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To understand the structural basis for the Na+-sensitivity of 
ligand binding to dopamine D2-like receptors, using 
computational analysis in combination with binding assays, we 
identified interactions critical in propagating the impact of Na+ 
on receptor conformations and on the ligand-binding site. Our 
findings expand the pharmacologically-relevant 
conformational spectrum of these receptors. 

The phenomenon of Na+-sensitivity is conserved among many 
members of class A G-protein coupled receptors, such as the 
adrenergic2, dopaminergic3, adenosine4, opioid5, and neurotensin6 
receptors. The dopamine D2-like receptors, consisting of the D2, D3, 
and D4 receptors (D2R, D3R, and D4R), are coupled to the G-
protein α subunits (Gi/o) that inhibit adenylyl cyclase7. The binding 
property of some ligand classes of these receptors is known to be 
sensitive to sodium ion (Na+)3, 8 – a physiologically relevant level of 
Na+ (~150 mM) has been shown to decrease the affinity of agonists 
including the endogenous agonist dopamine, while enhancing the 
affinity for some antagonists3, 9, compared to those in the absence of 
Na+. Although this phenomenon of Na+-sensitivity has been 
experimentally known over many years, the structural basis for the 
allosteric effects of Na+ on agonist and antagonist binding has not 
been elucidated. 

In D2R, the mutation of Asp80(2.50)† to Ala or Glu was shown to 
abolish Na+-sensitivity8, and it was proposed that the residues near 
Asp80(2.50) form a square pyramidal Na+ binding site in the D2R10. 
In recent years, several ultra-high-resolution crystal structures of 
class A G-protein coupled receptors have revealed that the Na+-
binding site indeed involves the residue Asp(2.50) (reviewed in 
Katritch et al.11). Both the 1.8 Å-resolution adenosine A2A receptor 
structure and 2.1 Å-resolution β1 adrenergic receptor (β1AR) 
structure show that a Na+ ion is coordinated by side chain oxygen 
atoms of Asp(2.50), Ser(3.39), and three water molecules in the 
middle of a water-filled channel within the transmembrane (TM) 
domain12. The allosteric effects of Na+ on ligand binding in D2R 
have previously been studied by computational simulations13. Based 
on the structures of bovine rhodopsin and β2AR, Ericksen et al. 
modeled the Na+-induced conformations of D2R using normal mode 

analysis to rationalize the enhanced binding of substituted 
benzamides and 1,4-disubstituted piperidines/piperazines (1,4-
DAPs)13a. Based on the structure of β2AR, Selent et al. modeled the 
allosteric effects of Na+ in the apo state of D2R using microsecond 
scale all-atom molecular dynamics (MD) simulations and showed 
that Na+ enters the receptor from the extracellular side, binds at 
Asp(2.50), and locks the rotamer toggle switch Trp(6.48) to the 
inactive state13b. Recently, Filizola and colleagues carried out MD 
simulations in three subtypes of opioid receptors, and revealed 
important dynamic nature of Na+ binding14. 

To better understand the structural basis of the effect of Na+ on 
ligand binding affinity in D2R and D3R, in combination with 
experimental binding assays, we carried out molecular modeling and 
simulation analysis of the receptors in complex with ligands whose 
binding are either sensitive or insensitive to Na+. 

We first investigated the ability of physiological concentrations of 
Na+ to modulate the binding of these antagonist ligands (Fig. S1) to 
the D2R and D3R. The affinities of the two substituted benzamides, 
eticlopride and sulpiride, for the D2R are increased (~3-fold for 
eticlopride and ~23-fold for sulpiride) in the presence of Na+ (Fig. 
1A,B). This effect of Na+ on sulpiride binding to the D2R is similar 
to that previously observed3, 8. In contrast, the presence or absence of 
Na+ does not affect the affinity of the butyrophenones, spiperone 
(Fig. 1C) or methylspiperone (data not shown), for the D2R. 
Interestingly, we found that the affinity of the tricyclic antipsychotic, 
zotepine, for the D2R is decreased by ~7-fold in the presence of Na+ 
(Fig. 1D). Similar results were observed with the D3R in that the 
binding of spiperone was not affected by Na+, whereas the binding 
of sulpiride and eticlopride were increased, and the binding of 
zotepine was decreased by Na+ (Fig. S2). These results illustrate how 
the Na+ bound state of the D2R and D3R can differentially affect the 
binding of different ligands to the receptors. 

To computationally investigate atomistic details of the Na+ effect on 
the ligand binding modes, these ligands were docked to equilibrated 
D2R and D3R models based on the D3R crystal structure1, 15. The 
initial ligand poses were selected from top-scoring poses, taking into 
account of the implications from available mutagenesis experimental 
data (see SI). Briefly, for sulpiride, a pose similar to that of 
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eticlopride in the D3R crystal structure was selected, with the 
tertiary amine in the ethyl-pyrrolidine moiety forming a salt bridge 
to the Asp(3.32) side chain, and the methoxy-substituent of the 
benzamide moiety forming an intramolecular hydrogen bond with 
the amide-NH. For spiperone, a pose with the butyrophenone moiety 
in the orthosteric binding site (OBS) was selected, in which π-π 
interactions are formed with aromatic residues in TM6, in agreement 
with site-directed mutagenesis data, and structure-activity 
relationship data of spiperone and its analogs, N-methylspiperone 
and NAPS16. For zotepine, the pose in which the tricyclic moiety is 
bound in the OBS was selected. 

 
Fig 1 Experimental binding affinity curves for the D2R with and without Na+ 
for eticlopride (A), sulpiride (B), spiperone (C), and zotepine (D). 
Radioligand binding assays with D2R containing membranes were performed 
as described in the Methods section. Membranes were incubated with 0.5 nM 
[3H]-methylspiperone and the indicated concentrations of competing ligand 
in the absence or presence of 144 mM Na+. The data are expressed as a 
percentage of the control [3H]-methylspiperone binding observed in the 
absence of competing ligand.  The curves represent an average of three 
independent experiments. Ki values were calculated from the IC50 values 
using the Cheng-Prusoff equation17 and are as follows: eticlopride: 0.67 ± 
0.11 nM (-Na+), 0.27 ± 0.03 nM (+Na+); sulpiride: 379 ± 141 nM (-Na+), 16.7 
± 1.6 nM (+Na+); spiperone: 0.77 ± 0.12 nM (-Na+), 0.83 ± 0.26 nM (+Na+); 
zotepine: 5.8 ± 0.5 nM (-Na+), 38.4 ± 5 nM (+Na+).  

 
We then performed extensive MD simulations of the resulting 
receptor-ligand complexes either in the presence or absence of Na+ 
bound in the Na+-binding site (Table S1). Throughout the 
simulations, similar to that observed in the crystal structures, the 
bound Na+ is stably coordinated by the side chain oxygen atoms of 
Asp(2.50), Ser(3.39), and three water molecules (Fig. S3). Other 
residues including Leu(2.46), Ala(2.49), Met(3.35), Asn(7.45), and 
Ser(7.46) are within 5 Å and contribute to forming the interaction 

network that support the Na+ binding and propagate its impact (Fig. 
S3).  
The salt bridge interactions between the protonated amines of 
sulpiride and eticlopride with Asp(3.32) are maintained in both Na+-
bound and -unbound conditions in D2R and D3R. However, in the 
absence of Na+, the ethyl-pyrrolidine moieties shift down in the OBS 
(Fig. 2B,C), resulting in altered interactions between the 
sulfonamide N and the side chains of Ser(5.42) and Ser(5.43) in 
sulpiride, and the benzamide moiety tilting away from the vertical 
orientation in eticlopride. On the other hand, the binding mode of 
spiperone in D3R remains largely the same whether in the presence 
of absence of Na+ (Fig. 2D). In both conditions, the phenyl-
substituted spiro moiety of spiperone makes more extensive 
interactions with TM2, TM3 and TM7 compared to sulpiride or 
eticlopride, which may be masking the effect of Na+ on the ligand 
binding mode. Interestingly, unlike for sulpiride, eticlopride, and 
spiperone, the binding mode for zotepine in D2R forms the salt 
bridge interaction with Asp114(3.32) only in the presence of Na+. In 
the absence of Na+, this interaction is lost, and the protonated amine 
and the ethoxy O atom form an optimal intramolecular interaction, 
which may contribute to higher binding affinity of zotepine in the 
Na+-unbound condition (Fig. 2E). To further evaluate the role of this 
intramolecular interaction of zotepine, we characterized the 
conformational energetics of zotepine and its analog in which the O6 
atom is replaced by a C atom, and found that the intramolecular 
interaction would stabilize zotepine in its lowest-energy conformers, 
whereas the analog prefers an extended conformation (Fig. S4). 
Furthermore, MD simulations of D2R in complex with the zotepine-
analog showed that the salt bridge interaction with Asp114(3.32) is 
maintained in the Na+-unbound condition (Fig. S5). Thus, the 
binding modes of Na+-sensitive ligands sulpiride, eticlopride, and 
zotepine are dependent on the presence of Na+, while that of Na+-
insensitive ligand spiperone is unaffected by the absence Na+ (Fig. 
2B-E). 
To correlate the differential binding modes of Na+-(in)sensitive 
ligands with experimentally observed binding affinities, we 
calculated the MM/GBSA receptor-ligand binding energy for the 
frames of the equilibrated portions of the MD trajectories. In 
agreement with the experimental findings, for sulpiride and 
eticlopride, the binding energy values were lower (higher affinity) 
for the ligand poses in the Na+-bound condition than the -unbound 
condition (Fig. 3A,B); while for spiperone, the binding energy 
values with and without Na+ were comparable (Fig. 3C). For 
zotepine, the binding energy values are lower in the Na+-unbound 
condition, consistent with the experimentally observed slightly 
enhanced affinity in the absence of Na+ (Fig. 3D). 
To characterize the allosteric impact of Na+ on the receptor 
conformations that might have contributed to the differential binding 
modes of Na+-sensitive ligands in the presence and absence of Na+, 
we analyzed and compared the changes in the interaction network 

 
Fig. 2 Ligand binding mode of Na+-sensitive and -
insensitive ligands. (A) The relative locations of 
the Na+-binding site (blue rectangle) and ligand 
binding site (violet rectangle) are shown in the 
D3R-eticlopride structure1. The Na+ modeled into 
the structure is coordinated by the side chain 
oxygen atoms of Asp(2.50) and Ser(3.39), shown 
in blue sticks. The Na+ is shown as yellow sphere. 
The ligand binding modes of the Na+-sensitive 
ligands, eticlopride (B), sulpiride (C) and zotepine 
(E), differ in the Na+-bound (green) vs. Na+-
unbound (gray) conditions, while that of Na+-
insensitive ligand, spiperone (D), are similar in 
both conditions. 
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between the Na+-bound vs -unbound conditions. Our analysis for 
D3R and D2R in complex with sulpiride showed that the presence of 
Na+ strengthens interactions not only in the vicinity of the Na+-
binding site amongst TMs 2, 3, 6, and 7 (see below), but the impact 
is also propagated to the extracellular ends of TMs 1, 2, and 7, and to 
the intracellular ends of TMs 3 and 5 (Fig. 4A). This change in 
interaction network correlates well with the principal mode of 
motion calculated by the principal component analysis of 
trajectories. In the Na+-unbound condition, the primary motion can 
be characterized by an outward movement of the extracellular 
segments of TMs 1, 2, 7, whereas in the Na+-bound condition, the 
motion is smaller and in the inward direction, consistent with the 
strengthened interactions in this region in the presence of Na+ (Fig. 
4B). By contrast, similar analysis for the D3R-spiperone complex 
did not show marked difference between the Na+-bound vs -unbound 
trajectories.  

 
Fig. 3 Ligand binding energy and receptor conformation. The MM/GBSA 
ligand binding energy are plotted against the Asp(3.32)-Tyr(7.43) distances 
in the eticlopride (A), sulpiride (B), spiperone (C), and zotepine (D) 
complexes. The Na+-bound condition is in blue, and the -unbound condition 
is in gray. The binding energy and distance values are calculated for the 
frames at 6ns-interval in the equilibrated portions of the MD trajectories. 

 
Specifically, in the Na+ binding site, the rotamer state of Ser(3.39) is 
maintained near χ1 = -60 degrees in the Na+-bound condition, 
similarly to that in the D3R structure1, while in the Na+-unbound 
condition, the rotamer fluctuates among multiple rotamer states (Fig. 
S6). In the ligand binding site, a hydrogen bond interaction between 
the side chains of Asp(3.32) and Tyr(7.43) located above the Na+-
binding site is easily broken in the absence of Na+ – the distance 
between the carboxylate O of Asp(3.32) side chain and the hydroxyl 
O of Tyr(7.43) side chain is ~3 Å in the Na+-bound trajectories, 
compared to >5 Å in the Na+-unbound trajectories in simulations 
with Na+-sensitive ligands sulpiride, eticlopride, and zotepine (Fig. 
S7A). The breaking of this hydrogen bond may contribute to the 
altered binding mode of these ligands in the Na+-unbound condition. 
Interestingly, our comparative analysis of the eticlopride and 
sulpiride simulations indicate eticlopride is more rigid in the binding 
site, which may facilitate Asp(3.32) to interact with Tyr(7.43) (Fig. 
S8). Thus, eticlopride would rely less on the bound-Na+ to stabilize 
the Asp(3.32)-Tyr(7.43) interaction, consistent with the less Na+ 
sensitivity of eticlopride than sulpiride (Fig. 1). 

In the region adjacent to both the ligand and Na+-binding sites, the 
interactions among TMs 3 and 6, specifically between Cys(3.36) and 
Phe(6.44), are less frequently formed in the Na+-unbound conditions 
(Fig. S7B). Interestingly, Phe(6.44) is part of the so-called “P-I-F” 
motif which reconfigures between the active and inactive states of 
the β2AR18. The rearrangement observed between TM3 and TM6 
from the Na+-bound to -unbound condition is in the same direction 
as that from the inactive to active state (Fig. S7). At the extracellular 
ends of TMs 1, 2, and 7, the TM1-TM2 and TM1-TM7 interfaces are 
each strengthened by two pairwise residue interactions in the Na+-
bound condition (Fig. 4A).  
Although the crystal structure of D3R was not resolved with a bound 
Na+1, based on the differed rotamer states of Ser(3.39) in the 
presence and absence of Na+, our analysis strongly supports the 
presence of Na+ at Asp(2.50), consistent with a retrospective 
analysis of this medium resolution structure that showed electron 
densities compatible with Na+ in close proximity to Asp(2.50)11. Our 
findings also indicate that the presence of Na+ has an allosteric 
impact on the ligand binding site, consequently altering the ligand 
binding mode and modulating the binding affinity of Na+-sensitive 
ligands. In particular, Na+ binding is associated with a critical 
interaction between the side chains of Asp(3.32) and Tyr(7.43) 
located in between the Na+-binding site and the ligand binding site. 
In the Na+-unbound condition, the less than optimal binding modes 
of Na+-sensitive ligands, eticlopride and sulpiride, are correlated 
with the weakening or breaking of this hydrogen bond interaction, 
whereas the binding modes of the Na+-insensitive ligand spiperone 
appear to mask the impact of the bound Na+.  

 
Fig. 4 Allosteric impact of Na+ on TM domain. (A) The Na+-modulated 
interaction network commonly found in D3R-sulpiride and D2R-sulpiride 
complexes is shown in black dotted lines drawn between residue pairs with 
significantly different interaction frequencies in the Na+-bound condition 
compared to the –unbound condition. The residues shown are for D3R. The 
Na+-coordinating residues are in blue sticks; the residues that may involve in 
ligand binding19, are in violet sticks; the remaining residues in the network 
are in cyan sticks. Sulpiride is in green spheres. (B) The principal mode of 
motion calculated by the principle component analysis is shown in yellow 
arrows for the D3R-sulpiride complex in the Na+-bound (blue) and -unbound 
(gray) conditions. 
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Intriguingly, the critical role of Asp(3.32)-Tyr(7.43) interaction we 
identified in this study for the binding Na+-sensitive ligands is 
consistent with the results from a previous study20, in which the 
mutation of Tyr(7.43) to Cys decreases the binding of sulpiride 185 
fold, whereas it reduces the binding of Na+-insensitive 
methylspiperone only 3 fold. 
In addition to the effect on ligand binding affinity, Na+-binding has 
also been implicated in modulating signaling efficacy. The 
comparison of the Na+-bound inactive-state structure to the active-
state A2A adenosine receptor structure showed the Na+/water pocket 
in the active state collapses in volume from ~200 to 70 Å3 due to 
movements of TM helices and would not allow coordination for Na+ 

12a, 21. The collapse of the Na+-binding site is thus suggested to 
correlate with the unbinding of Na+ and contribute to the negative 
allosteric effect of Na+ on agonist-binding22. Furthermore, Ala 
mutations of residues Asp(2.50), Asn(7.49), Ser(3.39), Trp(6.48), 
and Asn(7.45) were shown to either abrogate or reduce the agonist-
stimulated receptor signaling23. In addition, Na+ dissociation in the 
active state may shift the protonation state of Asp(2.50), and be 
related to the pH-dependence of activation in β2AR24. In this paper, 
however, we characterize an Na+-unbound inactive state that is yet to 
be revealed by crystallography – in contrast to all the crystal 
structures of aminergic receptors19, the Asp(3.32)-Tyr(7.43) 
interaction is dissociated in this state, which can be stabilized by a 
bulky Na+-insensitive ligand like spiperone. 

Conclusions 

The results of our comparative analysis of the MD simulations in the 
presence or absence of bound Na+ reveal an allosteric interaction 
network from the Na+-binding site to both the extracellular and 
intracellular sides of the TM domain and underlies the Na+-
sensitivity of ligands. Thus, we establish the allosteric mechanism by 
which ligand binding affinity is modulated in the presence of bound 
Na+ at Asp(2.50). The distinct conformations of the receptor bound 
to Na+-sensitive vs Na+-insensitive antagonists studied herein 
represent sub-states of the inactive state. These conformations will 
aid in providing a pharmacologically relevant ensemble of receptor 
conformations in the structure-based virtual high-throughput 
screening for novel ligand discovery25. 
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