Photoswitchable Psychedelics

A photoswitchable analog of N,N-DMT, named here AzoDMT, was analyzed in the two

poses (p1, p2) in the trans and cis configuration. Both isomers remained bound throughout

the full MD simulation, with the tryptamine domain retaining the same interactions as the

classical psychedelics. The cis-AzoDMT dissociates from the canonical p2 pose and binds

in an additional pose that does not resemble the canonical pose of the classical tryptamines

and is not further discussed.

Figure 7: Total free energy in kcal/mol (orange squares) decomposed into van der Walls
(blue), electrostatic (red), polar (green) and non polar (yellow) for N,N-DMT and its pho-
toswitchable analogs t-AzoDMT and c-AzoDMT.

As for N,N-DMT, p1 is the most favorable pose for cis-AzoDMT (-66 kcal/mol) and
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trans-AzoDMTp1 (-60.4 kcal/mol), as can be seen in Figure 7. Interactions at the S3 helix

are retained (see Figure 8), with D155 being the anchor of the tertiary amine also for the

photoswitches, forming the previously discussed salt bridge between the +NH(CH3)2 group

and the COO- group of the aminoacid. Interactions of electrostatic character with S159 are

also maintained in both isomers, while hydrophobic interactions with the isopropyl group

of V156 are stronger for the cis isomer since the aromatic rings of the Azo domain bend

towards the S3 and S5 subunits. In fact, in addition to the standard HB interaction between

S242 and the -N1 indole atom, the photoswitch in the p1 pose interacts with V235 and

F243, and more importantly, hydrophobic interactions are observed with L229, mimicking

the loop closure induced by LSD, due to a similar orientation of the Azo domain compared

to the diethylamide domain of the psychedelic ergotamine. In the hydrophobic helix S6,

interactions with W336, F339 and F340 are also maintained with the same strength as in

the tryptamines.

Overall, the Azo moiety orients differently in space between the cis and trans configura-

tions. The trans-AzoDMT extends its Azo moiety towards the extracellular domain, while

in the cis-Azo it remains closer to the binding site since it is ≈7 Å shorter in length. It

is not possible to argue with the current atomistic simulations whether these two isomers

would induce two different molecular signaling and biased agonism, but it is a good starting

point for understanding the binding modes of AzoDMTs in the 5-HT2AR and functionalizing

the Azo aromatic rings on the basis of the ligand-residues interactions. In an ideal case,

the two isomers should bind with a completely different mode, in order to induce different

pharmacological responses.
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Figure 8: Pairwise residue decomposition of the binding free energy for the p1 and p2 poses
of N,N-DMT, trans- and cis- AzoDMT. Each residue contribution is in turn decomposed
into ligand/protein van der Waals (vdW) and electrostatic (el) contributions and polar (pol)
and nonpolar (np) solvation contributions to the total residue binding energy (tot). The
rectangle on top of each heat-map represents the total energy of interaction (in absolute
value) between the helix and the ligand.
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Conclusions

In the present work, the binding poses of 5-HT, N,N-DMT, 4-OH-DMT, LSD and AzoDMTs

in the orthosteric binding pocket of the recently crystallized 5-HT2AR bound to LSD are

identified with semi-flexible molecular docking and MD simulations of the ligand-protein

complexes embedded in a solvated lipid bilayer. The total binding free energy of the two

binding poses is then computed by means of MMGBSA, and the key residues are identified.

5-HT and LSD shows a preference for the canonical p2 pose, in agreement with the 5-HT1AR

bound to 5-HT, while the two binding poses of the psychedelic compounds N,N-DMT and

4-OH-DMT are almost degenerate, with a small preference for p1. The LSD simulations are

in good agreement with the experimetal HT2AR LSD bound structure, since a difference of

16 kcal/mol is observed in favor of the p2 pose, which was the crystalized one.

Since no crystal structures of 5-HT2A bound to N,N-DMT or other tertiary tryptamine

derivatives are available, this is the first atomistic indication of a different binding mode in

comparison to the neurotransmitter 5-HT. Finally, the photoswitchable analog AzoDMT,

in both trans and cis isomers, favourably binds to the protein with the tryptamine domain

interacting similarly to the N,N-DMT ligand. The cis-AzoDMT isomer in the p1 pose was

found to be the most most stable situation. In addition, the Azo domain of both cis- and

trans-AzoDMT interacts with the same key residues as the diethylamide domain of LSD,

therefore they may also mimic the pharmacological effect of ergotamines.

In conclusion, our findings help to clarify the intricate ligand-receptor interactions that

form the cornerstone of psychedelics’ mechanism of action. This is a first step towards a

better understanding of the binding mechanism, which could contribute to the design of new

photopharmacological drugs.
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