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ABSTRACT: Synaptic neurotransmission has recently been proposed
to function via either a membrane-independent or a membranedependent mechanism, depending on the neurotransmitter type. In the
membrane-dependent mechanism, amphipathic neurotransmitters ﬁrst
partition to the lipid headgroup region and then diﬀuse along the
membrane plane to their membrane-buried receptors. However, to
date, this mechanism has not been demonstrated for any neurotransmitter−receptor complex. Here, we combined isothermal calorimetry measurements with a diverse set of molecular dynamics simulation
methods to investigate the partitioning of an amphipathic neurotransmitter (dopamine) and the mechanism of its entry into the ligandbinding site. Our results show that the binding of dopamine to its
receptor is consistent with the membrane-dependent binding and entry mechanism. Both experimental and simulation results
showed that dopamine favors binding to lipid membranes especially in the headgroup region. Moreover, our simulations revealed a
ligand-entry pathway from the membrane to the binding site. This pathway passes through a lateral gate between transmembrane
alpha-helices 5 and 6 on the membrane-facing side of the protein. All in all, our results demonstrate that dopamine binds to its
receptor by a membrane-dependent mechanism, and this is complemented by the more traditional binding mechanism directly
through the aqueous phase. The results suggest that the membrane-dependent mechanism is common in other synaptic receptors,
too.
KEYWORDS: synaptic neurotransmission, ligand entry pathway prediction, lipid membrane, molecular dynamics,
random acceleration molecular dynamics, umbrella sampling
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monolayer experiments,3 calorimetry,4 nuclear magnetic spectroscopy,5 and ﬂuorescence lifetime imaging microscopy.6
Similar conclusions have been observed for serotonin7 and
melatonin.8−10 On the other hand, according to MD
simulations and experiments,1,11 hydrophilic NTs, such as
aspartate, glutamate, glycine, serine, γ-aminobutyric acid
(GABA), and acetylcholine (endogenous ligands of IRs), do
not adhere to the membrane surface with comparable strength.
Acetylcholine, however, has an aﬃnity for lipid bilayers,
especially in the presence of negatively charged lipids.11,12
Due to their low level of membrane association, hydrophilic
NTs likely bind to their receptors via the membraneindependent mechanism (Figure 1A). On the other hand,
amphipathic NTs released into the synaptic cleft are likely to

INTRODUCTION
Synaptic receptors that bind to nonpeptidic neurotransmitters
(NTs) belong to two structurally diﬀerent groups: ionotropic
receptors (IR; Figure 1A) or G protein-coupled receptors
(GPCRs; Figure 1B). This classiﬁcation correlates with the
chemical properties of NTs, i.e., those that bind to IRs are
predominantly hydrophilic, whereas those that bind to GPCRs
are rather amphipathic. There are also NTs, e.g., acetylcholine,
glutamate, and serotonin, which have receptor subtypes in
both categories. As expected, the degree of hydrophilicity or
hydrophobicity of NTs, reﬂected in their representative
octanol/water partition coeﬃcients (log P), also aﬀects how
strongly they interact with lipids in the synaptic membranes.1,2
Recently, atomistic molecular dynamics (MD) simulations
showed in various lipid membrane models that amphipathic
NTs, including dopamine, serotonin, norepinephrine, adenosine, epinephrine, histamine, and melatonin (endogenous
ligands of GPCRs), bind preferentially to the lipid headgroup
region, although the barrier for translocation of NTs through a
bilayer was high.1 In vitro studies have conﬁrmed for dopamine
the lipophilicity and partitioning into membranes using
© 2020 American Chemical Society

Received: December 9, 2019
Accepted: May 14, 2020
Published: June 15, 2020

1914

https://dx.doi.org/10.1021/acschemneuro.9b00656
ACS Chem. Neurosci. 2020, 11, 1914−1924

ACS Chemical Neuroscience

pubs.acs.org/chemneuro

Research Article

vant membranes and the mechanism of its entry into the
ligand-binding site, we combined isothermal calorimetry
experiments with a diverse set of MD-based methods.
Our isothermal titration calorimetry measurements showed
that dopamine has a high aﬃnity for liposomes composed of
phosphatidylcholine, sphingomyelin, and cholesterol. These
lipids are found in the extracellular leaﬂet of the cell
membrane,19 where they are involved in the formation of
ordered domains.20 Further, based on our measurements, the
aﬃnity of dopamine for bilayers composed of negatively
charged phosphatidylserine was even higher. This ﬁnding is in
agreement with previous experimental studies of dopamine’s
interaction with charged and neutral lipids.4,5
To investigate the mechanism of ligand binding, we probed
the ligand entry pathways into the binding pocket using
unbiased MD simulations, random acceleration MD simulations, and umbrella sampling free energy calculations. The
simulation results revealed that the entry of dopamine into the
binding site in its receptor takes place through the membranedependent mechanism. This is complemented by direct entry
from the water phase from the water-exposed face of the
receptor.
Taken together, our results provide substantial support for a
mechanism in which dopamine ﬁrst partitions into the
headgroup region of a synaptic membrane and then enters
the binding pocket through a gate on the membrane-facing
side of the receptor.

■

RESULTS AND DISCUSSION
Dopamine Associates with POPC/SM/Chol and POPS
Liposomes: Isothermal Titration Calorimetry Measurements. We used isothermal titration calorimetry (ITC) to
characterize and quantify the adsorption of dopamine on the
POPC/SM/Chol 1:1:1 and POPS liposomes. In general, ITC
measures the heat released over time after injecting an aliquot
of dopamine into a liposome suspension relative to a reference
cell ﬁlled with water. Raw ITC data are then integrated over
time to obtain incremental heat as a function of a dopamine/
lipid molar ratio. After correction for dilution heats, for each
injection the total heat change is ﬁtted to an appropriate
equilibrium binding model to determine the enthalpy of
association (ΔHDA), association constant (KA), and the
stoichiometry of association (or the number of binding sites,
n).21 Since temperature (T) is held constant, related
thermodynamic parameters such as the Gibbs free energy
(ΔG) and the change in entropy (ΔS) can be calculated
according to the standard relations:
ΔHDA − ΔG
ΔG = −RT ln KA and ΔS =
(1)
T
First, we determined the enthalpy of dopamine binding to lipid
membranes. Calorimetric titrations conducted under a large
excess of lipid relative to dopamine (lipid/dopamine ratio
>100:1) can be used to directly determine the enthalpy of the
association process. If the association constant and lipid
concentration are high enough, essentially the total amount of
injected dopamine immediately associates with the lipid
membrane. Therefore, consecutive injections of small aliquots
of dopamine should yield identical heat values. The association
enthalpy of dopamine to liposomes, ΔHDA, was determined by
adding a small number of dopamine moles, dnDA, to the
calorimeter cell containing the lipid dispersion, which produces
a heat of association, dqi (corrected for dilution eﬀects).22 For

Figure 1. Synaptic neurotransmission models: (A) membraneindependent mechanism; (B) membrane-dependent mechanism.1
Chemical structures of compounds used in this study (C).

associate with the postsynaptic membrane before binding to
membrane-embedded receptor proteins. If NT entry is
mediated or assisted by the membrane, then neurotransmission
is considered to follow the membrane-dependent mechanism
(Figure 1B): the random three-dimensional diﬀusion of NTs in
the water phase is reduced to two dimensions at the membrane
surface. The transition from 3D to 2D diﬀusion along the
membrane plane is likely to accelerate NT binding. This
picture, in which NT binding is classiﬁed into membraneindependent and membrane-dependent mechanisms, is appealing, but there is currently no solid evidence of any NT binding
to its receptor via the membrane-dependent mechanism.
In this study, we used the binding of nonpeptidic NT
dopamine to the dopamine D3 receptor as a case study to
unravel the neurotransmission mechanism of amphipathic NTs
(Figure 1B). Dopamine was chosen because of its considerable
biological signiﬁcance, since it is involved in functions such as
learning, reward-motivated behavior, and motor control.
Moreover, the dysfunction of dopamine-based signaling is
linked to pathologies such as Parkinson’s disease.13−18 To
characterize dopamine partitioning into physiologically rele1915
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Chol liposomes with a dopamine solution. Each injection of
the dopamine solution into lipid dispersion led to a rapid
exothermic heat ﬂow (Figure 2A and C). The observed
thermal eﬀects result from establishing an equilibrium between
dopamine molecules that interact with membrane headgroups
and the dopamine molecules remaining in the aqueous phase.
The dopamine fraction interacting with the lipid membrane
after each injection can be calculated from the heat released,
based on eq 2. Figure 2 shows that the injection of aliquots of
the dopamine solution causes a series of decreasing heat
releases, indicating that the number of molecules adsorbed on
the liposomes decreases with each injection.
Titration curves of kilojoules per mole vs molar ratio
(dopamine/lipid) were generated by integrating the heat pulse
of each injection with respect to time and dividing it by the
number of moles of the injectant (Figure 3C and D). The
resulting isotherms were ﬁtted using a single set of the
independent binding sites (SSIS)23 model that was suﬃcient to
achieve a good ﬁt to the calorimetric data. This model is based
on the Langmuir adsorption isotherm and combines the heat
signal from an ITC experiment with the aﬃnity (KA) and the
maximum number of bound dopamine molecules (i.e., the
binding sites of the liposomes, n) assuming that all sites have
the same KA and ΔHDA.23 Positively charged dopamine does
not penetrate lipid membranes. Therefore, when injected into
lipid vesicles, it can interact only with the outer leaﬂet of a lipid
membrane, i.e., with the γ = 0.5 lipid fraction (γ is the
asymmetry parameter).24 For this reason, the lipid concentration multiplied by the asymmetry parameter was used in the
ﬁtting routine. The calculated thermodynamic properties of the
dopamine association with the POPS and POPC/SM/Chol
liposomes, including the aﬃnity constant (KA) and change in
entropy (ΔS), are listed in Table 1.
Dopamine Is More Likely to Initially Bind to the
Postsynaptic Membrane than to Its Receptor. To
estimate the propensity of dopamine’s initial encounter with
the components of the postsynaptic membrane, we performed
a pool of 1000 short (20 ns long) unbiased simulations
(spontaneous dopamine binding simulations), in each of which
a dopamine molecule was allowed to diﬀuse freely, starting
from a random position and orientation in the water phase.
During these simulations, dopamine molecules translocated
from the water phase (Figure 4A) to the water−membrane−
protein interface (Figure 4B−F) (Table 2). In 736 cases, after
20 ns, dopamine molecules were in contact only with the lipids
(a contact was deﬁned as a pairing of heavy atoms at the
distance ≤0.6 nm) (Figure 4B). In 62 cases, dopamine
molecules were positioned at the protein surface (Figure 4C),
and in 180 cases dopamine molecules were positioned at the
protein−lipid interface (Figure 4D). Only 22 simulations
captured a direct entry of a dopamine molecule from the water
phase into the ligand-binding cavity (Figure 4E, F). While at
very long times dopamine molecules are expected to partition

the POPS liposomes, the lipid/dopamine molar ratio ranged
during titration from 1214:1 to 64:1, while for the POPC/SM/
Chol liposomes this ratio varied at the end of titration from
1286:1 to 68:1. Thermograms of the dopamine-to-lipid
titrations are shown in Figure 2, which reveal that the heats

Figure 2. Titration of (A) POPS (51 mM) and (B) POPC/SM/Chol
liposomes (54 mM) with a dopamine solution (4.2 mM) in 1 mM
PBS at 25 °C. Each peak corresponds to a 2 μL injection. In the case
of POPS, the lipid/dopamine ratio ranged from 1214:1 to 64:1, while
in POPC/SM/Chol liposomes this ratio ranged at the end of titration
from 1286:1 to 68:1.

of association are very similar, especially for the ﬁrst several
consecutive injections. Thus, the association enthalpy was
calculated using the equation
ΔHDA =

dqi
dnDA

Research Article

(2)

The ΔHDA values are given in Table 1. The association of
dopamine to both types of liposomes is an exothermic process.
Next, we performed ITC experiments at lower lipid/
dopamine molar ratios (typically well below 100:1) to
determine the association constant KA and the number of
binding sites n on the surface of liposomes. MD simulations
have previously indicated that dopamine associates to lipid
headgroups predominantly through H-bonds, but it does not
penetrate the membrane hydrophobic core.2,3 Figure 3 depicts
typical ITC results for titrations of the POPS and POPC/SM/

Table 1. Thermodynamic Parameters of the Interactions between Dopamine and Liposomes Determined by ITC
Experimentsa
system

ΔHDA (kJ mol−1)

KA (M−1)

ΔG (kJ mol−1)

TΔS (kJ mol−1)

ΔS (J K−1 mol−1)

POPS
POPC/SM/Chol

−12.8 ± 0.1
−4.66 ± 0.04

1752 ± 95
305.6 ± 15.0

−18.5 ± 0.2
−14.2 ± 0.2

5.73 ± 0.14
9.59 ± 0.12

19.2 ± 0.5
32.2 ± 0.4

a

Results are given for the association enthalpy of dopamine to liposomes (ΔHDA); association constant (KA); Gibbs free energy (ΔG); entropic
component in the free energy; and a change in entropy (ΔS).
1916
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Figure 3. ITC plots for dopamine association with (A, B) POPS and (C, D) POPC/SM/Chol liposomes. Experiments were performed at 25 °C in
1 mM PBS. Panels (A) and (C) show the heat ﬂow for consecutive injections of the dopamine solution into POPS (3.2 mM) or POPC/SM/Chol
liposomes (6.8 mM). Panels (B) and (D) present the corresponding integrated heats of each injection dqi (corrected for dilution eﬀects) versus the
dopamine/lipid molar ratio. The solid red lines correspond to the best ﬁt made using a MicroCal PEAQ-ITC analysis software based on the onesite binding model.

based on their free energy of binding between the membrane
and the ligand binding pocket, we wish to stress that the aim of
our short simulations was to clarify whether there is a strong
force driving dopamine toward the protein through the
membrane phase, from which dopamine would eventually
enter the ligand binding site.
To assess whether the observed propensities can simply be
attributed to the relative surfaces of the protein and lipids
exposed to the water phase, we also calculated the surface area
occupied by the protein and lipids using the APL@Voro tool
(Table 2).25 The protein was found to occupy 14% of the
membrane surface and be surrounded by ∼25 lipids, which
occupied 10% of the membrane surface. This ratio is lower
than what is present in biological membranes in general,
∼25%.26 However, the area where dopamine is in contact with
the protein or with both the protein and lipids covered ∼24%
of the entire surface area. Normalizing for the relative exposed
surface area, dopamine did not appear to have a preference for
binding either to the membrane or the membrane-embedded
protein. However, because under physiological conditions the
lipid head groups cover a considerably larger surface area than
proteins, our results indicate that a vast majority of
amphipathic NTs released to the synaptic cleft interact initially
with the membrane surface.
Dopamine May Enter/Exit the Receptor Directly from
the Water Phase and Directly from the Membrane. To
explore the exit pathways for a bound dopamine, we performed
10 independent RAMD simulations (Figure 5B). In RAMD
simulations, a force is applied to the ligand in a random

direction as long as the ligand moves away from its initial
position. Once the force cannot sustain the motion of the
ligand, a new direction is chosen randomly for the applied
force to drive the molecule in a diﬀerent direction. This
approach allows sampling of reasonable pathways for ligand
exit and has been successfully employed in this context.28−31
RAMD simulations revealed two distinct ligand exit
pathways: one that vertically reaches to the aqueous phase
through the protein medium and a second one that drives
dopamine laterally into the hydrophobic core of the
membrane. In nine of the ten RAMD simulations, dopamine
exited from the binding pocket directly into the water phase
through the vertical channel. We note that a similar
spontaneous binding pathway was captured in a few of the
aforementioned unbiased MD simulations (Figure 4E, F). In
one case, however, the dopamine molecule moved into a
pocket between transmembrane alpha-helices 5 and 6 (Figure
5A). This pocket is accessible to the membrane and suggests a
new exit pathway to the membrane phase, which we further
explored using SMD simulations (Figure 5B).
The Lateral Membrane-Mediated Route for Dopamine Binding Is Energetically More Favorable. We next
estimated the free energy proﬁles for the aforementioned
lateral and vertical routes using separate sets of umbrella
sampling simulations: (A) Dopamine translocation from the
membrane surface to the water phase along the bilayer normal
(black arrow in Figure 6); (B) dopamine translocation from
the receptor’s ligand-binding pocket into the water phase
through the main opening at the top of the receptor along the
1917
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Figure 5. Exit pathway of dopamine through the membrane. (A)
Membrane-exposed pocket between helix 5 (H5) and helix 6 (H6)
sampled in the RAMD simulation. (B) Overlaid positions of the
dopamine molecule highlighting the exit pathway as reconstructed
from the RAMD and SMD simulations. The protein is shown as an
orange cartoon, and dopamine in red van der Waals spheres. The
nitrogen atoms of DOPC and SSM head groups are shown as brown
spheres to indicate the location of the membrane.

Figure 4. Selected snapshots taken from 20 ns atomistic MD
simulations. (A) An example of the initial (0 ns) system. (B−F)
Representative snapshots highlighting the position of dopamine
molecules (yellow space-ﬁlling representation) after 20 ns. (B)
Dopamine positions itself to the water−membrane interface; (C, D)
Dopamine binds to the protein−lipid interface; (E, F) Dopamine
enters directly the receptor’s ligand-binding cavity. The dopamine D3
receptor is shown in an orange cartoon representation, dioleoylphosphatidylcholine (DOPC) in a gray van der Waals representation,
sphingomyelin (SSM) in a red stick, cholesterol (CHOL) in a white
stick, and the dopamine in a yellow van der Waals representation.
Water and ions are not shown for clarity. The ﬁgure was prepared
with VMD.27

Table 2. Probability of Dopamine Molecule Location at the
End of an MD Simulation and Distribution of the
Membrane Surface Area between the Protein and Lipidsa
dopamine in contact
with

%

the binding pocket
protein surface
protein−lipid interface
lipids only

2.2
6.2
18
73.6

surface area
protein
neighboring lipids
protein and neighboring lipids
lipids not in contact with the
protein

Figure 6. Pulling directions used in free energy calculations. Three
directions or reaction coordinates were used in pulling the dopamine
molecule: (A) From the membrane surface into the bulk water phase
(black-dotted vertical arrow as a process; (B) from the ligand-binding
site of the dopamine receptor to the water phase (blue vertical arrow);
(C) from the receptor’s binding site to the membrane surface (red
arrow). A red-dotted line shows the approximate location of
dopamine in the membrane.

%
14
10
24
74

a

The maximum value of standard error for the given probabilities is
smaller than 1.5% (estimated based on a binomial distribution with
1000 trials).

water phase (A; black arrow in Figure 6, Figure 7A) in our
previous studies (receptor not being present in the
membrane).1,32 The free energy minimum corresponds to
the membrane−water interface, where it is −23 kJ/mol with
respect to the water phase. Further penetration of dopamine
into the lipid bilayer is associated with a steep increase in the
free energy: the transfer of dopamine from the headgroup
region to the center of the bilayer requires an additional 94 kJ/
mol. These results show that dopamine strongly partitions into
the lipid headgroup region but a membrane is not readily
permeable to dopamine.
We also estimated the free energy proﬁle for dopamine
traversing the vertical pathway and exiting directly into the
water phase from the cavity opening located at the top of the
receptor (B; blue arrow in Figure 6). The proﬁle for (B) shown
in Figure 7B features a sharp increase in free energy within the

bilayer normal (blue arrow in Figure 6); and (C) Dopamine
translocation from the ligand-binding pocket into the
membrane (red arrow in Figure 6). In the case (C), the
ligand was restrained along a vector that extended from the
dopamine binding site to the membrane surface, while in the
cases (A) and (B), the restraints were only active along the
membrane normal direction. The umbrella sampling simulations for (B) and (C) were initiated from the combined
RAMD-SMD simulations, while the simulations for (A) were
reported earlier.1,32
We had previously estimated the free energy proﬁle of
dopamine translocation from the membrane interior to the
1918
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Notably, in case (C), the average position of the ligand
follows a curved path (indicated by the red dotted line in
Figure 6) deviating from the initial positions shown in Figure
5. This reﬂects the preferential partitioning of dopamine to the
lipid headgroup region, as discussed above. In this way, these
simulations form a closed thermodynamic cycle, where the
sum of end-state free energies for (A) and (C) is equal to that
of (B). Indeed, our free energy calculations conﬁrm this, as
expected upon convergence: the diﬀerence between the two
diﬀerent routes is within statistical uncertainty (see the free
energy values reported in Figure 6: 44.5 ± 2.5 kJ/mol for (A)
plus (C) vs 48.0 ± 3.0 kJ/mol for (B)).
Overall, these results show that dopamine preferably
partitions to the membrane headgroup region. Moreover, we
revealed a new lateral pathway from the membrane core region
to the binding pocket. Taken together with the enhanced local
concentration of dopamine in the membrane headgroup
region, this lateral pathway will likely dominate over the
vertical pathway under physiological conditions.

■

SUMMARY AND CONCLUSIONS
The diﬀusion rates reported for molecules in pure water33
suggest that the translocation of neurotransmitters (NTs) from
the presynaptic compartment into the receptor embedded in
the postsynaptic membrane takes only a few microseconds.
Synapses, however, are complex structures with numerous
macromolecules protruding into or spanning the synaptic
cleft.34,35 Thus, the translocation of NTs is more complicated
than simple diﬀusion in water. Moreover, amphipathic NTs
have a strong aﬃnity for lipid bilayers’ headgroup region,
especially those containing anionic lipids.1,4,5 Therefore, many
research groups have previously postulated that the membrane
actively participates in the entry of amphipathic NTs (e.g.,
dopamine) and drugs into the binding pocket of their
respective G protein-coupled receptors (Figure 1B).1,36−38
The results of the unbiased MD simulations performed in
this study are in line with this membrane-dependent entry
model (Figure 4). Only a small fraction (2.2%) of the unbiased
dopamine binding simulations showed dopamine to enter the
receptor’s ligand-binding site directly from the water phase
(Figure 4E, F). Meanwhile, in 91.6% of the cases, dopamine
ﬁrst associated with the water−membrane interface (Figure
4B) or the water−membrane−receptor interface (Figure 4D).
In the remaining fraction of simulations, dopamine ﬁrst
directly interacted with the receptor surface (Figure 4C).
Even if the relative surface areas of the receptors and the lipids
exposed to the synaptic cleft are taken into consideration, the
fraction of dopamine molecules that directly enter the binding
cavity from the water phase is unlikely to be suﬃcient for
eﬀective signal transduction.
In the membrane-dependent model of neurotransmission
(Figure 1B),38 the 3D diﬀusion of NTs is transformed into 2D
diﬀusion at the membrane plane. This reduction in
dimensionality can, in principle, enhance the rate of dopamine
entry into the binding pocket of its receptor. However, our free
energy calculations revealed an obstacle in the process.
Dopamine needs to detach from the membrane headgroup
region to enter the binding cavity through the central opening
at the top of the receptor. Meanwhile, our calorimetric data
(Table 1) suggest that dopamine molecules bind membranes
strongly enough to signiﬁcantly slow down neurotransmission.
This observation is in agreement with prior studies, highlighting strong interactions between dopamine and lipids.3−6,39

Figure 7. Free energy proﬁles of the studied exit/entry pathways from
the dopamine receptor’s ligand-binding cavity. (A) Pathway in which
dopamine translocates from the water phase to the bilayer center
(black in Figure 6). (B) Pathway in which dopamine exits the
receptor’s ligand-binding site directly into the bulk water phase (blue
in Figure 6). (C) Pathway in which dopamine exits the receptor’s
ligand-binding site via the membrane (red dotted line in Figure 6).

vicinity of the binding pocket. This indicates strong resistance
for the ligand movement along this pathway. While the proﬁle
demonstrates an increasing trend until the ligand reaches the
water phase, it features no substantial barrier at the gate of the
binding pocket. A small minimum at the distance around 0.7
nm results from formation of a transient hydrogen bond
between dopamine and residues at this position.
Comparison of the free energies associated with the (B) and
(C) (Figure 7C) pathways reveals that the free energy proﬁle
for dopamine exit along (C) requires a lower energy and
feature smaller barriers. The free energy diﬀerence between the
membrane−water interface and the binding pocket is 21.5 ±
1.5 kJ/mol as compared to 48.0 ± 1.5 kJ/mol between the
water phase and the binding pocket. There is no energy barrier
associated with the translocation.
1919
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galactosulfatides, which appear in the central nervous system in
higher concentrations.46−48 The mechanisms that could
explain how the diﬀerence in lipid composition aﬀects
dopamine entry processes are likely intricate and require
detailed studies. The decrease of the dopamine aﬃnity on the
membrane reduces the local concentration of dopamine, which
in turn can slow down signal transduction. Accordingly,
changes in membrane lipid composition can hinder or enhance
NT receptor binding by the membrane-dependent and
independent mechanisms, even leading to diseases such as
depression.

RAMD simulations (Figure 5) uncovered a tangible
explanation for this puzzling issue. Unlike conventional MD
simulations (Figure 4), which directly explore the NT entry/
binding, the biased RAMD simulations provide information on
NT unbinding from the receptor’s ligand-binding site. By
combining the RAMD, SMD, and free energy calculations
(Figures 5 and 6), we discovered an unexpected new dopamine
entry/exit pathway (red dotted line in Figure 6). In this
pathway, dopamine enters the cavity directly through a
membrane patch near the protein. This pathway does not
require dopamine detaching from the membrane back to the
water phase against a free energy barrier. Although this entry
path fulﬁlls the conditions of the membrane-dependent
mechanism (Figure 1B), both the unbiased and biased
calculations also suggest that the dopamine entry could take
place directly from the water phase (Figure 1A), too, but with
weaker odds.
The potential exit/entry pathway, taking place between two
transmembrane alpha-helices (red dotted line in Figure 5A),
does not have unfavorable free energy barriers (red line in
Figure 7). This means that the entry could depend only on the
diﬀusion rate of dopamine in the membrane. In prior studies of
GPCRs, including β-adrenergic receptor,40 cannabinoid CB2
receptor,41 opsin,42 and sphingosine 1-phosphate receptor,43
unconventional exit pathways of drug molecules have also been
reported. These exit points were located at the interfaces of
helices 4−5, 5−6, 6−7, and 7−1 in the representative GPCRs.
There are two separate openings in opsin and ﬁve in the βadrenergic receptor that could facilitate the entry/exit.
Interestingly, direct entrance from the water phase is blocked
by the N-terminus and the extracellular loops in the
sphingosine 1-phosphate receptor.
The importance of membranes for the ligand entry into
membrane proteins has been recognized in pharmacology,
although the number of studies on the topic is limited. In a
pioneering study of 1,4-dihydropyridines, compounds that
block calcium channels, the authors provided kinetic data
favoring membrane-mediated entry into the channels.37 The
signiﬁcance of the membrane−drug association in drug design
and drug kinetics has been discussed.36 Recently, extensive
studies of β-adrenergic receptor ligands indicated that
lipophilic drugs accumulate on the lipid bilayer, increasing
the rate of drug−target protein association without aﬀecting
the dissociation rate.44 Thus, the binding aﬃnities of drugs
toward their target proteins should be calculated based on the
local environment without assuming a uniform distribution
within the system. This was highlighted by an example of two
drugs with identical pharmacophores but diﬀering by 3 orders
of magnitude in aﬃnity on the target protein. A drug with a
higher aﬃnity also had a 5000-fold higher membrane partition
coeﬃcient.44
The free energy diﬀerence associated with dopamine
translocation from the water phase to the membrane
environment depends on the membrane lipid composition
and is sensitive to Ca2+ cations.1,32,45 The association constant
KA that quantitatively describes the process of dopamine
association on the liposomes show that dopamine connects
with a zwitterionic membrane almost 6 times less compared to
an anionic membrane (Table 1). Nevertheless, studies
reported so far were performed with a limited number of
diﬀerent lipid species. Thus, one may expect a broader range of
diﬀerences in more complex membranes containing, e.g.,
negatively charged lipids such as complex gangliosides and
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MATERIALS AND METHODS

Materials. Dopamine hydrochloride (dopamine, pharmaceutical
secondary standard) was purchased from Supelco. 1-Palmitoyl-2oleoyl-sn-glycero-3-phosphocholine (POPC, ≥99.0%), cholesterol
(Chol), phosphate buﬀered saline (PBS) tablets, and chloroform
(HPLC grade, ≥99.9%) were obtained from Sigma-Aldrich. 1Palmitoyl-2-oleoyl-sn-glycero-3-phospho- L-serine (sodium salt)
(POPS, ≥99.0%) and sphingomyelin (SM, ≥98.0%) were purchased
from Avanti Polar Lipids, Inc. The ultrapure Milli-Q water used in the
experiments had a surface tension of 72.6 mN/m (at 20 °C) and a
resistivity of 18 MΩ cm.
Preparation of Liposomes. POPS and POPC/SM/Chol 1:1:1
liposomes were prepared by sonication using the modiﬁed procedure
described previously.24 Brieﬂy, lipid stock solutions were prepared in
chloroform. Appropriate volumes of the stock solutions were
combined in a ﬂask, and a lipid ﬁlm was formed by evaporation of
chloroform. PBS (1 mM) was added to reach a desired lipid
concentration (approximately 40 mg/mL), and the sample was vortex
mixed for several minutes. The lipid dispersion was subjected to ﬁve
freeze−thaw cycles from liquid nitrogen temperature to 60 °C and
sonication at ice temperature for 10 min using a SONICS VC 130
sonicator.
Isothermal Titration Calorimetry (ITC) Measurements. A
Microcal PEAQ-ITC calorimeter (Malvern Instruments Limited,
Worcestershire, UK) equipped with two 200 μL cells was used in the
experiments. Data were analyzed using a MicroCal PEAQ-ITC
analysis software. The “one set of sites” mathematic model was
applied to analyze the thermodynamic parameters. Three types of
experiments were performed at 25 °C: (i) 19 injections of 2 μL each
of the dopamine solution (4.2 mM) in 1 mM PBS to the liposome
dispersion (for the POPS liposomes the lipid concentration was 51
mM; for the POPC/SM/Chol liposomes, the total concentration of
POPC and SM was 54 mM) in 1 mM PBS, duration of injection = 4
s; (ii) 39 injections of 1 μL each (the ﬁrst injection of 0.4 μL) of the
DA solution (11 mM) to the POPS liposomes (the lipid
concentration was 3.2 mM), injection duration = 2 s; (iii) 13
injections of 3 μL each (the ﬁrst injection of 0.4 μL) of the dopamine
solution (16 mM) to the POPC/SM/Chol liposomes (the total
concentration of POPC and SM was 6.8 mM), injection duration = 6
s. In all experiments, the interval between injections was 150 s and the
stirring speed was 500 rpm. The heats were corrected for the dilution
eﬀects determined in separate experiments. The experiments were
repeated at least three times.
Molecular Dynamics: System Setup. The 3D structure of the
human dopamine D3 receptor was retrieved from the Protein Data
Bank (PDB: 3PBL).49 Eticlopride was ﬁrst removed from the
complex. The 10 missing residues that connect helices V and VI
(residues VAL213 to ARGR222) were modeled using MODELER
9.17.50 The receptor was then embedded into a lipid bilayer
composed of 159 dioleoylphosphatidylcholine (DOPC), 141
sphingomyelin (SSM), and 110 cholesterol (CHOL) molecules.
The system was solvated with 29 594 water molecules, and 8 Cl− ions
were added to neutralize the system. The system was subjected to
steepest descent minimization followed by consecutive NVT and
NpT equilibration steps with the protein heavy atoms restrained. This
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relaxed membrane-embedded apo D3 receptor system served as the
initial model for the rest of the simulations.
Molecular Dynamics: Unbiased Molecular Dynamics Simulations. All unbiased simulations reported in this work were
performed using GROMACS 4.6.3,51 together with the OPLS allatom (OPLS-AA) force ﬁeld.52
Dopamine−D3 Receptor Complex Simulation. The dopamine−
D3 receptor complex was constructed by docking dopamine into the
binding pocket of the D3 receptor. The binding mode of dopamine
was computationally determined using the docking software GOLD.53
The highest-ranking pose was selected and the receptor-dopamine
complex was energy minimized to relieve steric and geometric strains.
An unbiased simulation was performed in the NpT ensemble for 100
ns.
Spontaneous Dopamine Binding Simulations. To explore the
spontaneous binding of dopamine to the membrane or the receptor
from the water phase, a pool of 1000 simulations was prepared. In
each simulation, a single dopamine molecule was introduced in a
random orientation and position to the water phase (∼2 nm away
from the membrane surface), starting from the relaxed simulation
system of the apo D3 receptor embedded into the membrane. Each
system was ﬁrst energy minimized and, then, simulated for 20 ns.
Molecular Dynamics: Biased Molecular Dynamics Simulations. Random Acceleration Molecular Dynamics (RAMD)
simulations. To identify the low energy exit pathways for dopamine
from the receptor, the random acceleration molecular dynamics
(RAMD)28,29 method implemented in NAMD 2.1054 was employed.
Ten independent RAMD simulations were performed, with each
initiated from the ﬁnal conﬁguration of 100 ns long unbiased
simulation of the dopamine−D3 receptor complex. Seven acceleration
values (accel parameter) were tested in the range of 10.50.4 kJ/
(mol·nm). The smallest acceleration value (1.3 kJ/(mol·nm)) that
allowed dopamine to exit the binding cavity within the ﬁrst 5 ns of the
simulations without distorting the receptor structure was chosen for
the production RAMD simulations. For other RAMD parameters, the
NAMD defaults were used: the number of steps in one RAMD block
(ramdSteps) was set to 50, the threshold for the minimum distance
traveled by the ligand in one RAMD block (rMinRamd) to 0.1 nm,
and the distance between the centers of mass of the ligand and the
protein for stopping the simulation (maxDist) to 5 nm.
Steered Molecular Dynamics (SMD) Simulations. Two sets of
steered molecular dynamics (SMD) simulations were performed to
probe (i) the vertical exit pathway from the binding pocket to the
water phase and (ii) the lateral exit pathway from the binding pocket
to the membrane. All SMD simulations were performed using
GROMACS 4.6.3.
The vertical-route SMD simulations were initiated from the ﬁnal
conﬁguration of the 100 ns long unbiased simulation of the
dopamine−D3 receptor complex. The z-component of the distance
between the centers of mass of the receptor and the dopamine
molecule (receptor−dopamine distance) was used as the collective
variable. The force constant and the velocity of the moving harmonic
restraint was set to 1000 kJ/(mol·nm2) and 0.2 nm/ns, respectively.
The lateral-route SMD simulations were initiated from the ﬁnal
conﬁguration of the single RAMD simulation that captured dopamine
relocation into a membrane facing pocket between helices 5 and 6.
The pulling was performed along the receptor−dopamine distance until
the dopamine reached the membrane surface. The force constant and
the velocity of the moving harmonic restraint was set to 1000 kJ/
(mol·nm2) and 1 nm/ns, respectively.
Umbrella Sampling Simulations. The free energy proﬁles were
calculated using the umbrella sampling method for both the lateral
and the vertical routes described above. The umbrella sampling
simulations were performed using GROMACS 4.6.3.51 The potential
of mean force (PMF) proﬁles were reconstructed using the
GROMACS tool g_wham.55,56
The Free Energy Proﬁle for the Vertical Route. The z-component
of the receptor−dopamine distance was used as the reaction coordinate.
32 umbrella windows were prepared with a spacing of 0.1 nm along
this reaction coordinate covering a range from the binding pocket to
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the water phase. The initial conﬁguration for each window was
extracted from the vertical-route SMD simulation. For all umbrella
windows, the force constant of the harmonic potential was set to 1000
kJ/(mol·nm2). The windows in which dopamine was inside the
receptor were simulated for 100 ns, whereas those in which dopamine
was in the water phase were simulated for 30 ns. The ﬁrst 10 ns was
discarded from each window before the analyses.
The Free Energy Proﬁle for the Lateral Route. The receptor−
dopamine distance was used as the reaction coordinate. 36 umbrella
windows were prepared with a spacing of 0.1 nm spanning a range
from the binding pocket to the membrane surface. The initial
conﬁgurations were sampled from the lateral route RAMD and the
SMD simulations. Each window was simulated for 100 ns with the
force constant of the harmonic potential set to 1000 kJ/(mol·nm2).
The ﬁrst 50 ns from each umbrella window was discarded before the
analyses.
Molecular Dynamics: Simulation Protocols. Unbiased, SMD,
and umbrella sampling simulations were performed using GROMACS
4.6.3.51 The parametrization of all molecules was performed using the
OPLS all-atom (OPLS-AA) force ﬁeld.52,57,58 Recently developed
models, including OPLS parameters speciﬁcally derived for lipids,
were used.59−61 Partial charges of dopamine were adopted from a
previous study.1 The TIP3P model that is compatible with the OPLS
force ﬁeld was employed for water.62
The equations of motion were integrated using a leapfrog algorithm
with a 2 fs time step. All bonds were constrained using the LINCS
algorithm.63 Periodic boundary conditions were used in all three
dimensions. Electrostatic interactions were evaluated using the
particle-mesh Ewald (PME) summation with a fourth-order (cubic)
interpolation and direct sum tolerance of 10−5.64 A cutoﬀ of 1 nm was
applied for the real space and Lennard-Jones interactions. The list of
nonbonded pairs was updated every 10 steps.
All production simulations were carried out in the isobaric−
isothermal (NpT) ensemble; the reference temperature and pressure
were set to 310 K and 1 bar, respectively. The temperature was
controlled with the V-rescale thermostat,65 using a time constant of
0.1 ps. The pressure was controlled with a semi-isotropic scheme
using the Parrinello−Rahman barostat with a time constant of 5 ps.66
RAMD simulations were performed using NAMD 2.10.54 The
CHARMM36 force ﬁeld was used for the lipids67 and the protein68
(with the φ/ψ cross term map (CMAP) corrections).69 For
dopamine, CHARMM general force ﬁeld parameters were generated
with the CGneFF server (https://cgenﬀ.umaryland.edu/
commonFiles/aboutUs.php).70 A CHARMM compatible TIP3P
model was used for water.62 In these calculations, we used diﬀerent
force ﬁelds due to a lack of OPLS-AA parameters for lipids in NAMD.
Nevertheless, RAMD calculations were used only for qualitative
observations, and free energy calculations performed with the OPLSAA force ﬁeld conﬁrmed RAMD results.
The simulations were performed in the NpT ensemble using
periodic boundary conditions in all three dimensions. An integration
time step of 2 fs and bonds involving hydrogen atoms were
constrained using the SHAKE algorithm.71 A cutoﬀ of 12 Å was
applied with a switching distance of 10 Å for nonbonded interactions.
Long-range electrostatic interactions were calculated with the PME
method with a grid spacing of 1 Å.72 The temperature was maintained
at 310 K using Langevin dynamics with a damping coeﬃcient of 1
ps−1 for non-hydrogen atoms. The pressure was maintained semiisotopically at 1 atm with the Langevin piston Nosé−Hoover
method73,74 using an oscillation period and a damping time scale of
200 fs.
Molecular Dynamics: Analysis. The statistical errors for the
reconstructed free energy proﬁles were estimated with the Bayesian
bootstrap method implemented in g_wham,75 using 200 bootstraps.
The statistical error for the occupancy values reported in Table 1 was
estimated analytically assuming a binomial distribution (1000 trials).
The maximum error for any category falls below 1.5%.
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