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Brain functions rely on neurotransmitters that mediate communication between billions of neurons.
Disruption of this communication can result in a plethora of psychiatric and neurological disorders. In
this work, we combine molecular dynamics simulations, live-cell biosensor and electrophysiological
assays to investigate the action of the neurotransmitter dopamine at the dopaminergic D, receptor
(D2R). The study of dopamine and closely related chemical probes reveals how neurotransmitter binding
translates into the activation of distinct subsets of D,R effectors (ie.: Gip, Gog, G, and B-arrestin 2).
Ligand interactions with key residues in TM5 (S5.42) and TM6 (H6.55) in the D,R binding pocket yield
a dopamine-like coupling signature, whereas exclusive TM5 interaction is typically linked to preferential
G protein coupling (in particular Gog) over B-arrestin. Further experiments for serotonin receptors
indicate that the reported molecular mechanism is shared by other monoaminergic neurotransmitter
receptors. Ultimately, our study highlights how sequence variation in position 6.55 is used by nature to
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Introduction

Neurotransmitters are chemical messengers that mediate
communication between billions of neurons within an enor-
mous network that constitutes the central nervous system
(CNS). Disruptions in the regulation of this system are known to
result in numerous disorders, including depression, psychosis,
bipolar disorder, general anxiety disorder and Parkinson's
disease." Neurotransmitters mediate their effects via numerous
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G protein coupled receptors (GPCRs), which comprise the
largest family of human cell surface receptors.” Herein, we focus
on the dopamine D, receptor (D,R) and its endogenous agonist
dopamine - a neurotransmitter with a catecholamine scaffold*
that is also common to other signaling molecules (e.g., adren-
aline or noradrenaline). In response to dopamine, the D,R is
known to signal through both G protein (i.e., Gi;3, Goap, G,)
and B-arrestin (Barr2) signaling pathways. This coupling profile
modulates important processes in the brain related to memory,
learning, attention, mood and movement. The observation that
some ligands can preferentially engage one pathway over others
has led to the concept of signaling bias or functional selec-
tivity.** This groundwork has initiated the quest for more effi-
cient and safer CNS-targeting drugs able to preferentially
engage therapeutically relevant pathways over those responsible
for deleterious side-effects.®® Despite first insights,>'® the
rational design of drugs with a desired signaling profile remains
a significant challenge as it is difficult to pinpoint ligand-
receptor interactions responsible for a specific coupling profile.
Even subtle changes in ligand-receptor interactions can result
in a dramatic change of the signaling profile."* We envisage that
disclosing the molecular link between dopamine binding and
the induced D,R coupling profile to different intracellular
partners can contribute to a wider understanding of

© 2021 The Author(s). Published by the Royal Society of Chemistry
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neurotransmission. Beyond, it can also guide the development
of ligands with a tailored coupling profile for this receptor and
other aminergic GPCRs.

Throughout the last decades, several research groups have
studied the binding and functional outcome for dopamine and
its analogues.”*™ Unfortunately, the results are not always
consistent between studies, likely due to inter-study differences
in experimental setups. In addition, the atomistic resolution of
how dopamine binding translates into the recruitment of
distinct intracellular signaling proteins (e.g., Gop, G, Gis, parr2)
remains unclear despite the recently solved D,R in complex
with the G; protein.*® To address this knowledge gap, we carried
out all-atom molecular dynamics simulation (classical and
enhanced sampling techniques) accumulating ~40 ps of
simulation time. The power of enhanced sampling techniques
for capturing biologically relevant events has been shown in
previous studies.” ™ Here, we use this approach to construct
the complete energetic binding landscape of dopamine and
closely related signaling probes. The small size and low number
of rotatable bonds of studied compounds allow for an exhaus-
tive sampling of their binding. The signaling signature of each
ligand was characterized by assessing receptor coupling to
a selection of intracellular signaling proteins with relevance for
neurotransmission (Gyg, G, Gi,, Parr2) using live-cell BRET-
based biosensors. Ultimately, this approach allowed us to
detect a mechanism shared by several aminergic GPCRs with
relevance for neurotransmission.

Results

Simultaneous TM5 and TM6 contacts contribute to the
dopamine-like coupling outcome

In a first step, we evaluated the ability of dopamine to promote
the engagement of different G; proteins (Gog, G, Gj») and Barr2
by D,R using live-cell BRET-based biosensors. The BRET-based
assay confirms robust coupling of the D,R to all tested intra-
cellular effector proteins upon dopamine binding (Fig. 1A-D,
blue lines). Differences can be observed in ligand potency
whereas the highest potency is found for Gz followed by G,, Gj,
and Parr2 (Table S3A%).

Next, we probed the general binding mode of dopamine
using classical unbiased molecular dynamics simulations. We
were able to reproduce known binding -characteristics,
including polar contacts of the meta (m-OH) and the para (p-OH)
hydroxyl groups of dopamine to TM5 and TM6 (Fig. S1t) which
are in agreement with site-directed mutagenesis.'>*>%*!
Despite the structural insights provided by different mutational
studies, specific contributions of the individual p- and m-OH
groups to the binding and functional outcome of dopamine or
its analogues remain unclear (Table S2A and Bf). To address
this question, we used metadynamics to construct the energetic
map of dopamine binding, focusing on its p-/m-OH groups and
their preferred binding contacts to residues in TM5 (S5.42 and
S5.46) (Fig. 1).

A binding contact can be appreciated as an energetic well at
approximately 2.8 A distance between the p-/m-OH group and
the polar residues (S5.42 or S5.46) in TM5. For the p-OH group,

© 2021 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

we find one binding peak for S5.42 (Fig. 1G) whereas no inter-
action peak is found for S5.46 (Fig. 1H). Note that the binding
peak for S5.42 corresponds to the two binding modes 2a and 2b
(Fig. 1N-O). These different binding modes are the results of
different orientations of the m-OH group which becomes
evident when plotting the binding preference of the m-OH
group relative to S5.42 (Fig. 11, separated peaks 2a and 2b).
Despite their difference in binding, both modes (Fig. 1N-O)
allow for simultaneous interaction with TM5 (via p-OH) and
TM6 (via m-OH). It is worth noting that TM6 interaction can be
direct (peak 2a) or indirect via a water molecule (peak 2b), as
also suggested by unbiased simulation (Fig. S17). It is tempting
to speculate that simultaneous interaction between TM5 and 6
contributes to the dopamine coupling profile involving Gog, Gia,
G, and Parr2 engagement.

Exclusive TM5 interaction results in preferential G protein
over Barr2 coupling

To dissect the contribution of p-OH and m-OH for the D,R
coupling outcome, we studied p-tyramine - a molecule that
only exposes the p-OH group (Fig. 1, left side). Not surpris-
ingly, energetic maps indicate that the p-OH group interacts
exclusively with S5.42 in TM5 (Fig. 1E and F) similar to dopa-
mine (Fig. 1G and H). Due to the lack of m-OH, no simulta-
neous interactions are formed with TM5 and 6 (Fig. 1M vs. 1IN
and O). Importantly, this structural difference translates into
a substantial alteration of the coupling signature as seen in the
corresponding concentration-response curves (Fig. 1A-D,
green lines). We observe a reduction in potency and efficacy for
all effector proteins compared to dopamine, with G,z being
least affected and Parr2 recruitment being almost entirely
eliminated. Preferential G,z coupling can be approximated
when comparing the area under the curve (AUC) of the
concentration-response curves which captures changes in
both potency (ECs,) and efficacy (Emax). Calculating AUC-based
coupling ratios (e.g. AUCparrs V. AUCg,, AUCparrs VS. AUCGop,
etc.) for p-tyramine corroborates a strong coupling preference
of Gog over Parr2 compared to the reference compound
dopamine (Fig. 1R, blue: dopamine, green: p-tyramine). Note
that a similar preferential coupling tendency is found for Gj,
and G, over Barr2. This finding suggests that exclusive TM5
interaction favors G protein recruitment, whereas additional
interactions with TM6 via the m-OH promote the engagement
of Barr2.

Co-existence of two binding modes with different coupling
signatures

Our present data suggest that m-OH interaction with TM6
promotes Barr2 coupling (p-tyramine vs. dopamine, Fig. 1A-D).
To further test this hypothesis, we studied m-tyramine, a mole-
cule that only carries a m-OH group, with the expectation that
this compound should recruit farr2 signaling to a similar extent
as dopamine. Surprisingly, Barr2 was only partially engaged as
seen in the concentration-response curves (Fig. 1D, red line)
and corresponding AUC-based coupling ratios (Fig. 1T).
Analyzing the binding of m-tyramine to the D,R, however,
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Effector coupling profile
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Fig.1 Coupling and binding profile of dopamine, p-tyramine and m-tyramine. The corresponding chemical structures are depicted on the left.
(A—D) Concentration—response curves of dopamine (blue), p-tyramine (green) and m-tyramine (red)-induced coupling to Geg, G, G2 and B-
arrestin 2 (Barr2) at the D,R. For corresponding pECsq and Eqax Values see Table S3.1 (E-L) Energetic plots of ligand binding obtained by
metadynamics using as metrics the distance of the m- and/or p-OH groups to S5.42 and S5.46. An energetic well at ~2.8 A indicates a favorable
distance for binding contacts with the corresponding residue. To ensure convergence of binding energetics, we monitored free energy profiles
along simulation by plotting the profile every 20 000 deposited Gaussian (graphs shown in different colors). (M-Q) Representative structures of
the binding mode corresponding to the energetic wells identified in the energetic plots. (R-T) Coupling ratios were approximated using the area
under the curve (AUC) and its ratios for individual signaling effectors (e.g. Barr2 vs. G, Barr2 vs. Gog etc.). To eliminate observational bias linked to
differences within different biosensor assays (e.g. Barr2 vs. G)), we use dopamine as an internal standard for analyzing the AUCs. The coupling
profile of the reference compound dopamine is denoted by a coupling ratio of 1 for all pathway combinations and highlighted in all plots as a blue
line. Preferential or disfavored coupling (vs. dopamine) are indicated by ratios > 1 or < 1, respectively. Concentration—response curves were
generated using data obtained from 3 independent experiments. Baseline uBRET values were subtracted from concentration—response curves.

indicates the co-existence of two different binding modes. One OH group to the bottom of the binding pocket. Such a struc-
binding mode is characterized by a binding peak to S5.42 tural constellation allows only for TM5 contacts (Fig. 1Q)
(Fig. 1K). The corresponding state (Fig. 1P) allows for simul- which corresponds to a p-tyramine like binding mode
taneous interaction with S5.42 in TM5 as well as H6.55 in TM6  (Fig. 1M). The co-existence of these two binding modes most
similar to dopamine. The second binding mode (peak 4 in likely explains the coupling outcome that is intermediate for
Fig. 1L) involves a rotation of the aromatic ring directing its m-  all the tested effector proteins (Fig. 1A-D). According to the
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energetic plots, the energetic barrier between both binding observed in classical unbiased simulations (Fig. S3t). Such
modes (Fig. 1L, peaks 3 and 4) is approximately 1.3 kcal mol™"  ligand rotation is not surprising and captured in several X-ray
and allows for frequent interconversion which in fact is also  structures (Table S57).

Effector coupling profile
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Fig. 2 Coupling and binding profile of the (R)- and (S)-enantiomer of 5- and 7-OH-DPATSs. The chemical structures of studied compounds are
depicted on the left. Blue points mark the 5 carbon distance between OH group and amine group. (A—D) Concentration—response curves for (S)-
5-OH-DPAT (black), (R)-7-OH-DPAT (black), (R)-5-OH-DPAT (orange) and (S)-7-OH-DPAT (orange) and their induced coupling to Ggg, G, Gi»
and B-arrestin 2 (Barr2) at the D,R. Dopamine (blue) and m-tyramine (orange) are plotted as reference ligand. For corresponding pECsg and Eax
values see Table S3.7 (E-L) Energetic plots of ligand binding obtained by metadynamics using as metrics the distance of the m- and/or p-OH
groups to $5.42 and S5.46. An energetic well at ~2.8 A indicates a favorable distance for binding contacts with the corresponding residue. To
ensure convergence of binding energetics, we monitored free energy profiles along simulation by plotting the profile every 20 000 deposited
Gaussian (graphs shown in different colors). (M—R) Representative structures of the binding mode corresponding to the energetic wells identified
in the energetic plots. (S—V) Coupling ratios were approximated using the area under the curve (AUC) and its ratios for individual signaling
effectors (e.g. Barr2 vs. G,, Barr2 vs. Ggog etc.). To eliminate observational bias linked to differences within different biosensor assays (e.g. Barr2 vs.
Gj), we use dopamine as internal standard for analyzing the AUCs. The coupling profile of the reference compound dopamine is denoted by
a coupling ratio of 1 for all pathway combinations and highlighted in all plots as a blue line. Preferential or disfavored coupling (vs. dopamine) are
indicated by ratios > 1 or < 1, respectively. The coupling ratio of m-tyramine has been included for comparison. Concentration—response curves
were generated using data obtained from 3 independent experiments. Baseline uBRET values were subtracted from concentration—response
curves.
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Proof of concept using rigid signaling probes

Based on the hypothesis that the coupling profile of m-tyramine
(Fig. 17) is the result of the co-existence of two binding modes,
we predicted that impeding the rotation of the hydroxylated
aromatic ring (thus locking the compound in one or the other
state; Fig. 1P or Q), should yield different coupling outcomes
driven either by simultaneous TM5/6 interaction or exclusive
TMS5 contacts. To test this hypothesis, we used the rigid S and R
enantiomers of 7-hydroxy-2-(di-n-propylamino)tetralins (7-OH-
DPAT).?? Similar to m-tyramine, the OH-group of 7-OH-DPATS is
separated by 5 carbons from the amine group (Fig. 2, see
chemical structures). However, a main difference is that the
bond that links the aromatic ring with the amine group has no
rotational freedom due to ring condensation. Consequently, R
and S enantiomers should adopt only one m-tyramine-like
binding mode at a time. The obtained energetic landscape of
ligand binding (Fig. 2G) supports this and shows that (R)-7-OH-
DPAT interacts with S5.42 via its OH group and simultaneously
with H6.55 in TM6 (Fig. 2N). In contrast, the related S enan-
tiomer binds in an inverted position directing its OH group
towards the bottom of the binding pocket interacting either
with S5.42 or S5.46 (Fig. 2I and ]) and allowing only for TM5
contacts (Fig. 20 and P). This is due to steric requirements that
are extensively described in the ESI (Fig. S4f). Interestingly,
a similar tendency is found for 5-OH-DPATs, which preserve 5-
carbons distance between the OH-group and the amine group.
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Whereas (S)-50H-DPAT establishes simultaneous TM5/6
contacts (Fig. 2M), the (R)-50H-DPAT enantiomer adopts an
inverted position with exclusive TM5 interactions (Fig. 2Q and
R). Altogether, our simulation data indicate that by blocking the
rotational freedom of m-tyramine, we are able to favor one
binding mode at a time either with exclusive TM5 or simulta-
neous TM5/TM6 contacts.

As predicted, we found that different contact signatures of
DPATs translate into distinct coupling profiles. Similar to
dopamine (blue curve, Fig. 2A-D), DPATs with simultaneous
TM5/TM6 contacts (black curves, Fig. 2A-D) maintain high
potency and efficacy in engaging Gyg, Gi, G, and Parr2. In
contrast, DPATs with exclusive TM5 contacts (orange curves)
lose potency and efficacy (in particular for Parr2) when
compared to dopamine (blue curves) while maintaining highest
potency/efficacy at G,g. This trend is also reflected by the AUC-
based coupling ratios, which show a dopamine-like profile for
DPATs with TM5/6 interaction (black vs. blue lines, Fig. 2S and
T) and a G,g-shifted coupling profile for DPATs with exclusive
TMS5 contacts (orange vs. blue lines, Fig. 2U and V).

To further support coupling differences for DPATs, we
calculated the bias factor using the operational model.”***
Whereas DPATs with TM5/6 contacts show no significant bias
between pathways (Table S41), DPATs with exclusive TM5
interaction ((S)-7-OH-DPAT and (R)-5-OH-DPAT) reach a 12- and
274-fold bias of G,p over Barr2, respectively (Table S4At).
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Fig. 3 Site-directed mutation of position 6.55 and its impact on the coupling outcome at the DR receptor. The coupling outcome of the D,R
WT (blue line) compared to the H6.55N (black line) and H6.55F (orange line) mutants are plotted upon receptor stimulation with dopamine (A and
D), (S)-5-OH-DPAT (B and E) and (R)-7-OH-DPAT (C and F). Concentration—response curves were obtained from 3 independent experiments.
Baseline uBRET values were subtracted from concentration—-response curves. For corresponding pECsg and E,,,« values see Table S3C to H.}

10994 | Chem. Sci, 2021, 12, 10990-11003

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1sc00749a

Open Access Article. Published on 02 July 2021. Downloaded on 2/11/2026 7:53:29 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Edge Article

Relevance of H6.55 for the coupling outcome

Our simulation and signaling profiling experiments indicate
that direct or indirect polar interactions with the key residue
H6.55 in TM6 is a requirement for efficient coupling to Barr2
and less so for G proteins, in particular Gop. The relevance of
ligand contacts with H6.55 for farr2 engagement and in turn
unbiased dopamine-like binding profiles is also reflected in
contact heatmaps for ligand-D,R interactions at energetic
minimum (Fig. S5t). To further assess the role of this residue,
we introduced a phenylalanine into position 6.55 and evaluated
its impact on G,z and Parr2 coupling for dopamine as well as
compounds with a dopamine-like coupling profile (i.e., (R)-7-
OH- and (S)-5-OH-DPAT). We selected a phenylalanine substi-
tution as this is the residue most similar to histidine but lacking
hydrogen donor/acceptor heteroatoms and thus effectively
preventing polar interactions with position 6.55. Compared to
the WT D,R, the H6.55F mutant displays a dramatic reduction
in Barr2 recruitment (primarily in terms of efficacy, Fig. 3D-F)
in response to dopamine and both DPATs whereas G,g coupling
is less impacted (Fig. 3A-C). This results in a preferential G
coupling over Barr2, an observation that is supported by the
operational model*** with a bias (10*21°8"%4)) of ~.30 fold for
dopamine and even ~1000 fold for (R)-7-OH-DPAT or >>1000
fold for (S)-5-OH-DPAT (Table S4B to D). To further support the
importance of polar contacts with H6.55, we introduced a polar
residue (H6.55N) into position 6.55 as positive control. In fact,
this mutant substantially recovers Parr2 coupling efficacies
compared to the H6.55F mutant for all tested compounds
underlining the relevance of polar contacts in this position for
arrestin recruitment (Fig. 3D to F).
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Ligand coupling profiles correlate with time courses of
agonist-evoked GIRK currents

To investigate how different ligand coupling profiles translate
into proximate downstream signaling events, we used a G
protein-coupled inward rectifier potassium (GIRK) channel
activation assay in Xenopus oocytes co-expressing D,R, GIRK
channels, RGS4, and when indicated, Barr2.>**¢ GIRK chan-
nels are opened by By dimers, which are released upon G
protein activation.”” Here, we measured agonist-induced
increases in GIRK current as a readout of D,R-induced G
protein activation. First, we investigated how the potencies of
D,R agonists to evoke GIRK currents correlate with potency
data obtained from BRET measurements. We found that the
rank order of agonist potencies in the GIRK activation assay
(Fig. 4A) overall agree with the order of potencies observed in
the BRET-based G protein and Parr2 recruitment assays
(Fig. 1A-D and 2A-D), i.e.; (S)-5-OH-DPAT = dopamine > (R)-5-
OH-DPAT > p-tyramine. We further tested the ability of Barr2
to desensitize the D,R-evoked G protein response, as
measured at the level of GIRK channel activation, upon pro-
longed agonist exposure. Oocytes are known to express no
detectable endogenous B-arrestins.** In agreement,
observed that the GIRK channel responses to all four of the
tested agonists decayed towards baseline at a faster rate in
oocytes co-expressing exogenous Parr2, compared to
dopamine-evoked responses in control oocytes which had not
been injected with Barr2 cRNA (Fig. 4B and C). In the Barr2-
expressing oocytes, the response decay rates observed with
(R)-5-OH-DPAT and p-tyramine were slower than those with
dopamine and (S)-5-OH-DPAT.
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Fig. 4 Potencies and desensitization rates of dopamine, (S)-, (R)-5-OH-DPAT, and p-tyramine at the D;R, as measured in the G protein-coupled
inward rectifier potassium (GIRK) channel assay. (A) Concentration—response curves for GIRK activation by dopamine (pECsg = 7.88 + 0.40, Enax
=1.074+0.20,n=7),(S)-5-OH-DPAT (pECs50 =7.94 £ 0.35, E/pax = 1.99 £ 0.31, n = 4), (R)-5-OH-DPAT (pECs0 = 6.02 + 0.27, E;ax = 0.78 £ 0.12,
n = 3)and p-tyramine (pECsq = 4.06 & 0.24, E;nax = 0.66 + 0.09, n = 5) in oocytes coexpressing D,R, GIRK1/4, RGS4, and Barr2. Agonist-induced
responses were normalized to the maximal responses evoked by 1 uM dopamine in oocytes from the same batch. (B) Decay of agonist-induced
GIRK currents during 415 s application of 1 uM dopamine to oocytes expressing D,R, GIRK1/4, and RGS4 without Barr2 is shown in black (n = 9).
Coexpression of Barr2 induces varying degrees of desensitization following application of 1 uM dopamine (n = 11, green), 100 nM (S)-5-OH-
DPAT (n =7, blue), 10 uM (R)-5-OH-DPAT (n = 6, red) and 1 mM p-tyramine (n = 8, orange). Currents were normalized to their respective peak
responses. Dotted line represents the agonist-independent baseline current level. (C) Summary statistics of residual currents after 415 s ligand
applications (see B). Statistical significance was assessed using one-way ANOVA with Bonferroni's test for multiple comparisons. *** p < 0.001;
** p<0.01; §§ p < 0.01vs. (R)-5-OH-DPAT; §, p < 0.05 vs. (R)-5-OH-DPAT; ###, p < 0.001 vs. p-tyramine; ##, p < 0.01 vs. p-tyramine. All data
are shown as mean £+ SEM.
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A common mechanism for monoaminergic GPCRs
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coupling potency and efficacy are reduced (Fig. 5F). These

concerted coupling alterations result in a preferential coupling
of G proteins over Barr2 as reflected by the AUC-based coupling
ratios (Fig. 5A). The highest coupling preference is observed for
G, over Barr2, which corresponds to a bias (10*41°6(%4)) of ~10
fold based on the operational model (Table S4E+t). This finding
supports the notion that position 6.55 is a hotspot for modu-
lating the coupling balance between Barr2 and G proteins. We
further studied the significance of this position at the 5-HT;4R,
which lacks a polar residue at position 6.55 (A6.55; see in
Fig. 5B). According to our working model, introducing a polar
residue should result in a higher Parr2 recruitment efficacy
relative to the WT 5-HT 4R. In fact, our experiments show that
an engineered A6.55N variant of the 5-HT 4R induces a slight
reduction in coupling potency for all tested effector proteins

Our data indicates that a ligand-mediated hydrogen bond
network between TM5 and TM6 contributes to a balanced G
protein and Parr2 coupling profile at the D,R. Within this
contact network, specific interactions with TM6 seem to
promote Parr2 recruitment. To investigate if this represents
a common mechanism for other neurotransmitter receptors, we
studied the action of serotonin on the serotonergic receptors 1A
(5-HT14R) and 2A (5-HTaR). Similar to dopamine (Fig. 1N and
0), serotonin is able to form simultaneous polar interactions
with TM5 (position 5.46) and TM6 (position 6.55) in the 5-
HT,,R" (Fig. 5A). Importantly, we find that replacing the polar
residue in position 6.55 by a structurally similar but non-polar
residue (N6.55A) reduces the coupling potency to G proteins
(Gqy G14, G15) (Fig. 5C to E). However, for Barr2 we see that both
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Fig.5 Relevance of H6.55 for neurotransmission at the 5-HT;4R and 5-HT,4R. (A) Binding mode and area under the curve (AUC)-based coupling
ratios for the 5-HT,AR obtained from response curves in C to F. (B) Binding mode and AUC-based coupling ratio for the 5-HT;AR obtained from
response curves in G to J. To eliminate observational bias linked to differences within biosensor assays (e.g. Barr2 vs. G;), we use the serotonin
response at the WT receptor as internal standard for analyzing the AUC ratios. Note that obtained AUC ratios (i.e. the receptor's ability to couple
to different effector proteins) is not affected by expression levels of the receptor (i.e. receptor concentration) which can change upon mutation.
(C to F) Concentration—response curves of the serotonin-induced coupling of the 5-HT,4R to Gg, Gia, Gis and Barr2. (G to J) Concentration—
response curves of the serotonin-induced coupling to Geg, Gz Giz and Barr2. All concentration—response curves were generated from
a minimum of 3 independent experiments. For corresponding pECsqg and E .« Values see Table S3.+
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(Gos, Gy, Giy, Barr2) (Fig. 5G to J). However, we find a notable
increase in coupling efficacy for Barr2 with unchanged efficacies
for G protein coupling. Preferential coupling to Barr2 over G
proteins for 5-HT 4R (A6.55N) is further illustrated via calcula-
tion of AUC-based coupling ratios (Fig. 5B). The highest
coupling preference is observed for Parr2 over Gj,, which
corresponds to a 6 fold bias (10*21°6("%%)) based on the opera-
tional model (Table S4F7). Overall, our data suggest that amino
acid variations at position 6.55 may serve as a way to fine-tune
Barr recruitment to aminergic neurotransmitter receptors and,
ultimately, regulate their desensitization, internalization and/or

signaling.

Discussion

By means of classical molecular dynamics simulation,
enhanced sampling techniques, live-cell biosensor assays and
the use of structurally related signaling probes, we have
dissected the coupling profile of the neurotransmitter dopa-
mine at the D,R. Using compounds such as p-tyramine, we find
that exclusive TM5 interaction via the p-OH group (Fig. 1M)
yields preferential G,z coupling over Parr2 (Fig. 1D and R).
Interestingly, a recent study by Sommer et al. identified hor-
denine - a compound found in beer - as a functionally biased
D,R agonist.”® Hordenine, which differs from p-tyramine only by
additional N,N-di-methyl groups, was shown to induce G;
protein activation (measured via cAMP assays) while antago-
nizing B-arrestin engagement downstream of D,R. These data
are in line with our findings. As the authors measured the
functional outcome as cAMP inhibition, no information is
available about the specific Gi-family member engaged. Using
live-cell BRET-based biosensors, we tested the ability of horde-
nine to recruit different Gi-family G protein subtypes as well as
Barr2. We find a preferential G, coupling profile for hordenine,
which seems to be related to exclusive TM5 interaction similar
to p-tyramine (Fig. S67).

We further conclude that D,R coupling to Barr2 in response
to dopamine is attributed to additional contacts with position
6.55 in TM6 via its m-OH group (Fig. 1N and O). We demonstrate
this by using rigid dopamine analogues ((R)/(S)-5-OH and (R)/
(S)-7-OH-DPATs). Interestingly, depending on their chirality,
enantiomeric DPATs are able to favor one binding mode with
either simultaneous TM5/TM6 or exclusive TM5 interactions,
resulting in a distinct coupling outcome. It is worth noting that
the described mechanistic link between the binding mode and
the coupling outcome for chiral DPATs may also explain recent
findings for the signaling preference of extended ligands that
include a chiral DPAT scaffold.*

A general overview of ligand-receptor contacts for dopamine-
like and G protein biased compounds is provided by a contact
heatmap (Fig. S5T). The heatmap highlights polar contacts
(including water-mediated interactions) that are established at
an energy minimum of ligand binding. As expected, we find
strong interactions with key residues in TM3 (D3.32) and TM5
(S5.42 or S5.46) for studied ligands independently of their
coupling properties. In contrast, polar interactions with H6.55
in TM6 are preferentially observed for ligands with an unbiased

© 2021 The Author(s). Published by the Royal Society of Chemistry
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coupling profile for G proteins and Barr2 (dopamine-like). The
contact heatmap reveals further polar contacts with TM7 (i.e.
Y7.43) for dopamine, p- and m-tyramine but not for DPAT
derivatives. As DPATs extend hydrophobic di-propyl groups
towards TM7, they are not able to form such polar contacts. It is
worth noting that our data suggests that polar contacts in TM7
are not important for coupling specificity as they are found in
unbiased (e.gz dopamine) as well as G protein biased
compounds (e.g. p-tyramine).

Electrophysiological experiments show that specific ligand
coupling profiles propagate further downstream to the level of
GIRK channel activation. An important observation is that
compounds with G protein-coupling preference result in pro-
longed GIRK channel responses (Fig. 4 B and C). Mechanisti-
cally, these compounds likely stabilize a D,R conformational
state with low affinity towards Parr2 and are therefore less
susceptible to receptor desensitization which is reflected in
prolonged GIRK openness. Ultimately, this finding provides
additional evidence that (R)-5-OH-DPAT and p-tyramine exhibit
a preference for G protein coupling over Parr2 compared to
dopamine and (S)-5-OH-DPAT.

Interestingly, none of the tested compounds induce prefer-
ential coupling to Barr2. McCorvy et al. suggest that Barr2 bias
in the D,R can be induced by exclusive contacts to Ile184 in the
extracellular loop 2 (ECL2).** Computing the frequency of Ile184
contacts for the ligands studied herein (i.e., dopamine, m-/p-
tyramine, DPATs and hordenine) indicates that these
compounds are too small to establish significant contacts with
this residue in the ECL2 (Table S6,1 contact frequencies =
15%). This would explain their preferential G protein coupling
profile. Another study by Weichert et al. reports that Barr bias
can be obtained by contacts in the extended binding pocket
formed by TM2 and TM7.*" Again, this pocket is hardly within
reach of the small molecular probes used in our study. However,
these examples highlight the existence of multiple sites that
modulate Barr2 coupling in the D,R.

Altogether, our data suggest that the mechanism underlying
dopaminergic neurotransmission at the D,R involves a ligand-
mediated polar network between TM5 and TM6. This trans-
lates into a physiological coupling response engaging effector
proteins such as Gop, Gis, G, and Parr2. Noteworthily, we were
able to support this notion by a mutational study of the key
residue 6.55, which is part of this polar network (Fig. 3). This
observation prompted us to investigate if the described struc-
tural features form part of a more general mechanism.

A sequence analysis of dopamine receptor subtypes (D;R to
DsR, Fig. S7At) reveals high conservation in key positions of the
orthosteric binding site, such as serine residues in TM5 (S5.42
and S5.46) and a polar residue in TM6 (H6.55 or N6.55). It is
tempting to speculate about potential coupling alterations
induced by polar variations in position 6.55 comparing D, ; 4R
(H6.55) versus D;sR (N6.55). Interestingly, our mutational
experiment carried out at the D,R and the obtained biased
factor show that a H6.55N variation yields an unbiased coupling
profile similar to the D,R WT (Table S4BY). This suggests that
dopamine receptor subtypes D,,; 4R (H6.55) and D, sR (N6.55)

Chem. Sci., 2021, 12, 10990-11003 | 10997
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share a similar unbiased coupling profile (i.e. G proteins vs.
Barr) between each other.

Most importantly, our data propose further that also
serotonin-mediated neurotransmission at the 5-HT,,R is linked
to simultaneous TM5/TM6 interaction (Fig. 5A). In this respect,
we show that prevention of TM6 interaction by N6.55A mutation
dampens Barr2 recruitment. Interestingly, this mechanism
appears to be also conserved in adrenergic receptors such as the
B, adrenergic receptor (B,AR). In a recent study, authors focused
on salmeterol, a B,AR-targeted drug used for the treatment of
asthma and chronic obstructive pulmonary disease.*> They
report that limited Barr recruitment of salmeterol is linked to
reduced contacts with N6.55 in the B,AR which is in line with
the proposed mechanism.

Curiously, not all aminergic GPCRs have a polar residue at
position 6.55. A sequence alignment reveals that 44% of the
receptors have a non-polar residue (retrieved from the GPCRdb*®).
According to our model, non-polar residues would partially
dampen Parr2 coupling to the WT receptor. We indirectly prove
this by introducing a polar residue into position 6.55 of the 5-
HTisR (A6.55N, Fig. 5B), which remarkably promotes Barr2
coupling over G proteins (Fig. 5G-J). This finding suggests that
sequence diversity in position 6.55 (see Fig. S71) may serve as an
evolutionary mechanism to modulate Barr recruitment (and thus
receptor internalization, desensitization and/or signaling) for
different neurotransmitter receptors.

Beyond a general implication of H6.55 in Barr2 recruitment,
we find that H6.55 may also have relevance for the coupling of G
protein subtypes to the D,R. Relative to dopamine, compounds
lacking contact to H6.55 (i.e., p-tyramine, hordenine, (R)-5-OH-
DPAT or (S)-7-OH-DPAT) appear to provoke a greater reduction
in D,R coupling to Gj, and G, vs. Gg (Fig. 1, 2 and S67). Our data
are in line with a previous mutational study by Tschammer et al.
in which authors report a link between H6.55 interaction and G
protein coupling specificity.** Interestingly, this link seems to
be also conserved in the adrenergic receptors. For instance,
mutation of position 6.55 in the o, adrenergic receptor
(2AAR) leads to a switch of its dual coupling profile (G and G;)
to a preferential G4 coupling.** Note that this tendency does not
appear to be strongly conserved in the 5-HT;4R since although
a A6.55N mutation enhanced Parr2 recruitment, we find only
a marginal impact on G protein coupling across G,g, G, and Gj,
proteins (Fig. 5G-J).

Conclusion

In this study, we use all-atom molecular simulation combined
with live-cell biosensor and electrophysiological assays to
dissect the molecular mechanism of dopaminergic neuro-
transmission at the prototypical neurotransmitter receptor D,R.
Our work identifies specific structural determinants of neuro-
transmission that translate into the activation of specific D,R
effectors (i.e.: Gop, Giz, G, and Parr2). Most importantly, our
study indicates that the identified molecular features govern the
coupling outcome of serotonin as well as adrenergic receptors
and are likely shared by other aminergic neurotransmitter
receptors. Furthermore, our work highlights how nature
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deploys sequence variations to fine-tune the coupling outcome
of neurotransmitter receptors across different receptor
subtypes. Ultimately, obtained structural insights provide novel
hints for the rational design of more efficient and safer drugs
for this important drug target class.

Method

Homology modelling of the active state of D2R

The canonical sequence of the D, receptor was obtained from
the Uniprot database (accession number: P14416). The
sequence was aligned with that of the B,AR obtained from the
template structure (PDB code: 3P0G) using Clustal Omega.*
The alignment was manually refined to maintain the position of
highly conserved residues. The first 36 residues of the D,R
sequence were truncated as they formed a flexible N-terminal
tail. The long intracellular loop 3 was shortened and the ends
were fused. Based on the obtained alignment, we generated 500
models using homology model tool implemented in the MOE
package (http://www.chemcomp.com). The best model was
selected based on the lowest DOPE (Discrete Optimized Protein
Energy) score. The hydrogen network was optimized at pH 7
using Protonate3D** available in the MOE package (http://
www.chemcomp.com). It is worth noting that the active D,R
in complex with G; (PDB code: 6VMS) has been recently ob-
tained while this manuscript was in preparation.’® This struc-
ture provides high-resolution insights into the orthostatic
binding pocket of the active D,R. Importantly, the backbone
atoms for residues in the binding pocket that complex dopa-
mine adopt a RMSD value of only 0.895 A which supports the
high quality of our computational receptor model (Fig. S17).

Generation of protein-ligand complexes

The starting poses of dopamine were obtained by docking with
GOLD software.*” The atoms of the protein were kept rigid, while
the ligand was allowed flexibility. A positional restraint was
included, to take into account only poses in which the ligand
forms polar interactions with D3.32. Using this protocol 900
poses were generated per ligand. The poses were scored with
goldscore, and rescored using the plp score. Afterwards the best
poses for each ligand were picked taking into account the
scoring, as well as visual inspection. Each ligand-protein
complex was optimized during a molecular dynamics run in
conditions of constant pressure (see below for a description).
Then, initial poses for m-tyramine and p-tyramine were obtained
by removing the meta or para hydroxyl group of the dopamine
pose obtained after the molecular dynamics optimization.
Structural models for the 5-HT;,R and 5-HT,4R in complex
with serotonin were obtained based on the work from Marti-
Solano et al.™ The structures were subjected to a short mini-
mization using the MOE package (http://www.chemcomp.com).

Molecular dynamics simulations

To generate starting systems, ligands (in accordance with their
poses obtained in the previous step) were placed in the active
state model of the D,R. To ensure proper orientation of the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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receptor in the membrane, the complexes were aligned to the
structure used as the template (PDB code: 3P0G) obtained from
the OPM database.*® Subsequently, we used the output aligned
structures to generate systems for molecular dynamics. The
systems were generated using CHARMM-GUL* The receptor
was embedded in a ~80 x 80 A POPC bilayer. The resulting
complex was solvated with ~8200 TIP3 molecules. The ionic
strength of the solution was kept at 0.15 M NaCl. Additional
chloride ions were added in order to keep the charge of the
system neutral. Disulfide bonds were introduced in accordance
with data obtained from the Uniprot database. Parameters for
the simulation were obtained from the CHARMM36 forcefield.*
Parameters for the ligand were assigned from the CGenFF
forcefield automatically by the ParamChem tool implemented
in CHARMM-GUL**** The systems were first equilibrated in
conditions of constant pressure (NPT, 1.01325 bar) for 100 ns.
Over the first half of the simulation we applied constraints to
the backbone atoms. The constraints were gradually released
over the first 50 ns of the simulation. After the NPT step, we have
carried out simulations in conditions of constant volume (NVT)
of the system for 600 ns in 4 replicates. The simulations were run
in ACEMD.” We used a time-step of 4 fs. Such a large time-step
was possible due to the hydrogen mass repartitioning scheme
being employed in ACEMD.* A non-bonded interaction cutoff was
set at 9 A. A smooth switching function for the cut-off was applied,
starting at 7.5 A. Long-distance electrostatic forces were calculated
using the Particle Mesh Ewald algorithm. The algorithm had grid
spacing of 1 A. The bond lengths of hydrogen atoms were kept
constrained using the RATTLE algorithm. Simulations were
carried out at a temperature of 300 K in periodic boundary
conditions. A summary of molecular dynamics simulations carried
out in this study is found in Table S1.}

Metadynamics

Metadynamics is a biased dynamics technique widely used to
improve sampling for free energy calculations over a set of
multidimensional reaction coordinates which would not be
sampled exhaustively with normal unbiased simulations.*® It is
implemented in the molecular dynamics software ACEMD
using the PLUMED plugin interface.*® Here, we use this
approach to construct the complete energetic binding land-
scape of dopamine and its derivatives. For this, we used as
collective variables the distance of oxygen atoms of m- and/or p-
OH groups of the ligand to the OG atom of S5.42 (CV1) and/or
S5.46 (CV2) in TM5 (Fig. S2t). The metadynamics parameters
were set to a Gaussian hill height of 0.1 keal mol " with a spread
of 0.1 A for the CV1 and/or CV2. The deposition rate was one hill
every 4 ps and a well-tempered bias factor of 10. To ensure
exhaustive sampling within the orthosteric binding site, we set
a restraining potential with an energy constant kappa of 100
that starts acting when the distance of the CV1 or CV2 exceeds
12 A. In addition, we used the multiple walker approach,* in
which 6 walkers simultaneously explore the same free-energy
landscape and interact by contributing to the same history-
dependent bias potential every 20 ps. Walkers for each ligand
were obtained from unbiased NVT simulations (protocol
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described in the previous step). Each system was simulated for
an accumulated time of at least 1.1 us or until the free-energy
landscape converged. General simulation parameters were
kept as described for the production run in the previous section.
Ultimately, we plotted the energies as a function of the distance
between the ligand's oxygen group and S5.42 or S5.46 (Fig. 1 and
2). In order to ensure the convergence of our metadynamics
simulation, we monitored the changes of the free energy profile
along the simulation time. For this, we computed the free
energy every 20 000 deposited Gaussian yielding 15 to 20 graphs
per simulation setup.

Experimental validation using a cell-based assay

Bioluminescence resonance energy transfer (BRET)-based
biosensor assays (bioSensAll™) were conducted at Domain
Therapeutics NA Inc. (Montreal, QC, Canada). Assays were
performed in HEK-293T cells, which were cultured in Dulbec-
co's Modified Eagle Medium (DMEM) (Wisent # 319-015-CL)
supplemented with 1% penicillin-streptomycin G (Wisent; cat#
450-201-EL) and 10% fetal bovine serum (Wisent # 090150) and
maintained at 37 °C with 5% CO,. All biosensor-coding plas-
mids and related information are the property of Domain
Therapeutics NA Inc: GAPL-G;, (cat## DTNA A29), GAPL-, GAPL-
Gop (cat#f DTNA A32), GAPL-G, (cat#f DTNA A33) and Barr2-PM +
GRK2 WT (cat# DTNA A46). Information pertaining to the Barr2-
PM biosensor has been previously published.*® Experiments
with the D,R were performed with the long isoform (canonical
sequence, post-synaptic localization; Uniprot P14416-1). All
receptor point mutations were produced by TOP Gene Tech-
nologies Inc. (Montreal, QC, Canada). Transfections were per-
formed using 25 kDa linear PEI (Polysciences, Warrington, PA)
at a 3:1 pl of PEI/ug of DNA ratio. Briefly, DNA and PEI were
diluted separately in 150 mM NacCl, mixed and then incubated
for at least 20 minutes at room temperature (note: total amount
of DNA transfected was adjusted to a final quantity of 2 pg with
salmon sperm DNA (Invitrogen)). During the 20 minute incu-
bation, HEK-293T cells were detached, counted and re-
suspended into cell culture medium to a final density of
350 000 cells per mL. At the end of the 20 minute incubation,
DNA/PEI complexes were added to cells followed by a gentle
mixing. Cells were subsequently distributed in cell culture-
treated 96-well plates (White Opaque 96-well Microplates,
Greiner, cat# 655) at a density of 35 000 cells per well (i.e., 100 pul
of cell suspension per well) and incubated at 37 °C for 48 h. At
48 hours post-transfection, the transfection medium was
removed and cells were washed once with 100 pl of Tyrode-
Hepes buffer (Sigma, cat# T2145 + H9136) per well. Wash buffer
was then replaced by 100 pl of fresh Tyrode-Hepes buffer per
well and plates were incubated for 60 min at room temperature.
At the end of this equilibration period, 10 ul of 20 uM e-
Coelenterazine Prolume Purple (Methoxy e-CTZ; Nanolight, #
369) was added to each well followed immediately by the
addition of increasing test compound concentrations. Cells
were then incubated at room temperature for 10 minutes and
BRET readings subsequently collected with a 0.4 s integration
time on a Synergy NEO plate reader (BioTek Instruments, Inc.,
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USA,; filters: 400 nm/70 nm, 515 nm/20 nm). The BRET signal
was calculated as the ratio of GFP10 emission to RLucll emis-
sion. All resulting dose response curves are represented as
baseline-corrected ¥BRET (i.e., baseline ¥BRET values sub-
tracted from curves).

Calculation of the AUCs and their pathway ratios (AUC-based
coupling ratios)

As an approximation of pathway-specific receptor coupling
preferences, we use the area under the curve (AUC) of the
concentration-response curves. This AUC takes into account
potency (ECs), efficacy (Enax) and the Hill slope. AUCs were
obtained using GraphPad Prism 6 software. In order to facilitate
the comparison of individual pathways for tested compounds,
we computed the AUC-based coupling ratios for all combina-
tions of individual effector proteins (e.g. AUCgas vS. AUCg,,
AUCgpur2 VS. AUCgop €tc.). For DyR, coupling ratios for dopamine
are used as the reference to which all other dopaminergic ligand
coupling ratios are normalized. For 5-HT mutant receptors, the
coupling ratios for the WT receptor in response to serotonin are
used as reference (Fig. 5A and B). Further details on computa-
tion and raw data are found in the supplemental material (Table
S7 and Fig. S87).

Purchased compounds

(R)-7-OH-DPAT: Cedarlane (Axon Medchem # 1013), (S)-7-OH-
DPAT: Cedarlane (Axon Medchem # 1014), (R)-5-OH-DPAT:
Cedarlane (Axon Medchem # 1007), (S)-5-OH-DPAT: Cedarlane
(Axon Medchem # 1008), hordenine: Sigma # 04476, m-tyramine
hydrochloride: Sigma # D017, Lot: 063K4620, p-tyramine
hydrochloride: Sigma # T90344, noradrenaline hydrochloride:
Sigma # 74480, serotonin hydrochloride: Sigma # H9523,
dopamine hydrochloride: Sigma # H8502.

Operational model of bias

The operational model of agonism was used to estimate ligand
bias when applicable according to recently published proto-
cols.?®?* All data were analyzed using the nonlinear curve fitting
functions in GraphPad Prism (v6.0; GraphPad Software, La
Jolla, CA). Ligand bias was quantified by analyzing the
concentration-response curves using the operational model of
agonism according to the equation

E = Basal + (En — Basal) .
A +1
1010g Ka

1+

100 R x [A]

where: E = effect of the ligand; [A] = concentration of agonist;
E., = maximal possible response of the system; Basal = basal
level of response in the absence of agonist; log K, = logarithm
of the functional equilibrium dissociation constant of the
agonist; n = slope of the transducer function that links occu-
pancy to response; log R = logarithm of the transduction ratio,
7/K,, where 7 is an index of the coupling efficiency (or efficacy) of
the agonist.
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The following parameters were used for fitting of all families
of agonist curves at each pathway to the model: Basal, E,,, and n
were shared between all agonists; for full agonists, log K, was
constrained to a value of zero; for partial agonists, log K, was
directly estimated by the curve fitting procedure. The log R [i.e.,
log(t/K,)] parameter was estimated as a unique measure of
activity for each agonist.

The logarithmic form of the transduction ratios (t/K,) was
then obtained from fitted concentration-response curves for
the recruitment of G,g and Parr2 (determined BRET-based
assay). To account for cell-system-dependent factors
between different assay systems, the transduction coefficients
(t/K,) were normalized to the response of the reference
agonist dopamine:

T T T
Alog| — | =log( — —log( —
£ (KA> £ (KA> test ligand & <KA> reference ligand

Coupling bias was obtained by calculating the difference
between two investigated pathways for the same ligand:

T T T
AAlog (—) = Alog <—) — Alog (—)
KA Gop vs. Barr2 KA Gop KA Barr2

AAIog(K—z)
Bias factor = 10 Cop »s- parr2

Molecular biology for electrophysiology experiments

Human GIRK1 (Kir3.1) and GIRK4 (Kir3.4) cDNA (provided by
Dr Terence Hebert, McGill University, Montreal, Canada) and
RGS4 (from the cDNA Resource Center, Bloomsberg, PA; https://
www.cdna.org) were in pcDNA3.1+. ¢cDNA encoding the human
dopamine D,s receptor and Parr2 (ARRB2; synthesized by
Genscript, Piscataway, NJ) were in pXOOM (a gift from Dr Seren-
Peter Olesen, University of Copenhagen, Denmark). For in vitro
transcription, plasmids were linearized with the appropriate
restriction enzymes (GIRK 1/4, Notl; RGS4, D,s and Barr2, Xhol)
and transcribed in vitro using the T7 mMessage mMachine kit
(Ambion, Austin, TX). cRNA concentration and purity were
determined using a spectrophotometer.

Oocyte isolation and injection

Oocytes were surgically isolated from female African clawed
toads, Xenopus laevis, or purchased from EcoCyte Bioscience
(Castrop-Rauxel, Germany), and injected with cRNA as previ-
ously described.** The surgical procedures had been approved
by the Swedish National Board for Laboratory Animals. 1 ng of
each GIRK1/4 subunit cRNA, 40 ng of RGS4 cRNA, 0.2 ng of
dopamine D,g receptor cRNA, and when used 5.6 ng of Barr2
cRNA, were injected per oocyte. RGS proteins are GTPase-
activating proteins expressed in native tissues, which speed
up the G protein cycle such that GIRK channel activity more
closely follows receptor occupancy by agonist.

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1sc00749a

Open Access Article. Published on 02 July 2021. Downloaded on 2/11/2026 7:53:29 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Edge Article

Electrophysiology

Following oocyte injection with cRNA and 6 days of incubation
at 12 °C, electrophysiology experiments were conducted using
the parallel two-electrode voltage-clamp apparatus, OpusXpress
6000A (Molecular Devices, San José, CA). Continuous perfusion,
mediated by Minipuls 3 peristaltic pumps (Gilson, WI), was
maintained at 0.5 ml min~"' (for concentration-response
experiments) or 3.5 ml min~" (for desensitization experiments).
Data were acquired at membrane potentials of —80 mV and
sampled at 156 Hz using OpusXpress 1.10.42 software (Molec-
ular Devices). To increase the inward rectifier potassium
channel current at negative potentials, a high-potassium
extracellular buffer was used (in mM: 64 NaCl, 25 KCl, 0.8
MgCl,, 0.4 CaCl,, 15 HEPES, 1 ascorbic acid, adjusted to pH
7.4), yielding a potassium reversal potential of about —40 mV.
Ascorbic acid prevented the spontaneous oxidation of dopa-
mine, which was purchased from Sigma-Aldrich (St. Louis, MO).

Data analysis

Electrophysiological data were analyzed in Clampfit 10.6
(Molecular Devices). Concentration-response curves were
calculated using the variable-slope sigmoidal functions in
GraphPad Prism 6. In each cell, the current responses evoked by
each concentration of agonist were normalized to the mean
response evoked by 1 uM dopamine in oocytes from the same
batch (i.e; same toad and preparation date). Normalized
concentration-response data were fitted to the following
equation:

Y = top/ (1 + 10!(lee ECa=¥)xn))

where Y is the normalized GIRK current response, top is the
maximal response to the agonist in question, X is the logarithm
of agonist concentration, and »n is the Hill slope.

Differences in response decay rates between agonists and
conditions were evaluated for statistical significance in Graph-
Pad Prism 6 using one-way ANOVA with Bonferroni's test for
multiple comparisons.

Data availability

All data needed to evaluate the conclusions are present in the
paper, the supplementary material or have been made available
at GPCRmd* (https://submission.gpcrmd.org/dynadb/
publications/1474/).

Author contributions

TMS, JS performed computational experiments which guided
wet lab experiments carried out by AM. TMS, AM, BB and ]S
analysed and interpreted obtained results. MTF carried out the
sequence analysis of receptors and their natural genetic vari-
ants. RA carried the GIRK channel experiments under supervi-
sion from KS. TMS, MTF and ]S prepared figures for
publication. TMS and JS wrote the manuscript with input from
AM, KS and BB. JS supervised and coordinated the project.

© 2021 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

Conflicts of interest

The authors declare no conflict of interest.

Acknowledgements

TMS would like to acknowledge support from the National
Center of Science, Poland (grant number 2017/27/N/NZ2/
02571). MTF acknowledges financial support from the
Spanish Ministry of Science, Innovation and Universities
(FPU16/01209). JS acknowledges financial support from the
Instituto de Salud Carlos III FEDER (PI15/00460 and PI18/
00094) and the ERA-NET NEURON & Ministry of Economy,
Industry and Competitiveness (AC18/00030). TMS, RA, MTF, KS
and JS participate in the European COST Action CA18133
(ERNEST). Finally, the authors would like to thank Dorothee
Moller and Peter Gmeiner for discussion and helpful comments
on GPCR signaling bias.

References

1 L. J. Elias and D. M. Saucier, Neuropsychology: clinical and
experimental foundations, Pearson/Allyn & Bacon, 2006.

2 ]J. C. Venter, et al., The sequence of the human genome,
Science, 2001, 291, 1304-1351.

3 J. M. Beaulieu, S. Espinoza and R. R. Gainetdinov, Dopamine
receptors — IUPHAR review 13, Br. J. Pharmacol., 2015, 172, 1-
23.

4 S. Galandrin, G. Oligny-Longpré and M. Bouvier, The evasive
nature of drug efficacy: implications for drug discovery,
Trends Pharmacol. Sci., 2007, 28, 423-430.

5 T. P. Kenakin and L. J. Miller, Seven transmembrane
receptors as shapeshifting proteins: The impact of
allosteric modulation and functional selectivity on new
drug discovery, Pharmacol. Rev., 2010, 62, 265-304.

6 J. D. Violin, et al., Selectively Engaging B-Arrestins at the
Angiotensin II Type 1 Receptor Reduces Blood Pressure
and Increases Cardiac Performance, Pharmacol. Ther.,
2010, 335, 572-579.

7 K. L. White, et al, The G protein-biased k-opioid receptor
agonist RB-64 is analgesic with a unique spectrum of
activities in vivo, J. Pharmacol. Exp. Ther., 2015, 352, 98-109.

8 B. Masri, et al., Antagonism of dopamine D2 receptor/beta-
arrestin 2 interaction is a common property of clinically
effective antipsychotics, Proc. Natl. Acad. Sci. U. S. A., 2008,
105, 13656-13661.

9 B. Minnel, et al., Hydroxy-Substituted
Heteroarylpiperazines: Novel Scaffolds for B-Arrestin-Biased
D2R Agonists, J. Med. Chem., 2017, 60, 4693-4713.

10 D. Moller, et al, Discovery of G Protein-Biased
Dopaminergics with a Pyrazolo[1,5-a]pyridine Substructure,
J. Med. Chem., 2017, 60, 2908-2929.

11 M. Marti-Solano, et al., Detection of new biased agonists for
the serotonin 5-HT2A receptor: modeling and experimental
validation, Mol. Pharmacol., 2015, 87, 740-746.

12 R. Woodward, C. Coley, S. Daniell, L. H. Naylor and
P. G. Strange, Investigation of the role of conserved serine

Chem. Sci., 2021, 12, 10990-11003 | 11001


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1sc00749a

Open Access Article. Published on 02 July 2021. Downloaded on 2/11/2026 7:53:29 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science

residues in the long form of the rat D2 dopamine receptor
using site-directed mutagenesis, J. Neurochem., 1996, 66,
394-402.

13 J. C. Fowler, S. Bhattacharya, J. D. Urban, N. Vaidehi and
R. B. Mailman, Receptor Conformations Involved in
Dopamine D2L Receptor Functional Selectivity Induced by
Selected Transmembrane-5 Serine Mutations, Mol
Pharmacol., 2012, 81, 820-831.

14 B. L. Wiens, C. S. Nelson and K. A. Neve, Contribution of
Serine Residues to Constitutive and Agonist- Induced
Signaling via the D 2S Dopamine Receptor: Evidence for
Multiple , Agonist-Specific Active Conformations, Mol
Pharmacol., 1998, 444, 435-444.

15 B. A. Cox, R. A. Henningsen, T. Spanoyannis, T. L. Neve and
K. A. Neve, Contributions of Conserved Serine Residues to
the Interactions of Ligands with Dopamine D , Receptors,
J. Neurochem., 1992, 59, 627-635.

16 J. Yin, et al., Structure of a D2 dopamine receptor-G-protein
complex in a lipid membrane, Nature, 2020, 584, 125-129.

17 N. Saleh, P. Ibrahim and T. Clark, Differences between G-
Protein-Stabilized Agonist-GPCR Complexes and their
Nanobody-Stabilized Equivalents, Angew. Chemie, 2017, 56,
9008-9012.

18 K. a. Marino, L. Sutto and F. L. Gervasio, The effect of
a widespread cancer-causing mutation on the inactive to
active dynamics of the B-Raf kinase, . Am. Chem. Soc.,
2015, 137, 5280-5283.

19 X. Xu, et al., Binding pathway determines norepinephrine
selectivity for the human B1AR over B2AR, Cell Res, 2021,
31, 569-579.

20 C. Coley, R. Woodward, A. M. Johansson, P. G. Strange and
L. H. Naylor, Effect of Multiple Serine/Alanine Mutations
in the Transmembrane Spanning Region V of the D 2
Dopamine Receptor on Ligand Binding, J. Neurochem.,
2000, 74, 358-366.

21 N. Tschammer, et al., Histidine 6 . 55 Is a Major Determinant
of Ligand-Biased Signaling in Dopamine D 2L Receptor, Mol.
Pharmacol., 2011, 79, 575-585.

22 J. G. Cannon, Structure-activity relationships of dopamine
agonists, Annu. Rev. Pharmacol. Toxicol., 1983, 23, 103-129.

23 T. Kenakin and A. Christopoulos, Signalling bias in new drug
discovery: detection, quantification and therapeutic impact,
Nat. Rev. Drug Discovery, 2013, 12, 205-216.

24 E. T. van der Westhuizen, B. Breton, A. Christopoulos and
M. Bouvier, Quantification of Ligand Bias for Clinically
Relevant 2-Adrenergic Receptor Ligands: Implications for
Drug Taxonomy, Mol. Pharmacol., 2014, 85, 492-509.

25 J. Celver, M. Sharma, V. Thanawala, J. Christopher Octeau
and A. Kovoor, Arrestin-dependent but G-protein coupled
receptor kinase-independent uncoupling of D2-dopamine
receptors, J. Neurochem., 2013, 127, 57-65.

26 R. Agren, P. Arhem, J. Nilsson and K. Sahlholm, The beta-
arrestin-biased dopamine D 2 receptor ligand, UNC9994, is
a partial agonist at g-protein-mediated potassium channel
activation, Int. J. Neuropsychopharmacol., 2018, 21, 1102-
1108.

1002 | Chem. Sci., 2021, 12, 10990-11003

View Article Online

Edge Article

27 N. Dascal and U. Kahanovitch, The Roles of Gy and Ga in
Gating and Regulation of GIRK Channels, Int. Rev.
Neurobiol., 2015, 123, 27-85.

28 T. Sommer, et al, Identification of the beer component
hordenine as food-derived dopamine D2 receptor agonist
by virtual screening a 3D compound database, Sci. Rep.,
2017, 7, 1-12.

29 D. Moller, et al, Discovery of G Protein-Biased
Dopaminergics with a Pyrazolo [1,5-a] pyridine
Substructure Discovery of Substructure, J. Med. Chem.,
2017, 60, 2908-2929.

30 J. D. McCorvy, et al., Structure-inspired design of B-arrestin-
biased ligands for aminergic GPCRs, Nat. Chem. Biol., 2017,
14, 126-134.

31 D. Weichert, et al, Molecular Determinants of Biased
Agonism at the Dopamine D , Receptor, /. Med. Chem.,
2015, 58, 2703-2717.

32 M. Masureel, et al, Structural insights into binding
specificity, efficacy and bias of a B2 AR partial agonist, Nat.
Chem. Biol., 2018, 14, 1059-1066.

33 G. Pandy-Szekeres, et al., GPCRdb in 2018: Adding GPCR
structure models and ligands, Nucleic Acids Res., 2018, 46,
D440-D446.

34 L. Qu, et al., Structural Basis of the Diversity of Adrenergic
Receptors, Cell Rep., 2019, 29, 2929-2935.e4.

35 F. Sievers, et al., Fast, scalable generation of high-quality
protein multiple sequence alignments using Clustal
Omega, Mol. Syst. Biol., 2014, 7, 539.

36 P. Labute, Protonate3D: Assignment of ionization states and
hydrogen coordinates to macromolecular structures,
Proteins Struct. Funct. Bioinforma., 2009, 75, 187-205.

37 M. L. Verdonk, J. C. Cole, M. J. Hartshorn, C. W. Murray and
R. D. Taylor, Improved protein-ligand docking using GOLD,
Proteins Struct. Funct. Genet., 2003, 52, 609-623.

38 M. a. Lomize, A. L. Lomize, I. D. Pogozheva and
H. I. O. P. M. Mosberg, Orientations of proteins in
membranes database, Bioinformatics, 2006, 22, 623-625.

39 S. Jo, J. B. Lim, J. B. Klauda and W. Im, CHARMM-GUI
Membrane Builder for mixed bilayers and its application
to yeast membranes, Biophys. J., 2009, 97, 50-58.

40 J. B. Klauda, et al., Update of the CHARMM All-Atom Additive
Force Field for Lipids: Validation on Six Lipid Types, J. Phys.
Chem. B, 2010, 114, 7830-7843.

41 K. Vanommeslaeghe, et al., CHARMM general force field: A
force field for drug-like molecules compatible with the
CHARMM all-atom additive biological force fields, J.
Comput. Chem., 2010, 31, 671-690.

42 W. Yu, X. He, K. Vanommeslaeghe and A. D. MacKerell,
Extension of the CHARMM general force field to sulfonyl-
containing compounds and its utility in biomolecular
simulations, J. Comput. Chem., 2012, 33, 2451-2468.

43 M. ]J. Harvey, G. Giupponi and G. De Fabritiis, ACEMD:
Accelerating biomolecular dynamics in the microsecond
time scale, J. Chem. Theory Comput., 2009, 5, 1632-1639.

44 K. A. Feenstra, B. Hess and H. J. C. Berendsen, Improving
efficiency of large time-scale molecular dynamics

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1sc00749a

Open Access Article. Published on 02 July 2021. Downloaded on 2/11/2026 7:53:29 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Edge Article

simulations of hydrogen-rich systems, J. Comput. Chem.,
1999, 20, 786-798.

45 A. Laio and F. L. Gervasio, Metadynamics: a method to
simulate rare events and reconstruct the free energy in
biophysics, chemistry and material science, Reports Prog.
Phys., 2008, 71, 126601.

46 M. Bonomi, et al.,, PLUMED: A portable plugin for free-
energy calculations with molecular dynamics, Comput.
Phys. Commun., 2009, 180, 1961-1972.

© 2021 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

47 P. Raiteri, A. Laio, F. L. Gervasio, C. Micheletti and
M. Parrinello, Efficient reconstruction of complex free
energy landscapes by multiple walkers metadynamics, J.
Phys. Chem. B, 2006, 110, 3533-3539.

48 Y. Namkung, et al., Monitoring G protein-coupled receptor
and PB-arrestin trafficking in live cells using enhanced
bystander BRET, Nat. Commun., 2016, 7, 12178.

49 1. Rodriguez-Espigares, et al, GPCRmd uncovers the
dynamics of the 3D-GPCRome, Nat. Methods, 2020, 17,
777-787.

Chem. Sci., 2021, 12, 10990-11003 | 11003


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1sc00749a

	Mechanistic insights into dopaminergic and serotonergic neurotransmission tnqh_x2013 concerted interactions with helices 5 and 6 drive the functional outcomeElectronic supplementary information (ESI) available. See DOI: 10.1039/d1sc00749a
	Mechanistic insights into dopaminergic and serotonergic neurotransmission tnqh_x2013 concerted interactions with helices 5 and 6 drive the functional outcomeElectronic supplementary information (ESI) available. See DOI: 10.1039/d1sc00749a
	Mechanistic insights into dopaminergic and serotonergic neurotransmission tnqh_x2013 concerted interactions with helices 5 and 6 drive the functional outcomeElectronic supplementary information (ESI) available. See DOI: 10.1039/d1sc00749a
	Mechanistic insights into dopaminergic and serotonergic neurotransmission tnqh_x2013 concerted interactions with helices 5 and 6 drive the functional outcomeElectronic supplementary information (ESI) available. See DOI: 10.1039/d1sc00749a
	Mechanistic insights into dopaminergic and serotonergic neurotransmission tnqh_x2013 concerted interactions with helices 5 and 6 drive the functional outcomeElectronic supplementary information (ESI) available. See DOI: 10.1039/d1sc00749a
	Mechanistic insights into dopaminergic and serotonergic neurotransmission tnqh_x2013 concerted interactions with helices 5 and 6 drive the functional outcomeElectronic supplementary information (ESI) available. See DOI: 10.1039/d1sc00749a
	Mechanistic insights into dopaminergic and serotonergic neurotransmission tnqh_x2013 concerted interactions with helices 5 and 6 drive the functional outcomeElectronic supplementary information (ESI) available. See DOI: 10.1039/d1sc00749a
	Mechanistic insights into dopaminergic and serotonergic neurotransmission tnqh_x2013 concerted interactions with helices 5 and 6 drive the functional outcomeElectronic supplementary information (ESI) available. See DOI: 10.1039/d1sc00749a
	Mechanistic insights into dopaminergic and serotonergic neurotransmission tnqh_x2013 concerted interactions with helices 5 and 6 drive the functional outcomeElectronic supplementary information (ESI) available. See DOI: 10.1039/d1sc00749a
	Mechanistic insights into dopaminergic and serotonergic neurotransmission tnqh_x2013 concerted interactions with helices 5 and 6 drive the functional outcomeElectronic supplementary information (ESI) available. See DOI: 10.1039/d1sc00749a

	Mechanistic insights into dopaminergic and serotonergic neurotransmission tnqh_x2013 concerted interactions with helices 5 and 6 drive the functional outcomeElectronic supplementary information (ESI) available. See DOI: 10.1039/d1sc00749a
	Mechanistic insights into dopaminergic and serotonergic neurotransmission tnqh_x2013 concerted interactions with helices 5 and 6 drive the functional outcomeElectronic supplementary information (ESI) available. See DOI: 10.1039/d1sc00749a
	Mechanistic insights into dopaminergic and serotonergic neurotransmission tnqh_x2013 concerted interactions with helices 5 and 6 drive the functional outcomeElectronic supplementary information (ESI) available. See DOI: 10.1039/d1sc00749a
	Mechanistic insights into dopaminergic and serotonergic neurotransmission tnqh_x2013 concerted interactions with helices 5 and 6 drive the functional outcomeElectronic supplementary information (ESI) available. See DOI: 10.1039/d1sc00749a
	Mechanistic insights into dopaminergic and serotonergic neurotransmission tnqh_x2013 concerted interactions with helices 5 and 6 drive the functional outcomeElectronic supplementary information (ESI) available. See DOI: 10.1039/d1sc00749a
	Mechanistic insights into dopaminergic and serotonergic neurotransmission tnqh_x2013 concerted interactions with helices 5 and 6 drive the functional outcomeElectronic supplementary information (ESI) available. See DOI: 10.1039/d1sc00749a
	Mechanistic insights into dopaminergic and serotonergic neurotransmission tnqh_x2013 concerted interactions with helices 5 and 6 drive the functional outcomeElectronic supplementary information (ESI) available. See DOI: 10.1039/d1sc00749a
	Mechanistic insights into dopaminergic and serotonergic neurotransmission tnqh_x2013 concerted interactions with helices 5 and 6 drive the functional outcomeElectronic supplementary information (ESI) available. See DOI: 10.1039/d1sc00749a
	Mechanistic insights into dopaminergic and serotonergic neurotransmission tnqh_x2013 concerted interactions with helices 5 and 6 drive the functional outcomeElectronic supplementary information (ESI) available. See DOI: 10.1039/d1sc00749a
	Mechanistic insights into dopaminergic and serotonergic neurotransmission tnqh_x2013 concerted interactions with helices 5 and 6 drive the functional outcomeElectronic supplementary information (ESI) available. See DOI: 10.1039/d1sc00749a
	Mechanistic insights into dopaminergic and serotonergic neurotransmission tnqh_x2013 concerted interactions with helices 5 and 6 drive the functional outcomeElectronic supplementary information (ESI) available. See DOI: 10.1039/d1sc00749a
	Mechanistic insights into dopaminergic and serotonergic neurotransmission tnqh_x2013 concerted interactions with helices 5 and 6 drive the functional outcomeElectronic supplementary information (ESI) available. See DOI: 10.1039/d1sc00749a
	Mechanistic insights into dopaminergic and serotonergic neurotransmission tnqh_x2013 concerted interactions with helices 5 and 6 drive the functional outcomeElectronic supplementary information (ESI) available. See DOI: 10.1039/d1sc00749a
	Mechanistic insights into dopaminergic and serotonergic neurotransmission tnqh_x2013 concerted interactions with helices 5 and 6 drive the functional outcomeElectronic supplementary information (ESI) available. See DOI: 10.1039/d1sc00749a
	Mechanistic insights into dopaminergic and serotonergic neurotransmission tnqh_x2013 concerted interactions with helices 5 and 6 drive the functional outcomeElectronic supplementary information (ESI) available. See DOI: 10.1039/d1sc00749a

	Mechanistic insights into dopaminergic and serotonergic neurotransmission tnqh_x2013 concerted interactions with helices 5 and 6 drive the functional outcomeElectronic supplementary information (ESI) available. See DOI: 10.1039/d1sc00749a
	Mechanistic insights into dopaminergic and serotonergic neurotransmission tnqh_x2013 concerted interactions with helices 5 and 6 drive the functional outcomeElectronic supplementary information (ESI) available. See DOI: 10.1039/d1sc00749a
	Mechanistic insights into dopaminergic and serotonergic neurotransmission tnqh_x2013 concerted interactions with helices 5 and 6 drive the functional outcomeElectronic supplementary information (ESI) available. See DOI: 10.1039/d1sc00749a
	Mechanistic insights into dopaminergic and serotonergic neurotransmission tnqh_x2013 concerted interactions with helices 5 and 6 drive the functional outcomeElectronic supplementary information (ESI) available. See DOI: 10.1039/d1sc00749a




