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SUMMARY

G protein-coupled receptors (GPCRs) are major drug targets and key regulators of cell signaling. The basis
of functional diversification between individual GPCRs and families of GPCRs can be revealed by investi-
gating evolutionary conservation patterns. In this study, we investigated the functional role of specifically
conserved residues in the TM1/TM7/H8 dimerization interface of beta-adrenergic receptors (BARs). Resi-
dues specifically conserved for B2ZAR compared to B1AR and B3AR subtypes were identified via phyloge-
netic analysis. The significance of residues differentially conserved between receptor subtypes at the TM1/
TM1 interface was investigated using molecular dynamics (MD) simulations in combination with biophys-
ical and functional studies. Our findings suggest that differentially conserved residues within TM1 of BARs
modulate receptor conformation without disrupting dimerization to impact cell surface expression, basal
activity, and endocytosis. This highlights the importance of TM1 in modulating receptor function and
provides new insights into the evolutionary and functional differences among beta-adrenergic receptor

subtypes.

INTRODUCTION

G protein-coupled receptors (GPCRs) are key regulators of
cellular signaling and are responsible for a variety of phy-
siological responses.” Due to their regulatory power and
accessibility at the plasma membrane, they are major drug tar-
gets.” While the activity of GPCRs can be artificially influenced
by drugs, they have also evolved multiple checkpoints to regu-
late their activation by endogenous ligands. These regulatory
mechanisms ensure that misfolded receptors do not reach
the cell membrane,® control signal specificity through G pro-
tein-coupling selectivity, and modulate sensitivity to external
stimuli via receptor desensitization and internalization medi-
ated through GPCR kinases and p-arrestins.®® It has been
shown that receptor dimerization plays a critical role in recep-
tor maturation and internalization, in addition to modulating
and diversifying signaling.”'® Despite the increased under-
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standing of the mechanisms that drive functional diversity
from GPCRs, how specificity shapes receptor activity from
common mechanisms for an individual GPCR is poorly
understood.

Throughout evolution, GPCRs have undergone functional
diversification to facilitate cellular signaling. The basis of
functional diversification can be revealed by investigating
evolutionary conservation patterns. It is known that residues
critical to receptor functions are typically resistant to muta-
tions and conserved across orthologs, even those that are
evolutionarily distant. Substitution of a residue at a homolo-
gous position in a paralogous receptor, while being conserved
within its orthologs, indicates functional differentiation, such
as an affinity for a distinct ligand or G protein.”""'? The trans-
membrane (TM) core of GPCRs is highly conserved and thus a
region to assess residues critical to function via differential
conservation analysis. A GPCR property regulated by TM
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domains is receptor dimerization. Among the various dimeriza-
tion interfaces observed in GPCRs, identifying the most
functionally relevant is important for understanding their
contribution to receptor function and dynamics.'® Experi-
mental structures across Class A GPCRs suggest that inter-
faces involving TM1/TM2/helix 8 (H8) and TM3/4/5 are more
frequently observed than other interfaces.”'*'” Comparison
of these two interfaces via large-scale molecular dynamics
(MD) simulations suggests that the TM1/TM2/H8 interface is
more stable than the TM3/4/5 interface.’®

The three human f-adrenergic receptor (BAR) subtypes,
B1AR, B2AR, and B3AR, are class A GPCRs and share 51%
sequence identity between Trp1.31 - Asp5.73 and Glu6.30-
CysH8-Cterm, i.e., excluding the N- and C-termini and most of
cytoplasmic loop 3. B1AR and B2AR have high structural and
sequence similarity and are commonly used as models of
GPCR function. While all BARs can couple to Gas, there are clear
differences in activity at a cellular and physiological level. B1AR
and B2AR have distinct and often opposing roles in cardiac
physiology and differ in their intracellular trafficking, ligand
affinity, and propensity to form homomers.'®=22

Structural data of the ligand-free turkey p1-adrenergic
receptor (B1AR) and disulfide-trapping experiments indicate a
role for the TM1/TM2/H8 interface.”® These interaction sites
within the TM domains may also impact additional functions,
including biosynthetic receptor trafficking to the cell membrane
for distinct GPCRs, including muscarinic M; acetylcholine
receptor,”® apg-adrenergic receptor, angiotensin Il type 1A re-
ceptor,?® and the B2AR.?® Parmar et al. further suggested the
existence of an ionic bond between TM1 and H8 that is crucial
for proper receptor dimerization and sufficient cell surface
expression in B2AR homodimers. In addition, single-molecule
studies have demonstrated that ligand-free B2AR dimers
interact with its heterotrimeric G protein Gas to regulate its
constitutive activity.?” Overall, this suggests the intricate
connection of distinct functional activities through these
receptor-receptor interactions.

While previous studies have focused primarily on investigating
loss-of-function rather than the exploration of the evolutionary
rationale behind the differences in conserved interfaces and their
effects on receptor activity, our goal is to investigate the
functional significance of residues differentially conserved be-
tween BAR subtypes at the TM1/TM1 interface. To investigate
BAR subtype-specific differences, we utilized a phylogenetic
analytical platform that we previously developed to identify G
protein interaction networks for the BARs,'' aiming to pinpoint
residues within a dimerization interface that are uniquely
conserved for B2AR compared to B1AR and B3AR subtypes.
We then mutated these residues to their B1AR and B3AR
counterparts and assessed their impact on B2AR homodimeri-
zation, cell surface expression, cAMP signaling, and receptor
internalization, including analysis by MD simulations. Our find-
ings indicate that the mutation of specific residues within TM1
does not disrupt dimer interaction but may impact receptor-re-
ceptor conformations, highlighting distinct roles of these resi-
dues to increase or decrease basal activity. Overall, we argue
for the existence of two co-evolved residues that regulate
receptor internalization for aminergic receptors.
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RESULTS

Evolutionary analysis of conserved interfaces in
p-adrenergic receptor dimers

In order to investigate the impact of subtype-specific BAR resi-
dues on receptor dimerization, we utilized the structure of the
turkey B1AR oligomer (PDB:4GPO).%® Using the PISA (Proteins,
Interfaces, Structures, and Assembilies) server (https://www.ebi.
ac.uk/msd-srv/prot_int/pistart.ntml), we detected 24 residues
within the TM1/TM7/H8 dimerization interface (Figure 1A).%®
Additionally, for each BAR subtype, we quantified the residue
conservation at this interface by using MSAs of previously
identified orthologs (Figure 1A middle section). At each column,
we first identified the most frequent amino acid and then
summed its count with the counts of all amino acids considered
similar to this (BLOSUMBS8O0 > 1). Dividing this combined count by
the total number of non-gap residues in the column gave the
conservation percentage. In addition to these 24 residues, we
also included F49'#8 from B2AR as the 25™ residue because it
is conserved for B2AR and faces the dimerization interface.
We used a stringent 90% conservation cutoff (except B1AR
L70) and identified the most critical interface residues
(Figure 1B). We divided residues into two main categories:
consensus and receptor-specific based on their conservation
within orthologs and divergence across BAR subtypes. When
all three receptors conserve a similar type of amino acid at the
same position within their orthologs, we labeled that residue as
consensus, indicating a shared function. On the other hand,
when a receptor subtype conserves a non-similar amino acid
unique to that subtype, we labeled that position as specifically
conserved for that receptor, hinting at functional divergence. In
total, our approach yielded six consensus and five specifically
conserved residues. We demonstrated the positions of these
residues on an experimental dimer structure. Residues L/M40
(B2AR residue numbers), V/144, L/M45, P88, A91, and R333
were identified as consensus in our analysis. They are likely to
play a critical role in the dimerization of all three BAR subtypes;
however, for this study, we decided to focus on specifically
conserved residues that could induce functional differentiation.
Within five specifically conserved residues, we identified that
B2AR conserves V/134"-%% with 97.30%, S41'° with 98.65%,
F49'® with 98.65%, and E338%°° with 96.05%, while B3AR
conserves R/K357 with 100% conservation percentage. We
excluded E338%°° from our analysis because it was previously
investigated by Parmar et al.”®

Impact of mutating conserved B2AR residues to f1-
adrenergic receptor/B3AR on receptor-receptor
interactions

To understand the differential role of the specifically conserved
residues at the dimerization interface, we chose B2AR, the best
studied of the BARs. We used site-directed mutagenesis to
create a B2AR with B1AR/B3AR mutants V34A'33 S41A140,
V34A/S41A, and F49A™*® and elucidate differences in the
functional evolution of these receptors. Although all residues
were mutated to alanine, the mutations were not intended to
be disrupting mutations for a dimer interaction but reflected
changes to the B1AR/B3AR sequence. To assess the impact
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Figure 1. Evolutionary analysis reveals consensus and specifically conserved residues at the dimerization interface

(A) The phylogenetic tree depicts the diversification of the B1AR, B2AR, and B3AR subtypes. The residue conservation analysis of the 24 residues within the TM1/
TM7/H8 dimerization interface shows the sequence alignment and conserved residues across these subtypes. The schematic on the right illustrates the pre-
dicted dimerization interfaces within the transmembrane helices, highlighting receptor-specific conserved residues (marked with red dots).

(B) Table for the consensus and specifically conserved residues. For the positions at the dimerization interface, conserved amino acid(s), residue number, and
conservation percentages are shown. The number of orthologs used for the calculation of conservation percentages is shown at the top. Annotation column
indicates if a position is shared across all BAR subtypes (consensus) or specific to a receptor subtype (specifically conserved). Dimerization interface observed in
turkey B1AR (PDB ID: 4GPO). B2AR-specific positions are represented by red spheres, and B3AR-specific positions are represented by blue spheres. Three

residues chosen for further experimental analysis are labeled.

of the mutations on B2AR homodimerization, we employed
bioluminescence resonance energy transfer (BRET) in HEK
293 cells transiently transfected with Rluc8-tagged B2AR and
increasing amounts of Venus-tagged B2AR (Figure 2A). The
BRETsg, a measure of receptor-receptor affinity, and
BRETax, @ measure of the distance between receptors, were
determined from BRET saturation curves (Figures 2B and 2C).
Consistent with previous reports on the ability of B2AR to
dimerize, the wildtype (WT) B2AR exhibited saturation in the
BRET signal (Figure 2D). Cells expressing B2AR S41A"40 ex-
hibited a small but significant decrease in BRET5q, suggesting
an increase in the affinity or stability of this interaction
(Figure 2D). V34A'-33 exhibited a significantly lower BRETnax
and BRETj5, indicating both an increase in the distance be-
tween protomer tags and a higher affinity, overall suggesting
a conformational rearrangement within this complex. This can
either indicate the utilization of a different interface or adjust-
ments to the existing interface, leading to increased distance
between protomer tags. Interestingly, the double mutant ex-
hibited a similar BRET interaction profile to the WT receptor,
suggesting this double mutant “rescued” the conformational
changes observed in the individual mutants. These results
indicate that while these residues in the TM1 interface are not

essential for B2AR homomeric interactions, they modulate the
molecular arrangement of these associations.

Subsequently, we performed molecular dynamics (MD)
simulations using the inactive state of the receptor to assess
the strength of the interactions across different mutants. We
used the interface observed in the crystal structure of the turkey
B1AR? as our template due to its evolutionary proximity to B2AR
and superimposed two inactive B2AR structures. We performed
5 replicates of 500 ns all-atom MD simulations for each mutant
and looked at the total interaction strength by using a residue-
residue contact score (RRCS) algorithm.?® For each residue
pair in the dimerization interface, we calculated interface contact
scores and summed all the contact scores to calculate the
interface contact scores for a given simulation frame. For each
simulation, we retrieved 11 frames with 50 ns intervals and calcu-
lated the interface contact score between the protomers, result-
ing in 55 data points for each mutant. We compared interface
contact score distributions between mutants to understand the
impact of substitutions on dimer strength. As a result, we
observed that simulations with the V34A'3® mutation exhibit
the lowest median interface contact score, and this score was
significantly lower compared to WT, S41A'4°, and F49A'48
mutants (Figure 3). This supports the rearrangement of the
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Figure 2. B2AR V34A'* and S41A"“° mutations alter the organization of receptor homomers

(A) Schematic showing the experimental design of BRET for receptor-receptor associations. HEK 293 cells were transiently transfected with equal amounts of
Rluc8-tagged receptor, either wild-type or with mutations, and increasing amounts of Venus-tagged receptor, either wild-type or with mutations. BRET saturation
curves were used to determine the (B) BRETax and (C) the BRETso. Data are the mean + SEM; one-sample t test: *p < 0.05.

(D) Curve plotted using one-site specific binding saturation equation, representative curves shown, n = 6-8.

V34A™33 homomers and rescue of the BRET signal observed
in the double mutant in vitro (Figure 2). While S41A™4° simula-
tions exhibit a higher average interface contact score, it is not
enough to create a statistically significant difference. We further
validated the decrease in dimer strength observed in the
V34A'3® mutation by performing MM-GBSA calculations to
estimate the change in binding free energy (AG). In agreement
with our RRCS analysis, V34A'3® |eads to increased AG, indi-
cating weaker dimerization, while the double mutant recovers
to WT levels (Table S1). Detailed residue-level analysis revealed
that V34A'3® lowers the binding contributions of neighboring
TM1 residues, V31'-%°, v33'%2 @G37'%, 138'%8, 541140,
L42"41, and L45"44, consistent with the observed loss of overall
dimer affinity (Tables S2 and S3).

Although the residues selected do not involve important
activation motifs, given the alterations in receptor dimerization,
we assessed the ability of mutant receptors to activate the
classical signaling pathway of B2AR - the Gas/AC/cAMP
pathway. HEK 293 cells transiently transfected with WT or
mutant receptors were treated with increasing concentrations
of B2AR agonist, isoproterenol. There was no difference in either
the maximal response to agonist stimulation or the EC5, across
receptors (Figures 4A and 4B). However, basal levels of cAMP
production were significantly decreased (p < 0.05) in cells
expressing the double mutant (Figure 4C). Based on these re-
sults, we can conclude that although we have observed changes
in di/oligomerization dynamics of V34A™3% and S41A"4° muta-
tions individually, none of these mutations significantly altered
agonist-dependent cAMP production.
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Co-evolved residues in transmembrane 1 of B2AR
regulate constitutive internalization without impacting
ligand-induced activation

One role of B2AR dimerization, via interfaces involving TM1/H8,
that has been proposed is efficient folding and plasma
membrane surface expression.”® To assess the impact of these
mutations on cell surface expression, HEK 293 cells expressing
HA-tagged receptors were labeled live with anti-HA antibody
and measured by flow cytometry. We measured two parame-
ters: the percentage of cells expressing the receptor (% gated)
and the level of cell surface expression in those cells expressing
the receptor (gated mean fluorescence). While F49A™48 cell
surface expression was the same as WT, V34A'3® and
S41A™4° exhibited very minor but significant reductions in cell
surface expression and/or % cells expressing receptor
(Figures 5A and 5B). Cells expressing the double mutant
exhibited greater reductions in both the percent gated (percent-
age of cells expressing the receptor) and the gated mean fluo-
rescence (level of cell surface expression in those cells express-
ing the receptor) when compared to WT. To understand if these
changes were due to reductions in the total cellular expression of
the B2AR double mutant, B2AR-Rluc8 WT or mutant constructs
were expressed, and the luminescent signal was measured
(Figure 5C). This revealed that there was no difference in the total
cell expression between WT receptors and V34A'33 S41A™4°, or
V34A/S41A mutants. Surprisingly, there was a significant in-
crease in the whole-cell expression of F49A™48 mutant receptors
compared to WT (Figure 5C), despite there being no difference in
plasma membrane expression (Figures 5A and 5B).
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Figure 3. Comparison of interface contact score distributions of
different mutants at the dimerization interface

Each data point represents the interface contact score for a receptor for a
given MD simulation frame with a 50 ns interval. V34A simulations exhibit
significantly lower (padj<0.01) interface contact scores than WT, S41A, and
F49A (indicated by **), except the double mutant is indicated by “ns.” One-way
ANOVA followed by Tukey’s honest significant difference (HSD) post-hoc test.
ns: not significant, RRCS: Residue-Residue Contact Score. See also
Tables S1, S2, S3.

To understand if the decrease in basal cAMP production is
caused by lower plasma membrane expression of the double
mutant, flow cytometry was used with decreasing concentra-
tions of WT receptor transfected to engineer conditions where
WT and double mutant cell surface expression levels were equal
(Figure S1). Under such conditions, there were no significant
differences in basal levels of cAMP (Figure 5D) nor agonist-medi-
ated cAMP production (Figure 5E). This suggests that decreases
in basal activity of the double mutant are due to its reduced cell
surface expression.

To differentiate whether the changes in the cell surface
expression of the double mutant were due to ER retention or
enhanced constitutive internalization, cells were imaged under
two conditions. Cells were either “fed” with antibody live to
measure receptors at the cell surface and those constitutively
internalizing via the endocytic pathway, or antibody incubation
was completed after fixation and permeabilization, to measure
the total pool of receptor which includes receptors in the biosyn-
thetic and endocytic pathways (Figure 5F). Cells were then
imaged via confocal microscopy. All WT and mutant receptors
exhibited plasma membrane expression, with WT, V34A'™-33
and S41A"4° exhibiting no detectable constitutive internaliza-
tion, as the presence of receptor localized in intracellular vesicles
was visible only when the antibody was incubated post-fixation/
internalization (Figure 5G). The double mutant exhibited greater
constitutive internalization compared to WT, and there was a
notable increase in intracellular F49A"“® receptor under condi-
tions that would detect both endocytic and biosynthetic local-
ized receptor (Figure 5G).
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To quantify the increase in constitutive internalization for the
double mutant observed qualitatively via confocal microscopy
(Figure 5@G), flow cytometry was performed to compare the
constitutive internalization of the WT receptor, compared to the
double mutant and the B1AR. B1AR was included as the double
mutant residues were mutated to their B1AR versions, and has
previously been demonstrated to display higher constitutive
internalization compared to B2AR.°“*' The double mutant
demonstrated significantly higher levels of constitutive internali-
zation compared to the WT, and similar to levels exhibited by
B1AR (Figure 5H). Overall, our analysis suggests that the double
mutation of two closely located and potentially co-evolved
residues at TM1 may have a role in regulating constitutive
internalization.

DISCUSSION

In this study, we applied an evolutionary biological approach to
uncover differential conservation patterns within the dimerization
interface of BARs and investigated their impact on receptor
dimerization, trafficking, and activation (Figure 6). Our studies
revealed that while these residues within the putative TM1 dimer
interface were not required for B2AR dimerization, they dif-
ferentially impact B2AR activity, interestingly, all within the
basal/ligand-independent state, with some gaining B1AR-like
properties. Collectively, this data may highlight the complex
and divergent roles of putative BAR dimer interfaces, and in
turn is consistent with emerging data that highlights the multiple
conformational states a GPCR can adopt, including prior to
ligand binding.

MD simulations revealed critical insights into B2AR dimeriza-
tion, particularly highlighting the role of specific residues
(i.e., V34" and S41"4%, These findings underscore the impor-
tance of specific residues in GPCR dimerization and suggest
potential targets for modulating receptor function in therapeutic
contexts. Our analysis further suggests a coevolution between
B2AR residues V34'-3% and $41'°, This claim is supported by
two main lines of evidence. First, other aminergic receptors
DRD1, 5HT4R, 5HT1D, and HRH4 (Table S4) also conserve
valine/isoleucine and serine at the homologous positions.
Second, when we induced the double mutation, we observed
a restoration of receptor proximity and affinity compared to the
V34A'3 mutation alone. This suggests that the S41A™4° muta-
tion acts as a balancing factor that strengthens the functional
association between these two residues. Overall, our findings
highlight the importance of differentially conserved amino acids
within the TM1/7/H8 interface in the regulation of dimer
dynamics and receptor trafficking. For the remaining residues
at the dimerization interface (Figure 1B), two are specifically
conserved for B2AR (E338%°%) and B3AR (R357%%%), and six
are shared across all three BAR subtypes, suggesting a common
mechanism. While E338%%% for B2AR was previously suggested
to be involved in salt bridge formation and regulate cell surface
expression,”® the role of R357%-%° in B3AR needs to be explored
in future studies.

In addition, we assessed if there were changes in receptor
activation by measuring constitutive and ligand-induced
cAMP signaling. Although we found no significant differences
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Figure 4. The effect of B2AR mutations on basal and ligand-induced cAMP
(A) cAMP accumulation in HEK 293 cells transiently transfected with HA-B2AR WT and mutants with isoproterenol treatment (1 pM-10 pM, 5-min).
(B) cAMP production at the maximum isoproterenol dose (10 uM) and (C) basal cAMP production. Data are the mean + SEM from n = 5-6 independent ex-

periments. One-sample t test: “*p < 0.001.
(D) ECsq values for curves in Figure 4A.

in agonist-induced cAMP signaling across the mutants, the
double mutation decreased basal levels of cAMP production
due to lowered surface expression. Previous reports have
demonstrated a significant receptor reserve for BARs in the
human heart, with only 8-25% of receptors requiring occupation
to reach half of the maximal response.® This highly saturable
system may account for why we detect no difference in
agonist-induced cAMP production between mutants, including
when we matched the expression of the double mutant to the
WT receptor and still observed no differences in ligand-induced
cAMP signaling. Nonetheless, the data show that none of the
mutants interfered with the activation mechanism of B2AR
despite the alteration of dimerization dynamics. GPCRs can
also activate Gas/cAMP signaling from intracellular compart-
ments, including early endosomes.*® In addition to the plasma
membrane, B2AR elicits a “second wave” of cAMP signaling
via early endosomes, and these compartmentalized signals are
responsible for specific outcomes.**** One interpretation of
our data is that plasma membrane and not the endosomal
localization of B2AR is important for basal activity. Thus, V34/
S41 residues may either have distinct roles in controlling basal
G protein signaling and constitutive internalization, or these
processes are interlinked.

BRET and MD simulation data combined suggest that
mutant B2AR dimers are not disrupted but are altered in con-
formation. For some mutants, e.g., S41A, a small increase in
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protomer affinity only was observed via BRET with a statistically
non-significant increase in interface contact score via MD
simulation studies, however these changes may be due to
BRET assessing interactions across multiple cellular compart-
ments and thus may reflect altered subcellular factors, e.g., lipid
environment, that are not included in the simulations performed
in this study. Although similar TMs are implicated, the dimer
interface for B1AR and B2AR is reported to be slightly different;
thus, it is perhaps unsurprising that the full disruption of homo-
mers is not measured as the mutants are likely promoting a
more “B1AR-like” interface. Additionally, the literature suggests
that the B2AR interface involves TM1 but can also include other
TMs, so disrupting TM1 may not be sufficient to fully disrupt the
dimer, as the complex may undergo modulation to favor other
interfaces.'® This is supported by the rolling dimer interface
model, which suggests that dimers are highly dynamic and might
sample multiple interfaces that co-exist and interconvert.*®

It is unclear if the enhanced constitutive internalization for the
double mutant is related to the dimer state. What this data does
highlight is the conformational complexity of GPCRs at all stages
of the GPCR life cycle and the spectrum of conformations that
exist between basal and ligand-activated receptor, clearly
demonstrated by the changes in internalization and basal
activation, which may or may not be linked to dimerization. Previ-
ous studies, however, have demonstrated that the dimerization of
B1AR and B2AR is not altered upon ligand activation,*® although
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basal associations of B2AR dimers are implicated in regulating its
basal activity.?” It is currently unclear whether the increased
F49A"“8 receptor measured intracellularly is retained following
misfolding or represents an active pool of receptors. Golgi
signaling has been shown to utilize a pre-existing receptor pool
rather than receptors delivered from the cell surface, and
nanobody studies demonstrate active B1AR localized to the
Golgi membrane, activation which is independent of receptor
internalization from the plasma membrane.*’ This is not apparent
for the B2AR, suggesting that the data may indicate F49A'“8 as a
crucial residue involved in promoting B1AR Golgi localization that
could increase the pool available for Golgi signaling.

In light of our results, we suggest that B2AR (and some other
aminergic receptors) specifically conserved two residues that
coevolved to maintain higher levels of cell surface expression.
While this emphasizes the role of amino acids in TM1, and poten-
tially a TM1/TM7/H8 interface, in regulating receptor trafficking,
cell surface expression, and consequently sensitivity of the cells
to external stimuli, it also shows a lack of involvement of interface
residues in canonical receptor activation mechanisms.

Homomer
Vas -\ rearrangement
v v
- -
Gs Gs Gs JGs
Reduced
Increased basal cAMP
constitutive
B2AR Mutants internalisation
ml V34A
i V34A-S41A -
W F49A
Tl

Figure 6. Model summarizing the functional
alterations of each B2AR mutant

While it cannot be ruled out, with current data, it is
not clear whether dimerization affects all repre-
sented processes, nor is it possible to discriminate
between receptors in the di/oligomeric state and

& L those that are monomeric at different stages.
Gs

Increased
biosynthetic pool

Limitations of the study

Our data support a rearrangement of B2AR mutant homomers;
however, a current limitation of this study is demonstrating any
location-specific alterations. As BRET measures receptor inter-
actions throughout the cell, a more localized readout is required
to delineate location-specific dimerization. Nor can we say from
our data whether interaction changes between receptors impact
basal activity or endocytosis. In addition, the pathways uncov-
ered in this study may not be conserved across cell types, and
it is not known how these mutants would behave in other
systems.

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources should be directed to the lead
contact, Ogun Adebali (oadebali@sabanciuniv.edu).

Materials availability
B2AR constructs are available from Aylin Hanyaloglu (a.hanyaloglu@imperial.
ac.uk) under a materials transfer agreement with Imperial College London.

Figure 5. Double mutation decreases basal activity by increasing constitutive internalization

(A and B) Cell surface expression of HEK 293 cells transiently transfected with HA-B2AR WT or mutant receptors. (A) Percent cells expressing receptor shown as
fold change to the WT and (B) the amount of receptor at the plasma membrane shown as fold change to the WT. n = 5, one sample t test: *p < 0.05, *p < 0.01.
(C) Whole-cell expression of B2AR-RIuc8 mutant receptors shown as fold change to the WT receptor, n = 6-10. One-sample t test: “*p < 0.01.

(D and E) cAMP production in (D) basal and (E) isoproterenol (1 pM-10 pM, 5-min) treated HEK 293 cells transiently transfected with WT and V34A-S41A B2AR and
matched for receptor expression at the plasma membrane (Figure S1).

(F) Schematic demonstrating antibody conditions for labeling endocytic/constitutively internalized receptor pools and the total pool of receptor (endocytic +
biosynthetic).

(G) Confocal microscopy images of HEK 293 cells transiently transfected with HA-B2AR WT and mutant receptors, either fed live with anti-HA antibody (endocytic
imaging) or incubated with anti-HA antibody post-fixation and permeabilization (endocytic + biosynthetic imaging). Representative images shown, n = 10 cells.
Scale bars, 10 pm; inset = 3 pm.

(H) Constitutive internalization measured in HEK 293 cells transiently transfected with HA-B2AR, HA-V34A-S41A B2AR, or HA-B1AR live labeled with anti-HA
antibody at 4°C with/without 1-h incubation at 37°C. Cell surface expression measured via flow cytometry. Data shown as percentage change from surface
expression in cells kept at 4°C, mean + SEM. n = 4. One-way ANOVA with Sidak’s multiple comparisons test: *p < 0.05; **p < 0.01. See also Figure S1.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Anti-HA.11 Epitope Tag Biolegend 901502; RRID:AB_2565007
Critical commercial assays

cAMP dynamic kit Cisbio 62AM4PEB
Experimental models: Cell lines

HEK 293 ATCC CRL-1573; RRID:CVCL_0045
Recombinant DNA

HA-B2AR-Rluc8 Johnathan Javitch NA
HA-B2AR-RIluc8 S41A variant This manuscript NA
HA-B2AR-Rluc8 V34A variant This manuscript NA
HA-B2AR-RIluc8 V34A-S41A variant This manuscript NA
HA-B2AR-Rluc8 F49A variant This manuscript NA
B2AR-Venus Johnathan Javitch NA
B2AR-Venus S41A variant This manuscript NA
B2AR-Venus V34A variant This manuscript NA
B2AR-Venus F49A variant This manuscript NA
B2AR-Venus V34A-S41A variant This manuscript NA
HA-B1AR Mark von Zastrow NA
Software and algorithms

PISA server (Protein Interfaces, Surfaces and Assemblies) Krissinel & Henrick?®

PyMOL Molecular Graphics System Schrédinger, LLC

OPM/PPM server (Orientations of Proteins in Membranes/ Lomize et al.*®

Positioning of Proteins in Membranes)

CHARMM-GUI Membrane Builder Jo et al.*%; Lee et al.*”

GROMACS Abraham et al.”’

gmx_MMPBSA Valdés-Tresanco et al.*?

Residue-residue contact score algorithm Zhou et al.*®

EXPERIMENTAL METHODS AND STUDY PARTICIPANT DETAILS

Cell lines

HEK 293 culture and transfection

HEK 293 cells (female) were maintained in DMEM containing 10% fetal bovine serum and 100 U/ml penicillin-streptomycin and
cultured in 75 cm flasks at 37°C in 95% air and 5% CQO2. Cells were routinely checked for mycoplasma. Cells at 90% confluency
were passaged using 0.25% trypsin with 0.02% EDTA in phosphate-buffered saline. HEK 293 cells were transfected using Lipofect-
amine 2000 (Invitrogen) in DMEM containing 10% FBS without antibiotics for 48h. HEK 293 cells were not authenticated internally but
were purchased from ATCC and used as initially authenticated by the vendor.

METHOD DETAILS

Identification of specifically conserved residues inside the dimerization interface

We started our analysis by identifying the interface residues of turkey B1AR dimer (PDB ID: 4GPO)?® by using the PISA online server
available at https://www.ebi.ac.uk/pdbe/pisa/.?® Next, we retrieved the multiple sequence alignment including aminergic receptors
and their one to one orthologs from our previous work.'" 70 orthologs were used for B1AR, 77 for B2AR and, 67 for B3AR. We then
determined the conservation percentages for the residues of human BARs within their orthologs by determining the most frequently
observed amino acid and other amino acids similar to that with a BLOSUMB80 score greater than 1. The conservation percentage for
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an MSA column is calculated as the total count of the most frequently conserved amino acid and the similar ones, divided by total
number of non-gap amino acids. BLOSUM (BLOcks SUbstitution Matrix) is a scoring matrix that shows the likelihood of amino acid
substitutions in protein sequences during evolution. BLOSUMBSO0 is the substitution matrix designed for proteins with 80% average
identity. The BLOSUMS80 scoring matrix is available at: https://www.ncbi.nlm.nih.gov/IEB/ToolBox/C_DOC/Ixr/source/data/
BLOSUMB80. Based on their conservation scores in }-adrenergic receptor subtypes we have divided positions into two categories:
If a position is conserved in every receptor with a similar (BLOSUM 80 score higher than 1) amino acid more than 90%, we labeled that
position as “consensus”. We made a single exception for BIAR L70. If a position is conserved in a single receptor is conserved with a
non-similar amino acid with more than 90%, we designated that position as “specifically conserved for receptor X”.

Plasmid constructs

HA-B1AR was kindly gifted by Mark von Zastrow. Wild type Venus-B2AR and wild-type HA-Rluc8-B2AR were kindly provided by
Kevin Pfleger and Jonathon Javitch, respectively. From these constructs mutations at the appropriate sites were introduced using
QuikChange site-directed mutagenesis (Agilent).

Cell lines

HEK 293 cells (ATCC) were maintained in DMEM with phenol red (Sigma), 10% fetal bovine serum (Sigma), and 100 U/mL penicillin-
streptomycin. Cells were cultured in 75 cm flasks at 37°C in 5% CO2 and were passaged upon reaching 80-90% confluency, using
0.25% trypsin with 0.02% EDTA in phosphate-buffered saline. Cells were transfected using lipofectamine 2000 (Invitrogen) in DMEM
with phenol red 10% fetal bovine serum for 48-h before experiments.

Bioluminescence resonance energy transfer

ADBR?2 wild-type and mutant homomers were measured using BRET in transiently transfected HEK 293 cells. Cells were transfected
with 200 ng B2AR Rluc8 and increasing amounts of B2AR Venus (0-700 ng). After 48 h cells were lifted manually in PBS and plated
in opaque white 96 well plates. Coelenterazine-h was added to a final concentration of 5 uM and Emission was measured at 488 nm
and 530 nm using an FLUOstar spectrofluorometer. Venus YFP was measured via excitation at 485 nm and emission at 540 nm.
Using non-linear regression, the BRET curve was plotted as Net BRET signal (acceptor/donor emission ratio, corrected for the back-
ground signal) against the ratio of acceptor to donor.

Flow cytometry
Plasma membrane expression of receptors was measured using HEK 293 cells transiently transfected with B2AR wild-type or mutant
HA-tagged receptor. 48 h later cells were live fed with anti-HA antibody (Biolegend) for 20-min at 37 °C, washed 3 times with PBS
before 1-h incubation with Alexa Fluor 488 (Invitrogen) on ice. Cells were washed three times before fluorescence was measured
using a FACS Calibur flow cytometer.

For measurement of constitutive internalization cells were labeled with primary anti-HA antibody for 1-h at 4 °C Celsius before
3 times washing with PBS and incubation of one set of cells at 37 °C for 1-h to allow constitutive internalization to resume. All cells
were then labeled with Alexa Fluor 488 for 1 h at 4 °C before cells were washed and fluorescence was measured using a FACS Calibur
flow cytometer.

cAMP accumulation

HEK 293 cells transiently expressing wild-type and mutant B2AR were plated in 96 well plates at a density of 50,000 cells per well.
24 h after plating cells were incubated with isoproterenol (1 pM-10 pM) in PBS for 5-min. Cells were lysed in Cisbio lysis buffer,
centrifuged for 15 min at 16,000g and assayed as per manufacturers protocol (Cisbio Gas dynamic assay) using a PHERAstar
FSX equipped with an HTRF optic module.

MD simulations

The X-ray structure of inactive state of the B2AR was retrieved from Protein DataBank (PDB) with the PDB ID: 4GBR.?° For TM1/TM7/
H8 dimerization interface, crystal structure of B1AR was used, which deposited to PDB in homo 2-mer global stoichiometry (PDB ID:
4GPO.?® Each B2AR monomer aligned to 4GPO to obtain dimeric assembly. Obtained dimeric B2AR dimeric structure labeled as WT,
then using PyMol, following alanine mutations were introduced, V34A'1-33 S41A"4% V34A-S41A, and F49A"*8 (The PyMOL Molecular
Graphics System, Version 2.1 Schrédinger, LLC.). Three mutations that introduced to thermostabilize the protein was mutated back
to WT (T96M, T98M, and E187N). Prepared structures were submitted to Orientations of Proteins in Membranes (OPM) (https://opm.
phar.umich.edu/) to find the orientations of dimeric structures in the lipid bilayer.*®* CHARMM-GUI web-server was used to generate
inputs for the MD simulations.®**° Since the truncated version of the B2AR (from both terminals) was used, N-terminus and
C-terminus cappings were added. In simulations, POPC lipid type, and TIP3P water model*® were used, and simulation box neutral-
ized with 0.15 M NaCl. For the ions, lipids, and proteins CHARMMS36m force field was used.***° Six equilibration steps were applied
to reach 50 ns equilibration time before the production run (5, 5, 10, 10, 10, and 10 ns). Berendsen thermostat and barostat applied in
equilibration steps.”” Production simulations were 500 ns and repeated at least 5 times using Parrinello-Rahman barostat*® and
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Nosé-Hoover thermostat.*® Gromacs version 2020 was used in simulations, and for the simulation trajectories 5000 frames were

recorded for each replica, in total 25000 frames were collected.*’

Calculation of interface contact score

We retrieved frames with 50ns intervals with each other from MD simulations of inactive-inactive WT and mutated B2ARs from each
replicate. We employed RRCS (Residue-Residue Contact Score) algorithm?® to calculate RRCSs for every residue pair within the
dimerization interface. For each frame we calculated the total RRCS by summing up RRCSs of the residues inside the dimerization
interface and called it interface contact score. To identify potential changes induced by different mutations, we used one-way ANOVA
followed by Tukey’s Honest Significant Difference (HSD) post-hoc test to compare the interface contact scores of across simulations
for each tested variant. padj<0.01 was considered as significant for this analysis.

MM-GBSA calculations

For MM-GBSA calculations, 30,000 frames were used for WT and 25,000 for the other mutants. First, all frames were concatenated to
obtain one single trajectory. Then, gmx_MMPBSA v1.6.4%? was used to calculate the interaction energies between protomers (chain
A and chain B). The GB-OBC2 model was used for the calculations (igb = 5).°° The per-residue energy decomposition was analyzed
by adding 1-4 EEL to EEL and 1-4 VDW to VDW potential terms (idecomp = 2).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical data analyses were performed in GraphPad Prism 8. In cases of multiple comparison one-way ANOVA was used with
either Tukey’s post-hoc test when comparing every mean with every other mean or Sidak’s post-hoc test when comparing a select
set of means. For interface contact score calculations one-way ANOVA was followed by Tukey’s Honest Significant Difference (HSD)
post-hoc test. padj<0.01 was considered as significant for this analysis. In cases where data had been normalized to basal or agonist
response, one-sample t test was performed to allow comparison against a bounded value. For each test, p < 0.05 was considered
significant. Detail of specific tests can be found in the figure legends.
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