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ABSTRACT 

We present a generally applicable metadynamics protocol for characterizing the activation free-

energy profiles of class A G-protein coupled receptors (GPCRs) and a proof-of-principle study 

for the 5HT1A-receptor. The almost universal A100 activation index, which depends on five 

inter-helix distances, is used as the single collective variable in well-tempered multiple-walker 

metadynamics simulations. Here we show free-energy profiles for the serotonin receptor as 

binary (apo-receptor + G-protein-α-subunit and receptor + ligand) and ternary complexes with 

two prototypical orthosteric ligands; the full agonist serotonin and the partial agonist 

aripiprazole. Our results are not only compatible with previously reported experimental and 

computational data, but they also allow differences between active and inactive conformations 

to be determined in unprecedented atomic detail, and with respect to the so-called 

microswitches that have been suggested as determinants of activation, giving insight into their 

role in the activation mechanism.  
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INTRODUCTION 

Enhanced-sampling approaches such as metadynamics have become essential tools for 

exploring the configuration space of macromolecular biosystems, including G-protein coupled 

receptors (GPCRs).1 GPCRs are involved in many physiological processes and are the most 

frequent targets of approved drugs.2 Like most membrane proteins, GPCRs are characterized 

by high flexibility and often marginal stability. Each receptor contributes to the activation of 

specific cellular responses through versatile and complex downstream signaling that involves 

receptor activation and intracellular recruitment of either heterotrimeric G proteins or arrestins.  

A mass of experimental evidence has been gathered in the past two decades that allows a 

consensus model for GPCR activation.3 However, despite the rapid progress towards 

understanding, the activation mechanism of these important receptors still needs to be 

characterized fully at atomic-level resolution.4,5 This would allow us not only to understand the 

biophysical basis of signaling, but also provide the knowledge necessary to design more 

effective and less toxic drugs. 

Very recently, the first G-protein coupled structure of the serotonin receptor 5-HT1A has been 

solved by cryo-EM.6 The 5-HT1A receptor, a Class A GPCR, is a member of the serotonergic 

receptor family, which is found in the central and peripheral nervous systems and activated by 

the neurotransmitter serotonin (5-hydroxytryptamine, 5-HT). Although the 5-HT1A receptor 

subtype is among the most studied, since it is an important therapeutic target for several 

neuropsychiatric disorders including anxiety, depression, and schizophrenia,7 the structural 

basis involving receptor dynamics, ligand efficacy and receptor activation is largely unknown.8 

Force-field-based molecular dynamics (MD) simulations have already played a major role in 

revealing details of the activation process of GPCRs.9,10,11,12,13 Moreover, MD simulations can 

provide insight into wild type receptors, which are often experimentally inaccessible.14 
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Initially, very long simulations demonstrated the transition between active and inactive 

conformations.15 Later coarse grained but accurate force-field simulations allowed the 

complete characterization of the free-energy landscape for a GPCR mode of action,16,17 but did 

not resolve individual receptor conformations in atomistic detail.  

Specialized hardware,15 cloud-based computing resources,11 or enhanced-sampling approaches 

are needed to capture the complex conformational changes that comprise the GPCR-activation 

process. Various enhanced-sampling algorithms18 have been used to sample the dynamics of 

GPCRs, including the string method,19,20 and methods based on collective variables (CVs) such 

as metadynamics.21 

Our positive experience with GPCR binding/unbinding simulations22 suggest that 

metadynamics is an effective technique for simulating such complex systems when a good set 

of CVs can be devised.  To that end, one or more CVs must clearly distinguish the relevant 

states and enhance the sampling of the slow degrees of freedom involved in the process of 

interest.23,24 Including all the slow variables is particularly difficult in complex systems such 

as GPCRs. This can be mitigated in part by combining metadynamics with replica-exchange 

algorithms, such as parallel tempering25 or multiple walkers26 that greatly improve the 

convergence of the free-energy reconstruction when using sub-optimal CVs. Our recent study 

of the activation mechanism for a class B GPCR involved extensive parallel tempering and 

multiple walker simulations where the chosen CVs were two combinations of the RMSD of 

the Cα of the TM6 helix with the conformations of active and inactive receptor.27 While the 

use of multiple replicas is able to overcome the limitations of the RMSD-based CVs, the 

associated computational cost is very high and structural knowledge of the active and inactive 

states is needed. A valid alternative is to use path-based CVs that capture the relevant degrees 

of freedom.28 However, path-based CVs require not only the knowledge of active and inactive 
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states, but also an initial “guess” path connecting the two, which in the case of GPCRs is not 

trivial to obtain. Recently we proved it possible to define a generally applicable single CV for 

ligand binding/unbinding in class A GPCRs.29 Here, we report a metadynamics-based multiple-

walkers computational protocol that uses the general activation index A100 as a single activation 

CV. The A100 index30 is defined as a linear combination of five distances between α-carbons of 

ten residues located on different helices and can thus be used within the PLUMED 

interface.31,32 Given the general applicability of the activation index A100 30,33,34 the 

computational protocol introduced here can potentially be applied to all class A, rhodopsin-

like GPCRs that exhibit the residues that occur in the A100 definition. As shown below, A100, 

which was specifically designed to indicate the activation/deactivation state of the receptor, is 

better suited than microswitches such as the TM3-TM6 distance, which can be ambiguous with 

respect to activation. 

The A100 index was initially introduced as an analysis tool, and its use as a CV has been very 

recently reported to support experimental data rationalizing carvedilol’s cellular signaling in 

the β2-adrenergic receptor.34 Here, we define the computational protocol exactly and describe 

its application to the serotonin 5-HT1A receptor in its apo-form (ligand-free) and in the presence 

of two known ligands; the full agonist serotonin and the partial agonist aripiprazole. Apart from 

its simple definition and general applicability, further advantages of using A100 with multiple 

walkers metadynamics are that no a priori knowledge of either the active or the inactive state 

is required, nor an initial path connecting the two states. The protocol still requires multiple 

walkers to converge the free-energy landscapes due to the fact that A100 captures most but not 

all slow degrees of freedom, but compared to other CVs, such as the RMSD from 

crystallographic states, the number of walkers needed to converge the free energy is reduced. 

Moreover, we show that in the limit of converged free-energy surfaces, it is not only possible 

to gain insight into experimentally inaccessible intermediate states, but also to extrapolate 
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structural features of the receptor in the presence of ligands with different efficacies. This 

computational protocol satisfies a pressing need in GPCR research as it allows the systematical 

characterization of the activation/deactivation free-energy landscapes for class A GPCRs in 

unprecedented detail. 

 

RESULTS AND DISCUSSION 

Simulation time scales 

The first task was to investigate the relaxation time of A100 in unconstrained simulations of the 

subject serotonin receptor (5-HT1A). To monitor the deactivation of the receptor in the absence 

of a binding partner, similarly to previous simulations of the β2-adrenergic receptor,15 we 

consider the equilibration of 5-HT1A in its apo-active state, i.e., with no bound ligand, and 

binary complexes with serotonin and aripiprazole as representatives for full agonist and partial 

agonist ligands, respectively. We also include in the dataset complexes with the α-subunit of 

the Gi-protein trimer (Gαi) to provide a reference for the stabilized active-like state of the 

receptor induced by the G-protein.35 All the systems were equilibrated using single 2 µs-long 

unconstrained simulations in the NPT ensemble; the last 0.5 µs was used to determine the mean 

A100-value.  

The time-dependent A100-plots for all 5-HT1A systems are shown in 1. Starting point for the 

apo-5-HT1A and 5-HT1A-ligand binary complexes (Figures 1A, 1C and 1E) simulations were 

active cryo-EM structures6 (PDB accession codes 7E2X, 7E2Y, and 7E2XZ, respectively) from 

which the G-protein was removed. These three unconstrained simulations start at A100-values 

of approximately 50 and give mean A100-values of -17, -3, and -10 for the apo-5-HT1A, 5-HT1A-

serotonin, and 5-HT1A-aripiprazole respectively. These values are well within the inactive 

ranges defined for the two-state activation model.30 The apo-receptor (Figure 1A) undergoes a 
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configurational change from its initial A100-value of approximately 50 to values that oscillate 

around approximately -25 around 0.5 s. In our experience, this behavior is typical for 

simulations that start with the “wrong” conformation derived from modified experimental 

structures. It indicates that the apo-receptor prefers an inactive conformation that is accessible 

to unconstrained simulations within a few s. In contrast, the 5-HT1A-serotonin simulation 

(Figure 1C) remains close to a A100-value around zero throughout the 2 s simulation with 

excursions into the active (> 25) and inactive ranges. The 5-HT1A-aripiprazole binary complex 

(Figure 1E) shows a steady decrease in A100 from a starting value around 50 to approximately 

-20 at 1.8 s, where it possibly stabilizes. Although this simulation is likely not converged, the 

above conclusions are consistent with the behavior found for 5-HT1A-serotonin.  

The rearrangement at approximately 0.5 µs that leads to inactive A100-values for the apo-

receptor (Figure 1A) is accompanied by rearrangements in the highly conserved residues 

known as “microswitches” (Figures S1-4). These local structural changes identified previously 

and suggested to play an important role in receptor activation are:15,36 (a) the α-carbon distance 

between residues V6.34 and R3.50 as indicator of TM6 displacement, (b) the Y-Y motif as the cζ 

distance between Y5.58 and Y7.53, proposed as a stabilizing element of the active conformation, 

(c) root mean-square deviation (RMSD) to the active reference structure of the highly 

conserved residues N7.49P7.50xxY7.53 (NPxxY motif), which acts as an indicator of the 

reorientation of TM7, (d) the RMSD to the active structure of the PIF motif, involving residues 

P5.50, I3.40, and F6.44 that regulates receptor activation (details in Table S1). 
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Figure 1. Time-dependence of A100 for all 5-HT1A systems over 2 s unconstrained molecular dynamics 

simulations. 

For the apo-5-HT1A receptor and 5-HT1A-ligand binary complexes (Figures S1-4), the TM3-

TM6 distance and YY motif occupy inactive-like conformations, while PIF and NPxxY motifs 

deviate from the starting active conformation, reaching values as high as 0.54 nm.  

In contrast to the binary complexes, the ternary ligand-5HT1A-Gi complexes (Figures 1B, 1D 

and 1F) show little change in A100 over the 2 s simulation time. Both stabilized active-like 
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conformations of the microswitches, and active mean A100-values were obtained for all 5-HT1A 

systems with bound G-protein. We therefore conclude that 2 µs unconstrained simulations are 

adequate to obtain equilibrated A100-values. 

 

Activity indices as cooperative variables 

The A100 index30 was used as a single activation CV. Like RMSDs from a given structure, 

distance-based activity indices may be ambiguous in that drastically different receptor 

structures can be associated with the same A100-value. This proves not to be a problem within 

the limited conformational space of the X-ray structures used for validation of A100, as long as 

the walkers used for the production simulation and the metadynamics parameters are chosen 

carefully. Defining the optimal metadynamics parameters was the major task in developing the 

simulation protocol (see Methods for details).  

Although A100 has been used as a CV in a very recent publication,34 its use is not 

straightforward, so that an exact simulation protocol was developed in order to obtain reliable 

activation/deactivation free-energy profiles. In end effect, the G-protein conformation must 

deviate very significantly from the activation pathway for structures to be generated that are 

not consistent with the original A100 definition. This is not possible within the relatively short 

exploratory simulations used to generate the initial walker structures. Thus, the localized 

geometric nature of the structures that occur in the simulations reduces the ambiguity of A100, 

so that it can be used as a CV. This is analogous to the widespread use of RMSDs as CVs. In 

our work on the glucagon receptor,27 two-dimensional metadynamics simulations using two 

different RMSDs as CVs proved successful but only when combined with parallel-tempering 

or large scale multiple-walkers simulations. Moreover, the same set of RMSD-based CVs is 

not necessarily effective for class A activation (see steered MD simulation section in the 
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Supporting Information). This is an important practical consideration as the computational 

demand scales poorly with increasing numbers of CVs. 

Implementing A100 as a CV in PLUMED is straightforward as it involves only combining five 

distances linearly. However, selecting initial walkers for the multiple walker simulations and 

optimizing the metadynamics parameters can be challenging.  To address this, unbiased MD 

simulations were used to obtain a distribution of structures across the CV range. From this 

distribution, walkers were chosen as starting points for the multiple walker simulations based 

on two criteria; an even distribution across the CV range and visual inspection to ensure they 

exhibited no obvious strong deviation from the expected structures (i.e. bad geometries of 

transmembrane domains, C- or N-terminus ). 

Once the walkers have been selected, optimal parameters for the multiple walker metadynamics 

simulations were determined with the goal of ensuring that walkers frequently and reversibly 

visit neighboring regions of the CV (i.e. those in which other walkers were initially placed) to 

reach convergence. CV fluctuations during the metadynamics run can be tracked by inspecting 

the individual trajectories for each walker (Figure 2C). Convergence can be assessed by 

monitoring i) the free-energy profiles as a function of time and ii) the Gaussian hills deposition 

over time, as shown in Figure 2A and 2B, respectively for the apo-5HT1A-receptor. To avoid 

sampling unphysical conformational states of the receptor, hills were deposited every 1 ps with 

an initial height of 1.0 kJ/mol and a bias factor of 5. Thus, we favor a protocol in which the 

system is nicely and smoothly driven along the CV pathway.  
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Figure 2. (A) Time-dependence of the calculated free-energy vs. A100 profile for the apo-5-HT1A receptor. (B) 

Time evolution of the Gaussian hill height over simulation time. (C) A100 as a function of the simulation time for 

32 walkers of the apo-5-HT1A receptor. All these plots are used to determine the convergence of the multiple 

walker metadynamics simulations. 
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A further important check of the results is whether the minimum-energy conformations 

obtained from the free-energy profiles calculated with the metadynamics protocol are 

compatible with those obtained in unconstrained simulations on the same structures. Figure 

S10 shows the correlation between the mean A100-value over the last 500 ns of 2 µs 

unconstrained simulations and the deepest minimum found in the metadynamics simulations. 

The RMSD between the two is only 11.6 (mean unsigned error 7.2) and R2 for the linear 

regression 0.91. 

Activation/deactivation free-energy profiles 

Free-energy profiles obtained for all 5-HT1A systems are shown in Figure 3. The time evolution 

of the estimated free energy (Figure S11) and the Gaussian height (Figure S12) were used as 

convergence criteria for the metadynamics simulations. Figure 3A shows the 

activation/deactivation free-energy profiles of both apo-5-HT1A and apo-5-HT1A-Gαi. The apo-

5-HT1A-Gαi shows a deep minimum at A100 = 44, indicating a relatively inflexible active 

conformation. While the apo-5-HT1A shows a minimum clearly in the inactive region, at A100 

= -43, that spreads up to A100 = -10 with little increase in energy. This behavior may indicate a 

flexible inactive conformation that is not as well defined as the active minimum found with 

bound Gαi. Note, however, that A100 only considers the activation state of the receptor. Thus, 

the flat region of the free-energy profile between A100 = -43 and -10 does not necessarily 

indicate a single minimum. The distinction between a single flexible minimum and 

energetically very similar minima with activities in the range observed cannot be made from 

the current simulations. A shoulder that may indicate a metastable conformation is found at 

A100 = 40 (ΔΔ G= 2.0 kcal mol-1) and a metastable minimum at A100 ≈ 100 (ΔΔG= 5.2 kcal 

mol-1). These results are consistent with the high basal activity observed for the receptor.37 
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The simulations with the endogenous ligand serotonin (Figure 3B) allow us to reconstruct a 

free-energy profile showing a minimum for the binary 5-HT1A-ligand complex at A100 = 7, and 

a clear metastable shoulder in the active region at A100 ≈ 39-63 (ΔΔG= 0.8 kcal mol−1). The 5-

HT1A-serotonin-Gαi ternary complex shows a narrow minimum at A100 = 51 and a very unstable 

shoulder at A100 = -20 (ΔΔG= 9.8 kcal mol−1). 

Figure 3C shows the free-energy profile obtained for 5-HT1A complexes with the partial agonist 

aripiprazole. A minimum and a shoulder 0.4 kcal mol-1 higher in energy (A100 = -15 and A100 

≈ 6-10, respectively) are found for the 5-HT1A-aripiprazole binary complex in the inactive 

region. Two additional shoulders can be observed in the active region at A100 ≈ 26-32 (ΔΔG= 

0.8 kcal mol-1) and A100 ≈ 58-65 (ΔΔG= 2.1 kcal mol-1). In contrast to the results for the binary 

complex, a single minimum at A100 = 31 is observed for the 5-HT1A-aripiprazole-Gαi ternary 

complex. 
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Figure 3. Simulation results for 5-HT1A systems. Calculated activation/deactivation free-energy profiles from 

metadynamics simulations. The mean A100-values for the last 500 ns of the unbiased simulations and the A100 

values corresponding to the lowest minima in the free-energy curves are also reported.  

Note that the position of the A100-minimum does not necessarily correlate with absolute 

activity,30 which is also affected by factors other than the receptor conformation alone. In 

particular, A100-minima for apo-complexes likely relate to the ability of the apo-receptor to 

recruit the G-protein, which is not necessarily the same as the level of activity. 

Modulation of 5-HT1A dynamics by ligands 

Because the A100 index is a linear combination of inter-residue distances, it does not map 

uniquely to individual structures. It was also not designed to differentiate between intermediate 
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and fully active conformations. The active A100-range (≥ 25 in the two-state model) 

encompasses TM3-TM6 distances (Figure S5) in the range assigned to the inactive and 

intermediate conformations,15 approximately 0.8-1.9 nm. The same is true of the YY distance 

(Figure S6), NPxxY (Figure S7), and PIF motifs (Figure S8). These observations confirm that 

A100 is less ambiguous as an activation CV than either the TM3-TM6 distance, YY distance, 

the NPxxY or PIF motifs. Therefore, to obtain a detailed analysis of how conformational 

changes induced by ligands binding propagate through the receptor, the roles of conserved 

microswitches were assessed by comparing free-energy landscapes in the absence and presence 

of bound agonists. For this purpose, our A100 metadynamics simulations were reweighted to 

reconstruct 1D and 2D free-energy landscapes with respect to the microswitches. 

Figure 4 shows 1D free-energy landscapes projected onto the relevant microswitches. The apo-

5-HT1A system clearly shows minima compatible with inactive-like conformations (0.98 nm, 

1.45 nm, 0.40 nm, 0.49 nm for the TM3-TM6 distance, YY distance, NPxxY and PIF motif, 

respectively), whereas less inactive- or even intermediate-like conformations can be adopted 

by 5-HT1A-ligand systems. Both serotonin and aripiprazole binary complexes exhibit 

intermediate-like conformations for the NPxxY motif (0.25 nm). The 5-HT1A-serotonin system 

shows an intermediate-like conformation for the YY distance (0.99 nm) and the PIF motif (0.29 

nm), and inactive-like conformation for the TM3-TM6 distance (0.94 nm). Conversely the 5-

HT1A-aripiprazole binary complex shows inactive-like conformations for the YY distance (1.45 

nm) and PIF motif (0.37), and an intermediate-like conformation for the TM3-TM6 distance 

(1.17 nm). 
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Figure 4. Comparison of 5-HT1A inactive systems. (A-D) 1D free-energy landscapes projected as a function of 

the microswitches. Representation of microswitches: (E) TM3-TM6 distance, (F) YY motif, (G) NPxxY motif, 

(H) PIF motif. Apo-5HT1A, 5-HT1A-serotonin and 5-HT1A-aripiprazole systems are shown in salmon, light pink, 

and light blue respectively. Active cryo-EM structure 7E2Y is represented in white. 

Because it is well established that outward movement of TM6 upon ligand binding is one of 

the most prominent features of GPCR activation,38,39 we also projected the results of the A100 

metadynamics simulations onto free-energy landscapes relative to a combination of the TM3-

TM6 distance with the other microswitches considered here. The resulting 2D free-energy 

landscapes are shown in Figure 5. Several clear minima spanning regions compatible with 

active-, intermediate- and inactive-like states are found in the free-energy profiles. In the 

absence of a bound agonist, the receptor adopts both active and inactive conformations of TM6, 
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with the minimum of the free energy located at inactive states of the TM3-TM6 distance, YY, 

NPxxY, and PIF motifs. (Figures 5A, D, and G, respectively).  

 

Figure 5. 2D free-energy landscapes projected onto the TM3-TM6 distance and microswitches for the apo 

receptor and all 5-HT1A binary systems. 

In the presence of the full agonist serotonin, both inactive and active conformations of TM6 

are populated and the YY motif can assume an almost active-like (or intermediate) state, even 

when TM6 adopts an inactive-like conformation (Figure 5B). In contrast, a remarkably large 

range of the YY distances is induced by the partial agonist aripiprazole (Figure 5C). For both 

ligands, active- and inactive-like states of the TM3-TM6 distance are accessible when the 

conformation of the NPxxY motif mostly populates an intermediate-like state. On the other 
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hand, the minimum of the PIF motif is shifted toward a less inactive-like state (or intermediate 

state) in the case of the full agonist serotonin in comparison to aripiprazole (Figures 5H and I, 

respectively). These results are not only consistent with the notion that ligands can stabilize 

different receptor states40 but also suggest that binding of a full agonist reduces the number of 

inactive-like states of the conserved microswitches in comparison to a partial agonist. 

Since the chemical nature of the ligand must be the cause of the structural variation observed 

in the microswitches, specific interactions between the ligand and the receptor were assessed 

through hydrogen-bond analysis. Figures 6C and 6D show the hydrogen–bond occupancy of 

5-HT1A-ligand systems. For both 5-HT1A-serotonin and 5-HT1A-aripiprazole binary complexes, 

hydrogen-bond interactions are formed with the conserved residues D3.32 and N7.39, which play 

a vital role in the stabilization of aminergic ligands in the binding pocket.41,42 Besides these 

common interactions in TM3 and TM7, a different occupancy pattern can be observed between 

ligands. While serotonin stabilizes conformational changes in TM5, TM6, and TM7 prior to 

G-protein coupling, hydrogen-bond interactions between aripiprazole and the receptor are 

concentrated on extracellular residues in TM7. 

Consistent with prior experimental studies,43 a specific hydrogen-bond interaction between the 

serotonin hydroxyl group and the S5.42 sidechain can be observed from Figures 6A and 6C. In 

contrast, aripiprazole lacks the hydroxyl group, and has chlorine atoms on the phenyl ring, so 

that a specific polar interaction with residues in TM5 cannot be formed (Figures 6B and 6D). 

Mutagenesis and computational studies have shown serine residues in TM5 to be important for 

activation of the adrenergic and serotonergic receptors.43,44,45. Besides, it has been suggested 

that TM5 is more closely connected with ligand specificity than the other transmembrane 

segments.46 Thus, while the conserved D3.32 in TM3 is important for coordinating the amino 

functionality, the least well conserved TM5 has been pointed out to be the most important 
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transmembrane domain for interactions with a significant but variable part of the ligand 

molecule. Therefore, ligands can exercise direct control over TM5 through distinct interaction 

patterns, generating a variety of ligand-specific conformational states. 

 

Figure 6. Comparison of 5HT1A-ligand binary complexes. (A-B) Representation of polar interaction network 

formed in the binding pocket. (C-D) Hydrogen–bond occupancy. (E) Representative view of the TM6 

conformational rearrangement. 5-HT1A-serotonin and 5-HT1A-aripiprazole binary complexes are shown in light 

pink and light blue respectively. Active cryo-EM structure 7E2Y is shown in white. 

It has been proposed that the activation of aminergic receptors occurs sequentially.47 Once the 

primary contacts with TM3 and TM5 are established, ligands induce structural changes in TM6 

that facilitate the binding and activation of a G-protein at the intracellular site of the receptor. 

TM6 conformational changes, first bending and then rotation, have been associated with 

rearrangements of the PIF motif.48,49,50,51 This likely explains structural differences between 5-

HT1A-ligand binary complexes in the PIF motif and TM6. While the full agonist serotonin 

stabilizes an intermediate-like state of the PIF motif (Figures 4D and 4H), the inactive-like 
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state adopted by 5-HT1A-aripiprazole binary complex might be associated with the observed 

TM6 counterclockwise rotation relative to the active 5-HT1A-serotonine-Gi cryo-EM structure 

(Figure 6E). These subtle but distinct local structural differences that lead to non-optimal G-

protein activation have been related to partial agonism at different sub-families of GPCRs.4,50,51 

Although hydrogen-bond interactions between agonists and TM5 have not been reported in 

cryo-EM structures of 5-HT1A-ligand-Gi complexes, a mechanistic rationale might explain 

these discrepancies. According to structural and experimental data, the intracellular and 

extracellular ends of TM6 move in opposite directions upon G-protein binding, corresponding 

to a pivoting motion of TM6 around its center close to the conserved residue P6.50 52 Thus, the 

intracellular end moves outward while the extracellular one moves towards the orthosteric 

binding pocket, which results in the compression of the ligand binding pocket in the fully active 

conformation.38 

The ligand-binding pocket is compared for all 5-HT1A-ligand systems in Figure S13. As a 

consequence of receptor deactivation, the extracellular half of TM6 is positioned away from 

the binding pocket, as indicated by the displacement of residue A6.55 in Figure S14, which leads 

to a larger binding pocket. The structural differences in the orthosteric ligand-binding pocket 

between aripiprazole binary and ternary complexes are relatively subtle. However, in the 

absence of the G-protein, the smaller and more flexible full agonist serotonin can insert itself 

more deeply into the binding pocket with its hydroxyl group forming polar interactions with 

residues in TM5. Even though the binding pocket in 5-HT1A-serotonin-Gαi is sterically hindered 

by TM6 motion, a hydrogen-bond interaction between the nitrogen of the indole moiety in 

serotonin and the backbone carbonyl of S5.42 can still be formed (Figure S15). Therefore, 

structural comparisons between binary and ternary complexes demonstrate that an attenuated 

polar interaction network in ternary complexes might be attributed to conformational changes 
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in the orthosteric binding pocket upon G-protein binding (Figure S13). This strong 

differentiation suggests a potential role of the polar interaction network as a regulator in the 

initial stages of the signal transduction mechanism in receptor activation.  

The binding pocket of the receptor in the absence of bound ligands was also investigated. 

Figure 7 clearly reveals water molecules forming hydrogen bonds interactions with residues 

S5.42, D3.32, N7.35 and a sodium ion that mimics the electrostatic interaction between the 

positively charged amine of aminergic ligands and residue D3.32. Thus, for both apo-receptor 

systems the presence of water molecules and Na+ resembles the three polar functionalities 

found in the 5-HT1A-serotonine binary complex. Notably, a more extensive rod of water 

molecules in proximity with residue S5.42 can be found for the apo-5HT1A-Gαi (Figure 7D), in 

comparison to apo-5-HT1A. This water-molecule network contributes to the stabilization of 5-

HT1A in the active conformation.6 

 

Figure 7. Comparison of apo-5HT1A systems. (A-B) Representation of polar interactions within the binding 

pocket of apo-5HT1A systems. Water molecules around residues S5.42, D3.32 and N7.39 with a cut-off distance lower 

than 5 Å are displayed (C-D) Number of water molecules around residue S5.42 were calculated with a cut-off 

distance of 3 Å. Apo receptors 5-HT1A and 5-HT1A-Gαi are shown in salmon and green respectively. 
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CONCLUSIONS 

The simulation protocol described here allows us to determine free-energy profiles for the 

activation/deactivation process of the serotonin 5-HT1A receptor, and we are confident that this 

protocol can be used to characterize the activation for all Class A GPCRs for which the A100-

activity index can be determined. 30 Note that A100 was trained using data from the muscarinic 

M2, histamine H4 (human and mouse wild types and mutants), β2-adrenergic and -opioid 

receptors and was validated using experimental data from a total of 54 receptors. In a separate 

study, we have used the protocol for an extensive study of the 2-adrenergic receptor with 

similar success to that reported here for 5-HT1A and very recently a paper was published 

reporting A100 free-energy profiles to support experimental data.34 Given that A100 is rapidly 

gaining acceptance as a general activation measure,33 and considering the reliability of the 

optimized protocol described here, we are confident to have described a metadynamics 

simulation technique that is superior to other activation CVs, for instance the TM3-TM6 

distance, because these may be ambiguous for some receptor situations, as described above. 

The results described here for the 5-HT1A receptor are fully compatible with the known 

experimental results and reproduce the experimentally deduced mechanistic features. Thus, the 

simulations allow us to reach several important conclusions about the activation mechanism of 

5-HT1A. 

The computed free-energy landscapes, specific interaction analysis and structural inspection 

suggest a combined mechanism that requires the action of both stabilizing intracellular and 

extracellular interactions in the receptor core for the full activation of the receptor. We have 

demonstrated the potential role of polar interaction networks in the receptor core as a regulator 

in the initial stages involved in receptor activation. In addition, we have provided details of the 

molecular basis for the basal activity of the receptor and have obtained detailed structural 
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insights that rationalize the mechanism of action of ligands with different efficacies at the 5-

HT1A receptor. 

The free-energy profiles obtained from the simulations are simpler than might have been 

expected, but the simulations are consistent with a conformational-selection, rather than an 

induced-fit mechanism.4 In summary, we have described a computational protocol that we 

expect to be quite general for activation/deactivation free-energy profiles of Class A GPCRs. 

It allows both the number and the relative stabilities of the competing conformations to be 

determined. Thus, the present proof-of-principle simulations provide impressive support for 

the conformational selection mechanism of receptor activation for 5-HT1A.  

COMPUTATIONAL METHODS 

Systems preparation 

The structural models for this study were based on cryo-EM structures of the 5-HT1A receptor 

bound to different ligands and the Gi-protein.6 (Details in the Supporting Information). 

General setup of the MD simulations 

All unbiased MD simulations were performed using GROMACS 2019.4.53 Periodic boundary 

conditions were applied in all directions. The simulations were run at constant pressure and 

temperature in the NPT ensemble. The Berendsen barostat54 was applied to maintain a pressure 

of 1 bar. The temperature was held constant at 310 K with temperature coupling being achieved 

by the V-rescale thermostat54 in three separate coupling groups for (i) solvent and ions, (ii) 

protein and ligand, and (iii) the DOPC membrane. Bonds involving hydrogen atoms were 

constrained using the LINCS algorithm,55 enabling a time step of 2 fs. A cutoff of 12 Å was 

used for short-range van der Waals interactions. Particle mesh Ewald (PME)56 was used to treat 

electrostatic interactions, using a cutoff distance of 12 Å. All simulations used the SPC/E water 
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model.57 5-HT1A-Gαi systems included a box size of 9.5×9.6×19.9 nm3 with 38,000 water 

molecules, and 278 DOPC molecules, whereas 5-HT1A systems without Gαi compromised a 

box of 9.5×9.6×13.0 nm3 with 25,000 water molecules and 278 DOPC molecules. 

Metadynamics simulations 

Metadynamics simulations in the well-tempered variant (WT)58 were performed to estimate the 

activation free-energy profiles. The simulations were run in the multiple walkers26 scheme 

using 32 walkers at 310 K. Our A100 activation index30 (equation (1)) was used as the single 

collective variable for the applied metadynamics history-dependent bias.  

1.53 7.55 2.50 3.37 3.42 4.42

5.66 6.34 6.58 7.35

100 V R D T T A

K L H Y

A 14.43R 7.62R 9.11R

       6.32R 5.22R 278.88

− − −

− −

= − +

− − +

   (1) 

where the distances R are measured between the α-carbon atoms of the residues given in the 

superscript.  

Representative structures for each model were extracted from the 2µs unconstrained molecular 

dynamics trajectory along the reaction coordinate, spanning a range between active and 

inactive conformations. Based on these structures, the multiple walker technique26 was 

conducted in the well-tempered variant.58 Gaussian hills with initial height of 0.24 kcal mol−1 

were applied every 1 ps with a bias factor of 5, and the Gaussian width was set to 0.1 nm. Free 

energies were calculated using the sum hills function of the PLUMED 2.5.3 plug-in.31,32 

Convergence was assessed by monitoring the time evolution of the estimated free energy and 

the evolution of the Gaussian height during the A100 metadynamics simulations. Depending on 

the system, a full free-energy profile converges in 3040-7200 ns collective simulation time. 

Free-energy profiles as a function of the microswitches were computed by reweighting of the 

A100 metadynamics simulations according to the algorithm described in ref 59. The calculation 
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of the reweighting factor c(t) was enabled by using the keyword CALC_RCT during the 

metadynamics simulations and metadynamics trajectories were post-processed with the driver 

function of PLUMED. 

Hydrogen-bond interactions with a default cutoff distance and angle of 3 Å and 135°, 

respectively, were performed with CPPTRAJ module of AmberTools18.60 Water molecules 

with a cutoff distance 3 Å were estimated with the gmx trjorder functionality of Gromacs. 

UCSF Chimera61 was used for data analysis and visualization, and plots were created with 

Matplotlib.62 
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