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Abstract 

G-protein coupled receptors are important pharmacological targets. Despite substantial 

progress, important questions still remain concerning the details of activation: how can a ligand 

act as an agonist in one receptor, but as an antagonist in a homologous receptor, and how can 

agonists activate a receptor despite lacking polar functional groups able to interact with helix 

5? Studying vortioxetine, an important multimodal antidepressant drug, may elucidate both 

questions. Herein, we present a thorough in silico analysis of vortioxetine binding to 5-HT1A, 

5-HT1B, and 5-HT7 receptors and compare to available experimental data. We are able to 

rationalize the differential mode of action of vortioxetine at different receptors, but also, in the 

case of the 5-HT1A receptor, we observe the initial steps of activation suggesting that interaction 

with helix 5 does not necessarily require a hydrogen bond as previously suggested. The results 

extend our current understanding of agonist and antagonist action at GPCRs.  
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Introduction 

G-protein coupled receptors (GPCRs) are major pharmacological targets: GPCRs constitute 12 

% of the human genome and approximately 33 % of approved pharmacotherapies target 

GPCRs (Santos et al., 2017). Many aspects of the ligand binding process and activation 

mechanism have been elucidated (Figure 1, (Latorraca, Venkatakrishnan, & Dror, 2017)) 

including i) tightening of the ligand binding site (LBS), ii) switching of the connector region, 

i.e. the P-I-F motif, into an active conformation, and iii) the G-protein binding site (GBS) 

becoming accessible to the cytoplasm. Nonetheless, many details have yet to be clarified. For 

example, LBS tightening is often provoked by agonist hydrogen bonding to polar residues in 

the extracellular end of H5 (H5EC) (often at the 5.46 position (Ballesteros/Weinstein 

nomenclature (Ballesteros & Weinstein, 1995))) at the same time as agonist electrostatic 

interaction with Asp3.32 (Latorraca et al., 2017; Vass et al., 2019). However, in a few cases 

LBS tightening has been observed to occur via H3, H6, or H7 movement in μ-opioid, 

muscarinic M2, and α-adrenergic receptors, respectively (Huang et al., 2015; Kruse et al., 2013; 

Yuan et al., 2020). Agonists incapable of equivalent polar interactions, outside of a charged 

amine anchored to Asp3.32, are rarer but exist and the mechanism presented above does thus 

not suit all agonists. To the best of our knowledge, only one study has observed evidence of an 

initial activation mechanism not involving polar interactions with H5 as part of the mechanism 

(Yuan et al., 2020). 

Figure 1. Overview of conformational changes in structural motifs between active (green) and 
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inactive conformations (orange) of class A GPCRs. A) The LBS is indicated by a shaded circle 

in the protein structure, and the approximate location of the membrane is indicated by black 

lines. The EC and IC side of the membrane is noted. The H5EC bulge and H6IC, which moves 

away from the protein core during activation, are shown in opaque ribbons. Important structural 

motifs, which undergo conformational changes upon activation, are indicated by boxes and 

opaque spheres at the Cα position of relevant residues. B) The connector region is centered 

around the P-I-F motif in helices H3, H5, and H6, and the active and inactive conformations 

are shown. The GBS is affected by changes in the C) NPxxY and D) E/DRY motifs. The 

Glu6.30-Arg3.50 distance, part of the E/DRY motif and known as the ionic lock, is indicated 

by a dashed line. In the inactive conformation, a salt bridge is often formed between the 

Glu6.30-Arg3.50; however, this interaction was disrupted in the crystallized receptor construct 

(orange). Experiments have revealed that two inactive conformations exist alongside each 

other; predominantly one where the ionic lock is locked, but also one where it is not (Dror et 

al., 2009; Manglik et al., 2015). The figure is based on two crystal structures of the β2 

adrenergic receptor (PDB IDs: 2RH1 (Cherezov et al., 2007) and 3SN6 (Rasmussen et al., 

2011)). 

 

Vortioxetine (also known as LuAA21004, Brintellix, and Trintellix; Figure 2A) is a multimodal 

drug, meaning it interacts directly with multiple targets which complement each other in terms 

of efficacy and/or tolerability (Richelson, 2013), approved for the treatment of major 

depressive disorder. It has nanomolar affinity at its multiple targets and acts as a competitive 

inhibitor at the serotonin transporter (SERT); an antagonist at serotonergic 5-HT3 ion channel 

receptors as well as serotonergic 5-HT1D and 5-HT7 GPCRs; a partial agonist at serotonergic 

5-HT1B receptors; and a full agonist at serotonergic 5-HT1A receptors (Bang-Andersen et al., 

2011; Sanchez, Asin, & Artigas, 2015). Serotonergic GPCRs belong to the aminergic cluster 

of class A GPCRs (Fredriksson, Lagerström, Lundin, & Schiöth, 2003) and couple to the Gαi/o 

family of G-proteins to exert their downstream effects (Hannon & Hoyer, 2008). Serotonergic 

GPCRs include 12 receptors in total (Fredriksson et al., 2003) with sequence identities ranging 

from 25 to 62 % (Table S1); however, vortioxetine does not interact with the remaining 

serotonergic receptors to any physiologically relevant extent (Bang-Andersen et al., 2011). 

Vortioxetine’s comprehensive pharmacological profile has proven effective in vivo with an 

improved side effect profile compared to other antidepressant pharmacotherapies (Al-Sukhni, 

Maruschak, & McIntyre, 2015; Baldwin et al., 2016). However, the molecular mechanism 
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underlying vortioxetine’s action has only been determined for SERT (Andersen et al., 2015) 

and the ionotropic 5-HT3 receptors (Ladefoged et al., 2018). 

 

Figure 2. Receptor binding site and vortioxetine. A) the molecular structure of vortioxetine 

(VXT). The shown protonation state is that applied in the modeling. The two phenyl groups 

have been denoted phenyl A and B, and R5 and R6, used in the comparison to experimental 

structure-activity relationship data, are indicated on the structure. B) A schematic of the 

agonist/LBS interactions typically observed during activation in class A GPCRs as exemplified 

by the β2-adrenergic receptor (PDB-ID 3SN6). C) Amino acid conservation of residues 5.39, 

5.42, 5.43, and 5.46 for the β2-adrenergic receptor and across the serotonergic GPCRs (Clustal 

Ω multiple sequence alignment). 

 

Despite being a GPCR agonist, vortioxetine has no substituents capable of hydrogen bonding 

to H5 when the piperazine is anchored at Asp3.32, meaning vortioxetine necessarily activates 

the receptors using interactions distinct from the consensus activation mechanism. 

Additionally, in all serotonergic GPCRs, except for 5-HT2A and 5-HT6, the residue at the 5.46 

position is an alanine and is thus not able to participate in hydrogen bond interactions through 

the sidechain (Figure 2BC). Instead, residues at either one or two turns extracellular to residue 

5.46, i.e. 5.43 and 5.39, respectively, are able to partake in hydrogen bond interactions in all 

serotonergic receptors. Investigation of vortioxetine binding and influence on the targeted 

GPCRs thus allows for exploration of i) how a small molecule can act as an agonist at one 
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receptor while acting as an antagonist on a highly homologous receptor, and ii) how less polar 

agonists may activate GPCRs. Our findings considerably extend our current understanding of 

ligand recognition by all class A GPCRs and should improve future drug design efforts against 

these important targets. 

Results 

The initial aim was to determine the most likely bioactive binding mode of vortioxetine in 5-

HT1A, 5-HT1B, and 5-HT7 receptors in which vortioxetine acts as a full agonist, partial agonist, 

and antagonist, respectively (Bang-Andersen et al., 2011). The 5-HT1D receptor was excluded 

from the series as vortioxetine binds to this target with lower affinity (Sanchez et al., 2015).  

Receptor modelling 

In order to model vortioxetine binding in each receptor it is necessary to first obtain quality 

structures of each receptor in atomistic resolution. Optimally, each receptor structure should 

be in the conformational state stabilized by vortioxetine. Therefore, 5-HT1A and 5-HT1B should 

be in active conformations while 5-HT7 should be in an inactive conformation. At the time of 

modelling, only the 5-HT1B structure had been solved experimentally. This structure is in a so-

called active-like conformation (Wang et al., 2013) i.e. with an agonist bound in the LBS, but 

without a G-protein bound in the GBS. This structure was therefore used in the modelling of 

5-HT1B, and also used as a template to model the 5-HT1A receptor. A template for modelling 

the 5-HT7 receptor was searched for amongst all solved receptors from the aminergic cluster 

of class A GPCRs (Methods), and the most appropriate template was determined to be the 

dopamine D3 receptor in an inactive conformation.  

The resulting models are shown in Figure 3 and Supporting Figure S1. It is clear that the 5-

HT1A and 5-HT1B models are highly similar as expected based on the modelling approach, 

while the inactive 5-HT7 model is in another conformation. The conformation of H6IC is similar 

in all three models due to the lack of bound G-protein in the active-like models. The LBS 

conformation, especially H5, H6, and H7, differs between active-like and inactive 

conformations (Figure 3) which will influence vortioxetine binding. Since modelling, the 

structure of a fully activated 5-HT1B receptor has been solved (Garcia-Nafria, Nehme, Edwards, 

& Tate, 2018). A comparison of the LBS between structures reveals only minimal differences1, 

and the active-like models are thus appropriate for this study. 

                                                
1 Root-mean-squared deviation < 0.5 Å for Cα atoms within intracellular ends of H1-H7. 
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Figure 3. Comparison of the LBS of the three GPCR models; 5-HT1A (pink), 5-HT1B (blue), 

and 5-HT7 (orange). The 5-HT1A and 5-HT1B receptors are in active-like conformational states 

and the 5-HT7 receptor is in an inactive conformational state. The receptors are aligned on Cα 

atoms of H1-4. 

 

Determining the binding mode of vortioxetine in 5-HT1A, 5-HT1B, and 5-HT7 receptors 

For each receptor, possible binding modes were generated via an induced fit docking 

calculation that incorporates both ligand and protein flexibility allowing for thorough binding 

mode exploration. The resulting poses (i.e. possible receptor/ligand complexes) were clustered 

based on the conformation and position of the ligand in the LBS. In order to select the bioactive 

binding mode from the several possible binding clusters it is necessary to implement additional 

methods. Two complementary methods were applied herein: i) the ligand stability was assessed 

for a representative pose from each binding cluster using short molecular dynamics 

simulations, and ii) the relative binding free energy between binding clusters were estimated 

using the molecular mechanics-Poisson Boltzmann and Surface Area (MM-PBSA) 

methodology. This approach has proven useful in selecting the bioactive binding mode of 

vortioxetine in the 5-TH3 ion channel receptor (Ladefoged et al., 2018) as well as in 

benchmarks covering a variation of protein targets (Liu & Kokubo, 2020).  

The docking calculations resulted in several binding clusters for each receptor as shown in 

Figure 4 and summarized in Supporting Table S2. The cluster naming includes the receptor 

subtype in subscript to aid the reader. In all clusters, except for C47, electrostatic interactions 

were detected between the charged amine of vortioxetine and the charged Asp3.32 in 

agreement with the consensus binding mechanism (Latorraca et al., 2017; Vass et al., 2019). 
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Vortioxetine was able to bind in two overall orientations within the binding site in all three 

receptors. One orientation in which phenyl A of vortioxetine (Figure 2A) points toward the 

cytoplasm and is located furthest into the LBS (Figure 4ABC), and a flipped orientation in 

which phenyl B is pointing towards the cytoplasm and located furthest into the LBS (Figure 

4DEF). It is intriguing that the ratio of the two overall orientations differ between the receptors, 

such that vortioxetine is primarily located with phenyl A pointing toward the intracellular side 

in the 5-HT1A receptor in which vortioxetine acts as a full agonist, and phenyl A is pointing 

toward the extracellular side in the 5-HT7 receptor in which vortioxetine acts as an antagonist. 

Additionally, at the 5-HT1B receptor, where vortioxetine acts as a partial agonist, the docking 

calculation proposes vortioxetine binding in both conformations close to the same extent. 

Albeit when accounting for the number of poses within each cluster for 5-HT1B, the orientation 

where phenyl A is pointing toward the intracellular side is the most prevalent orientation. It is 

also worth noting that in 5-HT7 vortioxetine generally occupies the space closer to the 

extracellular milieu in the LBS compared to vortioxetine docked into 5-HT1A and 5-HT1B 

regardless of orientation. 

 

Figure 4. Binding modes of vortioxetine in the three receptors. Binding modes in the 5-HT1A 

receptor are shown in pink hues, binding modes in the 5-HT1B receptor are shown in blue hues, 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted January 6, 2021. ; https://doi.org/10.1101/2021.01.05.425370doi: bioRxiv preprint 

https://doi.org/10.1101/2021.01.05.425370


9 
 

while binding modes in the 5-HT7 receptor are shown in orange hues. The view of the binding 

site is constant in all panels, and the changes in side chain orientations are due to the applied 

induced fit docking protocol. The binding clusters shown in each panel are listed in the bottom 

right corner of each panel using the same color as the corresponding vortioxetine molecule is 

shown in. ABC) A representative pose from each binding cluster of vortioxetine in which 

phenyl A is pointing towards the IC side of the protein for each receptor, 5-HT1A, 5-HT1B, and 

5-HT7, respectively. DEF) Likewise, a representative pose from each binding cluster of 

vortioxetine in which phenyl A is oriented towards the EC side for the 5-HT1A, 5-HT1B, and 5-

HT7
 receptor, respectively. 

 

The stability of each binding cluster was assessed using short, 50 ns MD simulations using 

three measures: i) the root-mean-squared deviation of vortioxetine (RMSD), ii) the fluctuation 

of vortioxetine along the membrane normal (i.e. the z-axis), and iii) the interatomic distance 

between vortioxetine’s charged amine and Asp3.32 (Figure 5). The most stable binding modes 

were then compared by their estimated relative binding free energy using MM-PBSA (see 

Methods and Supporting Table S3). The free energy was based on 100 snapshots evenly 

extracted from the initial 2 ns of the simulation time. By only using the first few nanoseconds 

the free energies can be used as a post-scoring method probing the energies of the docked pose, 

and not as an assessment of the MD-relaxed conformations of vortioxetine. 

The MD simulations revealed that clusters identified for vortioxetine binding in 5-HT1A and 5-

HT1B are more stable than 5-HT7. It was found that a given binding cluster had one of three 

fates: i) retaining the original binding mode; ii) evolving into an alternative cluster observed in 

the docking data; and iii) evolving into an entirely new binding mode (Supporting Figure S2, 

S3, and S4). 
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Figure 5. Stability measures of vortioxetine in each receptor. A) RMSD of vortioxetine (VXT) 

heavy atoms. B) The z-coordinate (membrane normal) of the center-of-mass (COM) of 

vortioxetine relative to the starting position. C) The distance between the charged amine in 

vortioxetine and the charged Asp3.32. This distance was calculated as the minimal heteroatom 

distance between amine and either carboxylate oxygen atom. The raw data is shown in 

transparent hues, while the running average is shown in opaque hues. The individual RMSD 

plots can be found in Supporting Figure S2, S3, and S4. 

 

Using the above selection approach, clusters C61A and C81A are likely representatives of the 

bioactive binding mode of vortioxetine in 5-HT1A. It is possible that the bioactive conformation 

is an equilibrium between these two conformations. This idea is supported by the simulations, 

which show the only difference between the binding mode in C61A and C81A to be a 180° 

rotation of phenyl A by the end of the simulations (Supporting Figure S2CD). However, when 

taking the slight instability of C81A into account, C61A remains as the most likely bioactive 

binding mode. Upon closer inspection of the C61A simulation it was observed that H6IC was 
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pushed out in a manner similar to what occurs during GPCR activation (Latorraca et al., 2017). 

Signs of initial activation were not observed in any of the other simulations (Supporting Figure 

S5). 

Some clusters were less stable in 5-HT1B compared to vortioxetine binding to the 5-HT1A 

receptor (Figure, Supporting Figure S3). Brief, partial unbinding was observed for C11B after 

approximately 40 ns, but vortioxetine returned to its initial binding mode before the end of the 

simulation. The analyses indicate C61B is the most likely bioactive binding mode. 

In 5-HT7, only the binding mode in C17 was observed to be stable (Figure, Supporting Figure 

S4).  In C27, vortioxetine moves even further toward the extracellular milieu, indicative of 

unbinding, and in C47, vortioxetine moves in between H6EC and H7EC toward the membrane 

interior. The MM-PBSA calculations also show C17 to be the most stable binding mode 

(Supporting Table S3). Thus based on the data at hand it is proposed that C17 represents the 

bioactive binding mode of vortioxetine in the 5-HT7 receptor. 

The binding cluster most likely to represent the bioactive binding mode of vortioxetine in each 

receptor is shown in Figure 6. In all three receptors, the charged amine in vortioxetine interacts 

electrostatically with Asp3.32. In 5-HT1A, phenyl A of vortioxetine is located at the very 

bottom of the LBS near Trp3586.48 and Phe2045.47 with the ortho-methyl group pointing 

towards H7, while phenyl B is located more extracellularly in the LBS lining residues 

Thr1965.39 and Thr2005.43. In 5-HT1B, vortioxetine is similarly located in the LBS compared to 

in the 5-HT1A receptor, albeit approximately 1 Å higher up, with phenyl A interacting with 

Ile1303.32, Ile1373.40, and Phe3316.52. The main interaction partner of phenyl B is Phe3306.51. 

Lastly, in 5-HT7, the binding mode of vortioxetine is reversed such that phenyl A points to the 

extracellular side instead of the cytoplasm. Phenyl A is located close to H7 and is able to form 

cation-π interactions with Arg3506.58 and also interact hydrophobically with Leu232 from 

extracellular loop 2 (EL2), Phe3436.51, Leu3466.54, and Leu3707.39. Phenyl B is closer to H5, 

but interacts with Ile233EL2, Ile1593.29, Val1633.33, Phe3436.51, and Phe3446.52 and is 

additionally able to form π-π interactions with Phe3436.51.  
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Figure 6. The proposed bioactive binding modes of vortioxetine in A) 5-HT1A, B) 5-HT1B, and 

C) 5-HT7 receptors. Residues which form the binding site are shown in gray tube, and H3, H5, 

H6, and H7 are shown as transparent ribbons. 

 

Why vortioxetine occupies the binding site of 5-HT7 in an entirely different manner compared 

to 5-HT1A and 5-HT1B is intriguing and led us to delve deeper into an LBS comparison. A 

change in binding mode may be due to a i) change in amino acid sequence far from the LBS 

indirectly influencing the LBS conformation, and/or a ii) change of residue type within the 

LBS that directly perturb receptor/ligand interactions. Firstly, based on the homology models, 

H5EC, H6EC, and H7EC are differently located in 5-HT7 compared to 5-HT1A and 5-HT1B (Figure 

3), which influences the possible binding modes of vortioxetine. This could be an artefact of 

the homology modeling; however, the difference is also observed in the experimentally 

determined active and inactive conformations of 5-HT1B (PDB ID: 6G79 and 5V54, 

respectively). Secondly, only five residues are not conserved in the LBS between the three 

receptors (3.28, 3.29, 3.33, 6.55, and 7.39, Supporting Table S4), and only one of these differ 

between 5-HT7 and both 5-HT1A and 5-HT1B, namely residue 7.39 which is an asparagine in 5-

HT1A, a threonine in 5-HT1B, and a leucine in 5-HT7. A hydrogen bond between the charged 

amine of vortioxetine and Asn7.39 was observed to be able to form simultaneously with the 

expected salt bridge between the same amine of vortioxetine and Asp3.32 in MD simulations 

of 5-HT1A/vortioxetine and 5-HT1B/vortioxetine complexes (Supporting Figure S6). It would 

therefore be of great interest to determine the functional effect of vortioxetine binding to mutant 

L7.39N and L7.39T 5-HT7 receptors.  

The influence of vortioxetine on receptor dynamics 
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Each of the bioactive binding modes identified above were further assessed using longer time-

scale MD simulations with the aim of identifying how vortioxetine is capable of acting as either 

an agonist or an antagonist at the three receptors. Each receptor was simulated for 500 ns in 

three repeats (MD1-3), and evidence of receptor activation in the LBS, connector region, and 

GBS was monitored for each trajectory (Figure 7, Methods). According to large-scale MD 

simulations of adrenergic GPCRs (Dror et al., 2011; Kohlhoff et al., 2014), the events denoting 

receptor activation often occur independently in short periods of time. However, the fully 

activated conformational state arises when all events occur simultaneously and even then the 

GBS is only stably open when a G-protein is bound (Dror et al., 2011; Manglik et al., 2015). 

During the simulations of all receptor/vortioxetine complexes, independent conformational 

changes to the monitored measures were observed as expected. However, all measures 

simultaneously switched to active conformations in the 5-HT1A receptor during a brief ~35 ns 

period in the beginning of MD1 (Figure 7A-H, vertical gray bar). The short time-span of the 

activation is in accord with the lack of a G-protein in the simulations, albeit shorter than what 

has previously been measured in experiments (Vilardaga, Bunemann, Krasel, Castro, & Lohse, 

2003); however, the detection-limit of experiments is typically in the low ms-range. Thus, 

vortioxetine briefly activates the receptor in this simulation repeat. As 5-HT1A is a 

constitutively active receptor (Berg & Clarke, 2018) the activation cannot be accredited to 

vortioxetine binding without further analysis. In fact, Yin et al. (2018) have performed MD 

simulations of 5-HT1B in an inactive-like conformation using a model based on a similar 

chimeric crystallographic construct as was used herein, and observed that the model rapidly 

changed into a fully inactive conformation during simulations. The authors argued that the 

crystallized receptor was prevented from being fully inactive by the chimeric crystallization 

construct, but was crystallized in a so-called inactive-prone conformation, meaning that 

removal of the chimeric addition would lead to the rapid change into a fully inactive 

conformation during MD simulations (Yin et al., 2018). To assess if a conceptually similar 

active-prone conformation is inherent in the 5-HT1A receptor model used herein, simulations 

of the apo 5-HT1A model were performed in three repeats of 500 ns. In all repeats, 5-HT1A was 

observed to retain its initial conformation, and no further activation or deactivation dynamics 

were observed (Supporting Figure S7). Collectively, this indicates that the brief activation 

observed in the 5-HT1A/vortioxetine MD1 simulation could be invoked by the presence of 

vortioxetine. 
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Figure 7. Measures of receptor activation. For 5-HT1A (left, purple hues), 5-HT1B (middle, blue 

hues), and 5-HT7 (right, orange hues), the time-progressed degree or distance changes are 

shown for A) the LBS, B-D) the connector region (CR), and E-H) the GBS. A vertical gray 

bar indicates the brief coordinated activation event by the 5-HT1A receptor in the MD1 repeat. 

In each panel, the active-state value of each measure is indicated by a horizontal, gray line, 

except for the ionic lock panel, which could take on any value above 4 Å when in an active 
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state. For each panel, the raw data is shown in transparent and the smoothed data is shown in 

opaque hues. Please see Methods for details. 

 

In 5-HT7, vortioxetine appears to stabilize an alternative inactive conformation compared to 

the conformation used in the docking study as H6EC and H7EC were observed to move away 

from the protein core during all repeat simulations (Figure 7A). The final conformation of 5-

HT7 thus has an even wider ligand binding site compared to the initial receptor model. It is 

generally acknowledged that the inactive conformation of a GPCR consists of an ensemble of 

inactive conformations (Berg & Clarke, 2018), but this particular conformation has, to the best 

of our knowledge, not been observed in experimentally determined structures of 

antagonist/inverse agonist bound aminergic GPCRs2. The changes in conformation of H6EC 

and H7EC are thus not indicative of an unstable receptor, but may rather reflect different inactive 

conformations.  

Altered allosteric communication in 5-HT1A during activation  

In an effort to further investigate the activation mechanism of the 5-HT1A receptor, the 

dynamical network methodology (Sethi, Eargle, Black, & Luthey-Schulten, 2009) was applied. 

This method assumes allosteric communication transfer occurs via non-bonded interactions 

between residues in a protein. The probability of information transfer between two residues is 

based on the (anti)correlation of movement of the residues in question (Methods). Each residue 

is mapped as a node and the inter-node communication is denoted an edge. The weight of an 

edge denotes the strength of communication between the nodes and is determined based on the 

degree of (anti)correlated motion between them. 

The allosteric network can be grouped into communities of high internal communication. The 

communities assigned to 5-HT1A in each repeat simulation primarily differ only in one region 

of the protein (Figure 8A). In MD1, in which the receptor briefly activates, H6IC resides in the 

same community as the entirety of H5, while in MD2 and MD3, it does not. In MD2, the whole 

of H6 is in a community by itself, while in MD3, it is split in two; however, in neither of these 

two simulation repeats is H6 coupled to H5. This indicates that the movement of the 

intracellular end of H6 is tied to the movement of the intracellular end of H5 upon activation, 

                                                
2 Visual comparison of H6EC-H7EC to the following PDB structures (aligned on H1-4 Cα atoms): 5V54, 6A94, 
6DRX, 6BQH, 4BVN, 2YCZ, 2YCW, 5X7D, 3NY8, 3NY9, 3NYA, 6PRZ, 2VT4, 2YCX, 2YCY, 5A8E, 6DS0, 
6DRZ, 6A93, 6PS0, 6PS1, 6PS4, 6PS5, 2RH1, 2R4R, 2R4S, 6CM4, 3PBL, 6IQL, 3RZE, 5CXV, 5YC8, 3UON, 
5ZHP, 4U14, 4U15, 4U16, 4DAJ, 5DSG, and 6OL9. 
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but not otherwise. Furthermore, based on the node edges which link H5 to H6 and their assigned 

weights, this connection is strong (Figure 8A). Seven edges in MD1 are connecting H6IC to 

H5IC, and they are significantly stronger than all other inter-helical edge weights within the 

receptor. 

 

Figure 8. Dynamical network analysis of the 5-HT1A/vortioxetine complexes. A) the 

community which involves the intracellular end of H6 is shown for each simulation repeat, 

MD1-MD3. The edges which connect nodes within each community are shown as purple lines 

and their thickness represents their weights i.e. their strength of communication. B) the optimal 

path between Asp3.32, which anchors the bound agonist, and Val6.34, which is located at the 

most intracellular end of H6, is shown in purple for each repeat, and the residues bridging 

helices are named. The drawn nodes are weighted by the correlation strength between the two 

nodes such that thick lines denote highly (anti)correlated movement. H5, H6, and H7 are shown 

in pink ribbons, while the remainder of the protein is shown in gray ribbons. 

 

The communication between LBS and GBS was assessed by determining the most optimal 

pathways of communication from Asp1163.32, which anchors the agonist to the LBS, to 
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Val3446.34 located at the most intracellular end of H6 where the movement of H6IC away from 

the protein core is most pronounced.  

It is evident that the shortest path in MD1 is different compared to the paths determined for 

MD2 and MD3 (Figure 8B). The shortest path goes through the LBS (from Cys3.36 to Trp6.48) 

in MD1, where activation was observed, but not in the other repeats. Here the shortest path 

travels down H3 until below the LBS before jumping to H5 or H6. The paths thus indicate that 

the LBS is not directly involved in the communication pathway in the latter repeat simulations. 

Importantly, the altered allosteric communication pathway results in a shorter and stronger 

communication path between LBS and GBS during activation.  

Discussion 

We applied docking, MD simulations, and free energy calculations to determine vortioxetine 

binding in 5-HT1A, 5-HT1B, and 5-HT7 receptors. In the first two receptors, where vortioxetine 

acts as an agonist, vortioxetine was found to occupy the lowest part of the LBS, while in the 

latter receptor, where vortioxetine is an antagonist, an alternative binding mode was observed. 

Extended MD simulations of the bioactive 5-HT1A/vortioxetine complex revealed an activation 

event invoked by vortioxetine. 

The determined bioactive binding mode of vortioxetine in 5-HT1A can be validated against pre-

existing structure/activity relationship (SAR) and metabolite activity data (Bang-Andersen, 

Jørgensen, Bundgaard, Jensen, & Sanchéz, 2015; Bang-Andersen et al., 2011). A “methyl 

walk” performed on phenyl B of vortioxetine indicated that this phenyl is likely interacting 

closely with residues from the binding site (Bang-Andersen et al., 2011). Furthermore, the 

addition of a hydroxyl group to R5 or R6 (Figure 2A) on phenyl B abolishes binding affinity at 

5-HT1A (Bang-Andersen et al., 2015). In the determined bioactive binding mode, phenyl B is 

located close to H5; less than 4 Å away from Ser1995.42 and Thr2005.43 (shortest distance 

between heavy atoms). Therefore, even though the introduction of a hydrogen bond donor on 

phenyl B appears to be favorable considering its close proximity to polar residues, it appears 

that there is not enough space to accommodate it in this particular complex. More variation of 

the substituents on phenyl A is tolerated compared to phenyl B; however, the addition of more 

polar substituents affects binding affinity negatively. As the bottom of the binding site is an 

overall hydrophobic environment, the SAR data is in agreement with the determined binding 

mode. Surprisingly, however, vortioxetine metabolites with –CH2OH substituents on phenyl A 

instead of the methyl group are tolerated. It is possible that the CH2OH substituent placed in 
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an ortho-position is able to reach Asp1163.32 in the determined binding mode; however, the 

affinity of vortioxetine with a para-substituted –CH2OH group cannot be explained by the 

determined binding mode. It is possible that water molecules might be bridging an interaction 

or that the addition of a larger, polar functional group alters the binding mode as has previously 

been observed for polar vortioxetine analogs in SERT (Andersen et al., 2015). 

Unfortunately, no relevant experimental mutation data for the 5-HT1B and 5-HT7 receptors was 

available to validate the binding modes. 

The bioactive binding modes provide insight into how vortioxetine may act as an agonist at 

one receptor while acting as an antagonist on a highly homologous receptor. The determined 

binding modes of vortioxetine in 5-HT1A and 5-HT1B receptors are highly similar (Figure 6): 

the charged amine forms electrostatic interactions with Asp3.32, while both phenyl A and B 

line H5. Phenyl A is located furthest into the binding site where it can interact hydrophobically, 

and sometimes via π/π interactions, with Ile3.32, Ile3.40, Phe5.47, Trp6.48, Phe6.51, and 

Phe6.52. Overall, vortioxetine appears able to reach ~1 Å deeper into the LBS in 5-TH1A 

compared to 5-HT1B. In accordance with these observations, aromatic interactions with 

Trp6.48, Phe6.51, Phe6.52, and Tyr6.55 were detected in the experimentally solved α2B 

adrenergic receptor complexed with an agonist unable to partake in hydrogen bonding with H5 

(Yuan et al., 2020). In contrast, vortioxetine binds higher up the LBS in 5-HT7. Here phenyl A 

can form cation-π interactions with Arg6.58, while phenyl B is near EL2, H3EC, and H6EC. 

Based on our analyses, mutants V7.39N and V7.39T may be able to shift the function of 

vortioxetine from antagonist to agonist at the 5-HT7 receptor. According to Vass et al. (2019), 

ligand affinity is generally affected in the reverse 5-HT1A N7.39V mutant and the conceptually 

similar 5-TH1B T7.39N mutant; however, to the best of our knowledge, it has not been reported 

in the literature if the proposed mutants can alter the functional effect of a ligand.  

The extended MD simulations revealed activation of the 5-HT1A receptor. Recently, an 

experimentally solved 5-HT1B/agonist/Gαo-protein complex has been published (Garcia-Nafria 

et al., 2018), and the two active states were therefore compared. Despite being overall similar, 

several interesting differences were observed between the two active conformations. Firstly, 

the simulated outward movement of H6IC was not as pronounced as detected in the 5-

HT1B/agonist/Gαo-protein complex as well as other experimentally determined structures of 

GPCR/Gαi/o complexes (Draper-Joyce et al., 2018; Garcia-Nafria et al., 2018; Kang et al., 

2018; Kato et al., 2019; Koehl et al., 2018; Rasmussen et al., 2011). In these structures, an 

expansion of ~8 Å is common between H3 and H6, while in MD1 herein an expansion of only 
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~4 Å was observed (Figure 9A,C), indicating that the activation state we observe is not entirely 

comparable to G-protein bound structures. However, a study by Gregorio et al. (2017) 

monitored the H6IC movement of β2-adrenergic receptors using single-molecule FRET analysis 

during the G-protein binding process. While they detected the expected 14 Å expansion in 

GPCR/agonist/Gαs complex, they also detected two conformations of a GPCR/agonist 

complex; one of which has no shift of H6IC compared to the inactive conformation, and one 

which has an up to 4 Å shift depending on the efficacy of the agonist. We propose that the 

active conformation detected herein for the 5-HT1A/vortioxetine complex is equivalent to the 

latter state, and thus, to the best of our knowledge, represents the first direct observation of this 

semi-active conformational state in atomistic detail. Secondly, during the activation event 

smaller changes to H7IC and H8 were detected. In some experimentally determined structures 

H7IC and H8 collectively move closer to the receptor core during activation (Draper-Joyce et 

al., 2018; Kang et al., 2018). In the simulations herein, partial movement of H7IC and H8 was 

observed such that the part of H7 closest to the NPxxY motif had shifted, but H8 had not 

followed along (Figure 9B,C). We propose this to be an effect of the semi-active 

conformational state observed, and speculate that the complete movement would occur upon 

full activation following G-protein binding. 

Differences in LBS conformation compared to the consensus activation mechanism were also 

detected. Generally, slight bending of H5EC occurs during activation such that the H5EC-H7EC 

distance becomes shorter. In the 5-HT1A/vortioxetine complex, where the intramolecular 

interactions are hydrophobic and aromatic rather than polar, no such bending was observed 

(Figure 9D). In fact, H5EC was observed to move further away from the receptor core. 

Nonetheless, the calculated H5EC-H7EC distance was shorter during activation, and closer 

inspection of H7EC revealed a shift toward the receptor core. Intriguingly, this observation is in 

full accord with the α2B adrenergic receptor complexed with an agonist lacking hydrogen 

bonding ability in the ligand core (Yuan et al., 2020), and thus hints toward a general initial 

step of the activation mechanism by less polar agonists. It is further intriguing that the 7.39 

residue hypothesized to be important for vortioxetine function is located in H7EC important for 

LBS tightening during agonist activation of 5-HT1A in the MD simulations. 
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Figure 9. Comparison of the most active 5-HT1A conformation observed in the MD1 simulation 

(light green) to the original 5-HT1A homology model (orange) as well as a fully active 5-HT1B 

receptor (dark green, based on PDB ID: 6G79 (Garcia-Nafria et al., 2018)). Comparisons of 

the conformation of A) H6IC as well as B) H7IC and H8 are shown as seen from within the 

membrane. C) An intracellular view of H6IC, H7IC, and H8 are shown. D) A sideview 

comparison of the local conformation of H5EC and H7EC are shown as well as the conformation 

of vortioxetine in each overall conformational state.  

 

The dynamical network analysis revealed several residues important for allosteric 

communication between the LBS and the most intracellular end of H6 (Figure 8B). Due to the 

abundance of mutagenesis data for GPCRs (Vass et al., 2019) it is possible to validate these 

results by comparison of the hotspot residues with receptor responses to mutation of said 

residues. The allosteric communication pathway determined for MD1, in which activation was 

detected, jumps from Cys3.36 to Trp6.48. According to experiments, Cys3.36 can interact 

directly with Trp6.48 in the inactive state (Nichols & Nichols, 2008; Trzaskowski et al., 2012), 
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and C3.36A mutation results in a loss of agonist effect by serotonin (Nichols & Nichols, 2008). 

Additionally, the conformation of the Trp6.48 side chain has been implicated in the activation 

mechanism of class A GPCRs (Trzaskowski et al., 2012). The experimental data thus fully 

support the role of Cys3.36 and Trp6.48 during activation. An alternative pathway was 

observed in the remaining simulations. Here the pathway jumps from Leu3.43 to Phe6.44 or 

Met5.54. Mutation of Phe6.44 into leucine or tyrosine has been observed to increase and 

decrease agonist potency in adrenergic receptors, respectively (Greasley, Fanelli, Rossier, 

Abuin, & Cotecchia, 2002). Phe6.44 is located at the midpoint of H6 and its nearby 

environment is altered upon activation when the intracellular end of H6 moves away from the 

protein core. The mutation’s effect on agonist potency could therefore also be explained by de- 

or increasing this residue’s interaction energy with nearby residues whereby making the 

receptor more or less prone to activation, which would be in accord with the calculated 

communication pathways. 

We set out to determine vortioxetine binding at 5-HT1A, 5-HT1B, and 5-HT7 receptors with the 

aim of exploring i) how a small molecule can act as an agonist in one receptor and as an 

antagonist in a highly homologous receptor, and ii) how less polar agonists may activate 

GPCRs. Vortioxetine was determined to bind in opposite orientations and with differing 

interaction patterns in receptors in which it acts as an agonist versus receptors in which it acts 

as an antagonist, and our analyses indicate residue 7.39 to be important for the functional effect 

of vortioxetine. We have provided additional support of an activation mechanism utilized by 

less polar agonists proposed by (Yuan et al., 2020) in which aromatic interactions with residues 

at the bottom of the LBS substitute polar interactions in H5. Finally, the extended MD 

simulations revealed vortioxetine-invoked receptor activation of 5-HT1A, and further 

inspection of the event uncovered the finding of an as-of-yet unobserved step in the activation 

pathway: a receptor/agonist complex with a semi-open H6IC ready for G-protein binding and 

further activation.  
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Methods  

Protein preparation. The 5-HT1B receptor model was based on the crystal structure of 5-HT1B 

with co-crystallized ergotamine (PDB ID: 4IAR (Wang et al., 2013)). Two structural water 

molecules were found in the additionally published structure, 4IAQ, which were included in 

the 5-HT1B model. The thermostable mutant W138L was mutated back to its native form, and 

missing atoms in residues were built using Prime 3.7 from the Schrödinger Suite 2014 

(Schrödinger LLC, New York, NY). EL2 (Lys191-Ser197) and EL3 (Cys340-Cys344) were 

modeled ab initio using the extended serial loop sampling protocol in Prime 3.7 (Zhu, Pincus, 

Zhao, & Friesner, 2006). An implicit membrane and the VSGB water model was applied, and 

10 loop conformations were produced for each loop. The lowest energy conformation was 

selected for each loop. Intracellular loop 3 (IL3) was too long to model and the loop ends 

(Arg238 and Ala306) were instead covalently linked due to their close proximity. The three 

loops, EL2, EL3, and IL3 were then minimized using OPLS-2005 (Kaminski, Friesner, Tirado-

Rives, & Jorgensen, 2001). The resulting model was prepared using the Protein Preparation 

Wizard (Sastry, Adzhigirey, Day, Annabhimoju, & Sherman, 2013), PROPKA (Olsson, 

Søndergaard, Rostkowski, & Jensen, 2011), and prior knowledge of the protonation state of 

key residues during activation (Dror et al., 2011; Vogel et al., 2008). Asp1463.49 and Glu3096.30 

were modeled as neutral, and His812.36 and His3477.31 were modeled as the ε-tautomer. A 

disulfide bridge was included between Cys1223.25 and Cys199EL2. All other residues were 

modeled in their default states. The resulting model was validated by its ability to correctly 

predict the known binding mode of ergotamine using IFD calculations, and produce models of 

5-HT and LSD binding that are consistent with available data (Wang et al., 2013). 

The 5-HT1A receptor (uniprot ID: P08908) was modeled based on the 5-HT1B receptor model 

described above. The sequences were aligned using the structural alignment methodology with 

GPCR restraints in MOE 2013 (Chemical Computing Group ULC, Canada) (Supporting Figure 

S8). 100 backbone models were created using MOE 2013, and a further 10 models including 

side chains were created for each backbone model, resulting in 1000 models total. The optimal 

model was determined by its ability to correctly dock a library of 952 5-HT1A agonists (Gatica 

& Cavasotto, 2012) and correctly exclude 37,128 decoys obtained from the ZINC database 

(Irwin, Sterling, Mysinger, Bolstad, & Coleman, 2012) during virtual screening using Glide 

6.4 with SP-scoring from the Schrödinger Suite 2014 (Schrödinger LLC, New York, NY). All 

ligands were prepared using LigPrep from the Schrödinger Suite using pH = 7 and the OPLS-

2005 force field (Kaminski et al., 2001). The enrichment factor (EF) (Kirchmair, Markt, 
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Distinto, Wolber, & Langer, 2008) was then calculated for each model, and models with EF > 

4.5 at 1% of the dataset were further evaluated. The resulting eight models were compared 

structurally, and were found to be highly similar (RMSD < 2 Å for heavy atoms within both 

backbone and side chains). The eight models were evaluated based on Ramachandran plot 

violations, total number of agonists retrieved during screening, and the area under the receiver 

operator characteristic (ROC) curve (Kirchmair et al., 2008). The best model was prepared as 

described for 5-HT1B above. Asp1333.49 and Glu3406.30 were modeled as neutral, His1263.42 

was modeled as the ε-tautomer, and a disulfide bridge was modeled between Cys1093.25 and 

Cys187EL2. All other residues were modeled in their default states. The model was additionally 

validated by its ability to dock 5-HT, ergotamine, and LSD in a manner consistent with 

available data (Wang et al., 2013). 

The 5-HT7 receptor (uniprot ID: P34969) was modeled based on the dopamine D3 receptor 

(PDB ID: 3PBL (Chien et al., 2010)). This template was chosen because it is crystallized in an 

inactive conformation, shares 35% sequence identity, and best reproduces the location of 

proline residues in the helical segments compared to other available aminergic GPCRs at the 

time of modeling (uniprot IDs: P07550, P07700, P35462, P08483, P08172, and P35367, i.e. 

adrenergic β1 and β2, dopaminergic D3, muscarinic M2 and M3, and histidinic H1 receptors), 

which has been shown to be important for constructing most accurate GPCR models (Hall, 

Roberts, & Vaidehi, 2009). The initial alignments were constructed using clustal Ω 2.1 (Sievers 

et al., 2011), while the final alignment was constructed using AlignMe (Stamm, Staritzbichler, 

Khafizov, & Forrest, 2013), including a secondary structure prediction and manually adjusted 

(Supporting Figure S8). 100 models were built using MODELLER 9.16 (Sali & Blundell, 

1993) while enforcing a disulfide bridge between Cys1553.25 and Cys231EL2. The optimal 

model was selected based on DOPE and molpdf scores and Ramachandran plot violations. The 

resulting model was lacking the extracellular end of H1 which was then manually constructed 

by enforcing α-helical restraints in Maestro 9.9 from the Schrödinger Suite 2014 (Schrödinger 

LLC, New York, NY). The short IL3 and EL3 loops were optimized using the serial loop 

sampling protocol (Jacobson et al., 2004) and the OPLS-2005 force field (Kaminski et al., 

2001) in Prime 3.7. The resulting model was prepared as described for 5-HT1B above. All amino 

acids were modeled as their default states. The final model was validated by its ability to predict 

a model of 5-HT binding consistent with available data (Wang et al., 2013) based on the IFD 

protocol. 
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Ligand preparation. The chemical structure of ergotamine, LSD, and 5-HT were built in 

Maestro 9.9 from the Schrödinger Suite 2014 (Schrödinger LLC, New York, NY), while 

vortioxetine was prepared as described in (Andersen et al., 2015). All structures were 

minimized using a conjugate gradient method and the OPLS 2.1 force field (Shivakumar et al., 

2010), and the protonation states were assessed using Epik (Greenwood, Calkins, Sullivan, & 

Shelley, 2010; Shelley et al., 2007), All ligands were modeled as having a formal charge of +1. 

The ligands were then subjected to a conformational search algorithm using a mixed 

torsional/low mode sampling algorithm, which combines Monte Carlo torsional sampling and 

exploration of low-frequency eigenvectors to sample conformations, and the OPLS 2.1 force 

field (Shivakumar et al., 2010) in MacroModel 11.4. The lowest energy conformation of each 

ligand was used in docking calculations.  

Docking. All docking calculations were performed using the induced fit docking protocol 

(Sherman, Day, Jacobson, Friesner, & Farid, 2006) employing Glide 6.4 and Prime 3.7 in the 

Schrödinger Suite 2014. In the initial docking all vdW interactions were scaled to 50%, the SP 

level was applied, and a maximum of 200 poses were allowed. The binding site was defined as 

the geometric centroid of Asp3.32, Phe6.51, and Ala5.46 in calculations using the 5-HT1A and 

5-HT7 receptor models, while the co-crystallized granisetron was used for 5-HT1B receptor 

docking calculations. In the optimization step, residues within 5 Å of vortioxetine were 

subjected to side chain optimization. The final docking step was performed in XP, and a 

maximum of 100 poses with associated energies within 30 kcal/mol of the lowest energy pose 

were reported in the results. The resulting poses were clustered based on their in-place 

conformation using the conformer cluster script available in Maestro 9.9 from the Schrödinger 

Suite 2014 (Schrödinger LLC, New York, NY). All clusters with fewer than two poses were 

considered outliers of the calculations, except when the average XP Gscore of the cluster was 

lower than the average XP Gscores of any large cluster. 

MD simulations. Simulation systems were built and equilibrated using a combined coarse 

grained (CG)/all-atom (AA) approach before production runs were performed in AA 

resolution. Each AA receptor was aligned on the OPM (Lomize, Pogozheva, Joo, Mosberg, & 

Lomize, 2012) structure of 5-HT1B (PDB ID: 4IAR) and converted into CG resolution. A CG 

POPC membrane was built around the protein in the xy plane using Insane (Wassenaar, 

Ingolfsson, Bockmann, Tieleman, & Marrink, 2015) and Martinize tools available from the 

Marrink group’s homepage (http://cgmartini.nl/index.php/tools2/proteins-and-bilayers). The 

system was then solvated and ionized with NaCl to a concentration of 0.2 M and equilibrated 
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while using position restraints on the protein according to step 1 and 2 in Table 1. The system 

was then converted into its atomistic equivalent using the Backward tool (Wassenaar, 

Pluhackova, Bockmann, Marrink, & Tieleman, 2014). In order to ensure that the starting point 

of the AA simulations was exactly as intended during protein preparation, the backmapped 

protein was replaced by the original receptor/vortioxetine complex. The AA system was then 

minimized using a conjugate gradient algorithm and further equilibrated in AA resolution 

before production runs, as outlined in step 3 to 5 in Table 1. 

During analysis, the trajectories obtained in step 5 and 6 (Table 1) were combined for all short 

simulations of possible binding modes, resulting in 52 ns simulations, as the binding mode of 

vortioxetine was observed to change within the initial 2 ns of unrestrained simulation time. The 

most likely binding mode of vortioxetine in each receptor was chosen for extension. For the 

most likely binding mode, the equilibrated system resulting from step 4 (Table 1) was extended 

for 500 ns in three repeats using different initial velocities.  

 

Table 1. Simulation protocol for receptor systems. The duration of the production runs were 

50 ns for the short simulations of all receptor/vortioxetine clusters, and 500 ns for the most 

likely receptor/vortioxetine binding modes. 

 Equilibration Production 

run 

Sequential step 1 2 3 4 5 6 

Resolution CG CG AA AA AA AA 

Ensemble NVT NPT NVT NPT NPT NPT 

Duration 0.5 ns 5 ns 0.5 ns 1 ns 2 ns 50 ns/500 

ns 

Timestep 10 fs 10 fs 1 fs 2 fs 2 fs 2 fs 

Position 

restraints 

Protein Protein Protein 

+ligand 

Protein 

+ligand 

None None 

Thermostat Velocity 

rescale 

Velocity 

rescale 

Velocity 

rescale 

Nose-

Hoover 

Nose-

Hoover 

Nose-

Hoover 

Barostat - Berendsen - Parrinello-

Rahman 

Parrinello-

Rahman 

Parrinello-

Rahman 

 

All simulations were performed in Gromacs 5.0.2 (Abraham et al., 2015) using periodic 

boundary conditions. For the CG simulations, the MARTINI 2.2 force field (de Jong et al., 

2013) was used. The vdW interactions were treated using cut-offs at 11 Å and the potential-
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shift-Verlet modifier, while electrostatic interactions were treated using the reaction-field 

method cut-off at 11 Å and a dielectric constant of 0 (= infinite) beyond the cut-off. The 

neighbor list was maintained using Verlet buffer lists. Temperature was kept at 310 K and 

pressure at 1 bar. The AA resolution simulations were performed using the CHARMM36 force 

field (Best et al., 2012; Klauda et al., 2010; MacKerell et al., 1998), the TIPS3P water model 

(Durell, Brooks, & Bennaim, 1994), and CHARMM-compatible vortioxetine parameters as 

described in (Ladefoged et al., 2018). The vdW interactions were treated by cut-offs at 12 Å 

and a force-switch modifier after 10 Å, while electrostatic interactions were treated using PME. 

The neighbor list was maintained using Verlet buffer lists, and bonds linking hydrogen atoms 

to heavy atoms were restrained using LINCS (Hess, 2008). The temperature was maintained at 

310 K using a coupling constant of 1, and pressure was maintained at 1 bar using a coupling 

constant of 4, a compressibility factor of 4.5 x10-5 and semi-isotropic coupling to xy and z 

dimensions separately. 

Measures of activation. The conformational states of the receptors during MD simulations 

were assessed by the conformation of multiple conserved motifs and helix segments. The 

tightening of the ligand binding site was calculated as the distance between Cα atoms of 

residues 5.46 and 7.42  in agreement with (Cherezov et al., 2007; Rasmussen et al., 2011). 

Changes in conformation of residues in the P-I-F motif which form the connector region were 

also monitored. Based on GPCR structures available in the PDB at the time of analysis (PDB 

IDs: 3PBL, 4IB4, 4IAR, 4IAQ, 5D5A, 5D5B, 4QKX, 4LDE, 4LDL, 4LDO, 4GBR, 3SN6, 

3P0G, 3PDS, 3NY8, 3NY9, 3NYA, 3D4S, 2R4R, 2R4S, and 2RH1), the χ1 angle of Ile3.40 

(calculated for atoms N-Cα-Cβ-Cγ1) was observed to be gauche+ in the active conformation 

and anti in the inactive conformation. Additionally, the location of Phe6.44 was observed to 

shift relative to Ile3.40 and Pro5.50, such that in the active conformation the phenylalanine was 

closer to Pro5.50 compared to in the inactive conformation. The Cα distances between both 

Pro5.50 and Phe6.44 as well as Ile3.40 and Phe6.44 were therefore calculated. In the GBS 

multiple motifs were assessed. The distance between the polar side chain of Glu6.30 and 

Arg3.50 was calculated as the minimum distance between either the oxygen or nitrogen atom 

in the side chain of glutamate and arginine, respectively. The conformational change of the 

NPxxY motif was assessed in two ways: i) the shortest distance between polar atoms of the 

side chain of Asn7.49 and Ser3.39, as a hydrogen bond between these two residues have been 

observed to stabilize an active receptor conformation (Kohlhoff et al., 2014), and ii) the 

proximity of Tyr7.53 to the H3-H5-H6 bundle (Erlandson, McMahon, & Kruse, 2018). The 
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proximity was calculated as the distance between Cα atoms of Tyr7.53 and residue 3.44, which 

was chosen due to its placement being similar to Tyr7.53 regarding the membrane normal, and 

its placement in the conformationally stable H3. Lastly, the movement of the intracellular end 

of H6 away from the rest of the protein was calculated as the distance between Cα atoms of 

residues 3.50 and 6.35 (Cherezov et al., 2007; Rasmussen et al., 2011). 

MM-PBSA calculations. Binding free energy calculations were performed for each 

receptor/vortioxetine cluster using GMXPBSA 2.1 (Paissoni, Spiliotopoulos, Musco, & 

Spitaleri, 2014, 2015) based on 100 frames evenly extracted from the first 2 ns of the 52 ns 

production run MD simulations. The snapshots were thus extracted directly after ligand 

restraints had been removed such that the calculated binding free energies could be used as a 

post-docking scoring method, but not as an assessment of the binding mode each complex 

converged towards during the short MD simulations. The 1-MD approach, in which all 

calculations are based on a single MD simulation instead of several, was applied and the 

molecular system was stripped of lipid, ions, and water before the calculations. The software 

APBS (Baker, Sept, Joseph, Holst, & McCammon, 2001) was used to solve the Poisson-

Boltzmann equation and calculate the nonpolar contribution to the solvation energy, while 

Gromacs 5.0.2 (Abraham et al., 2015) and the CHARMM36 force field (Best et al., 2012; 

MacKerell et al., 1998) was used to calculate the vdW and electrostatic energy contribution. 

The Poisson-Boltzmann equation was solved using a non-linear approximation and “SDH” 

boundary conditions. A grid spacing of 1, a temperature of 310 K, an ion concentration of 0.2 

M, and a protein dielectric constant of 2 was applied. The “multitrj” option was applied to 

ensure use of the exact same grid definitions across the different receptor/vortioxetine 

complexes.  

Dynamical network analysis. The probability of information transfer i.e. allostery between 

two residues is based on the (anti)correlation of movement of the residues in question. For each 

repeat of the 5-HT1A/vortioxetine simulations, each Cα atom was mapped as a node, and non-

neighboring nodes were connected by so-called edges. Edges were assigned a weight based on 

the magnitude of the calculated correlation in motion between the two nodes. Based on the 

weights, the nodes were divided into communities representing substructures in the protein 

which are more densely interconnected compared to the rest of the protein (Sethi et al., 2009). 

(Sub)optimal pathways of communication are calculated as the shortest distance between the 

two residues in terms of edge weights (Sethi et al., 2009). 
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The dynamical networks were visualized using NetworkView in VMD 1.9.3 (Humphrey, 

Dalke, & Schulten, 1996). The correlation of atom motions were calculated using CARMA 

(Glykos, 2006), and communities and suboptimal paths were calculated using scripts obtained 

from the Schulten group webpage (http://faculty.scs.illinois.edu/schulten/Software2.0.html#4) 

(gncommunities and subopt, respectively). Only protein heavy atoms were included in the 

calculation, and nodes were assigned to Cα atoms. The correlated motion of atoms within the 

same residue and the nearest neighbor were excluded from the analysis. The suboptimal paths 

linking Asp3.32 to Val6.34 were calculated using an edge length offset of 20 i.e. the length of 

the longest suboptimal path must be less than 20 longer than the optimal path.  
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