
REVIEW
published: 30 January 2019

doi: 10.3389/fmed.2019.00009

Frontiers in Medicine | www.frontiersin.org 1 January 2019 | Volume 6 | Article 9

Edited by:

Sadashiva Karnik,

Cleveland Clinic Lerner College of

Medicine, United States

Reviewed by:

Wei Li,

Marshall University, United States

Coen Maas,

University Medical Center Utrecht,

Netherlands

*Correspondence:

Ursula Quitterer

ursula.quitterer@pharma.ethz.ch

Specialty section:

This article was submitted to

Hematology,

a section of the journal

Frontiers in Medicine

Received: 03 December 2018

Accepted: 14 January 2019

Published: 30 January 2019

Citation:

Quitterer U and AbdAlla S (2019)

Discovery of Pathologic GPCR

Aggregation. Front. Med. 6:9.

doi: 10.3389/fmed.2019.00009

Discovery of Pathologic GPCR
Aggregation

Ursula Quitterer 1,2* and Said AbdAlla 1

1Molecular Pharmacology, Department of Chemistry and Applied Biosciences, ETH Zurich, Zurich, Switzerland, 2Department

of Medicine, Institute of Pharmacology and Toxicology, University of Zurich, Zurich, Switzerland

The family of G-protein-coupled receptors (GPCRs) is one of the most important drug

targets. Mechanisms underlying GPCR activation and signaling are therefore of great

pharmacologic interest. It was long thought that GPCRs exist and function as monomers.

This feature was considered to distinguish GPCRs from other membrane receptors

such as receptor tyrosine kinases or cytokine receptors, which signal from dimeric

receptor complexes. But during the last two decades it was increasingly recognized that

GPCRs can undergo aggregation to form dimers and higher order oligomers, resulting

in homomeric and/or heteromeric protein complexes with different stoichiometries.

Moreover, this protein complex formation could modify GPCR signaling and function.

We contributed to this paradigm shift in GPCR pharmacology by the discovery of the

first pathologic GPCR aggregation, which is the protein complex formation between

the angiotensin II AT1 receptor and the bradykinin B2 receptor. Increased AT1-B2

heteromerization accounts for the angiotensin II hypersensitivity of pregnant women

with preeclampsia hypertension. Since the discovery of AT1-B2, other pathologic GPCR

aggregates were found, which contribute to atherosclerosis, neurodegeneration and

Alzheimer’s disease. As a result of our findings, pathologic GPCR aggregation appears

as an independent and disease-specific process, which is increasingly considered as a

novel target for pharmacologic intervention.

Keywords: G-protein-coupled receptor, oligomerization, preeclampsia, atherosclerosis, Alzheimer’s disease,

neurodegeneration, biased agonist, beta-arrestin

INTRODUCTION

G-protein-coupled receptors (GPCRs) constitute one of the largest gene families in the human
genome, and provide the target for about 20–30% of all drugs currently on the market. Since the
discovery of rhodopsin and the beta-adrenergic receptor as first GPCRs (1, 2), currently more
than 800 different genes are classified as members of the GPCR family. The pharmacologic and
biologic importance of this huge receptor family led to enormous efforts world-wide to delineate
activation and signaling mechanisms of GPCRs. A common theme of GPCRs is their seven
membrane-spanning domain structure (3), which makes this type of protein a versatile platform
for sensing of a panoply of different signals and stimuli including light, stress, hormones, peptides,
proteins, ions, volatile odorants, tastants, and mechanical forces.

The seven membrane-spanning domain structure distinguishes GPCRs from other membrane
receptors, which are, e.g., single-pass membrane proteins such as tyrosine kinase receptors or
cytokine receptors (4). Consequently, major differences between GPCRs and these non-GPCR
membrane receptors were found. The major distinguishing feature is that GPCRs signal through
activation of heterotrimeric G-proteins, which gives the name to this class of receptors (5, 6).
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Mechanistic studies of GPCR proteins focused on the
identification of features, which account for GPCR-mediated
G-protein activation. A major understanding came from
experiments with receptor-derived peptides, which encompass
segments of the second, third or fourth cytoplasmic domain of
a GPCR and are capable to activate G-proteins independently
of the presence of the entire transmembrane-spanning GPCR
(7, 8). Other studies with purified receptor preparations
found that interaction of a single GPCR with a single G-
protein was a sufficient cause for G-protein activation (9, 10).
Consequently, based on a 1:1 stoichiometry between a GPCR
and a heterotrimeric G-protein, it was concluded that GPCRs
function as monomers, and this feature distinguishes GPCRs
from other membrane receptors such as tyrosine-kinase
receptors or other monotopic transmembrane receptors,
which require dimerization for receptor activation and
signaling (4).

In contrast to these apparently conclusive data, many
researchers, who worked with purified GPCRs, found protein
aggregation of GPCRs in vitro, by gel filtration and on
SDS-PAGE, and cooperative effects in various experimental
settings. All these data could be interpreted as evidence
for a dimeric/oligomeric assembly of GPCRs under certain
experimental conditions. The first thematic study on GPCR
dimerization was published in 1996 by the group of Michel
Bouvier, who reported the functional characterization of GPCR
dimers formed of beta-2-adrenergic receptors expressed in
Sf9 cells (11). This was the beginning of a new era, and
many other researchers started to report their “forbidden”
findings of GPCR dimerization with transfected and endogenous
receptors. But the question of relevance of GPCR dimerization
still remained because most studies were performed with
overexpressed receptors. There was the identification of the
GABA(B) receptor (GABA-B; GABBR) heterodimer composed
of GABBR1 and GABBR2, which as a class C GPCR relies
on receptor dimerization for protein folding and function
(12, 13). According to the A-F classification scheme of
GPCRs, class C receptors contain a huge N-terminal clam-
shaped domain with almost 600 amino acid residues (14,
15). This extracellular region of GABA-B receptors forms a
dimer even in the absence of the transmembrane domain-
containing protein core (15). Therefore, it was concluded
that GABBR is a unique example of a GPCR that requires
heterodimerization for functionality whereas for most other
GPCRs, dimerization is a redundant process and has no obvious
in vivo relevance.

Beginning from 1999, we initiated an independent research
project on GPCR homo- and heterodimerization, which was
based on our previous unpublished data in the early nineties.
And we discovered the first pathologically relevant GPCR
hetero(di)mer, which is the protein complex formed between the
vasopressor angiotensin II AT1 receptor and the vasodepressor
bradykinin B2 receptor (16, 17). We found that increased protein
complex formation between AT1 and B2 on circulating blood
cells and vessels of patients with preeclampsia hypertension
contributes to the angiotensin II hypersensitivity of this severe
pregnancy-specific complication (17, 18). Our findings were

intensely disputed (19), and final acceptance of our findings
only came after more than a decade of scientific discussions
(20). Meanwhile, our findings contributed to a paradigm shift in
GPCR pharmacology, which is now on the verge to lead to new
pharmacologic treatment approaches (21). The following article
briefly overviews the timeline of the discovery of pathologic
GPCR aggregation (Figure 1).

FIRST EVIDENCE OF AN INTERACTION
BETWEEN THE BRADYKININ B2
RECEPTOR AND THE ANGIOTENSIN II AT1
RECEPTOR IN THE EARLY 1990s
(1990-1994)

Our discovery of a functional AT1-B2 receptor protein complex
began in the early 1990s at the Institute of Pathobiochemistry
of the University of Mainz (Germany), where our key findings
were made during a project on the protein purification of the
bradykinin B2 receptor from native human skin fibroblasts
applying ligand and antibody affinity chromatography. This
work was performed in frame of a common project between
U. Quitterer and S. AbdAlla, who led the protein purification
group. He found by amino-terminal protein sequencing that
enrichment of the bradykinin B2 receptor protein, yielded co-
enrichment of the angiotensin II AT1 receptor. At the same
time, these data were complemented by U. Quitterer’s functional
studies, which showed that angiotensin II could induce a
conformational change at the bradykinin B2 receptor with a
shift of the B2 receptor from a high affinity to a low affinity
binding state for the agonist bradykinin. This affinity shift could
reflect a conformational change imposed by the activated AT1
receptor on the associated B2 receptor with subsequent G-protein
activation and uncoupling of the B2 receptor, as a process
which is known of other GPCRs to decrease agonist affinity (22,
23). “We discovered receptor heterodimers,” was the immediate
interpretation of S. AbdAlla, who came from the Heinrich-
Pette-Institute, Hamburg (Germany), where he had worked on
dimerization of interleukin-2 and interleukin-2 receptors. But
when we presented our data and the idea of AT1-B2 receptor
dimerization to the Head of the Institute, he opposed this concept
because in the GPCR field, protein dimerization does not exist.
This was the end of our project on AT1-B2 receptor dimerization
in Mainz (Figure 1).

DISCOVERY OF AT1-B2 AS THE FIRST
PATHOLOGIC GPCR HETEROMER
(1999-2001)

After completion of the doctorate at the University of Mainz
in 1994, and a postdoctorate at Roche Bioscience (Palo Alto,
CA, USA) in 1995, U. Quitterer moved to the Institute of
Pharmacology at the University of Wuerzburg (Germany) to
continue research on GPCRs in 1996. Only 1 year later, in 1997,
she re-established contacts with S. AbdAlla, who at that time
became professor of biochemistry at the newly founded Genetic
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FIGURE 1 | Timeline of the discovery of pathologic GPCR aggregation.

Engineering and Biotechnology Research Institute (GEBRI) in
Alexandria, Egypt. We continued our work on AT1-B2 receptor
heterodimerization, and during our studies, we discovered and
characterized functional bradykinin B2 receptor homodimers in
1999 (24). The project on GPCR dimerization was conducted
together with Dr. Heinz Lother, who invited S. AbdAlla as a
visiting scientist into his labs at the Heinrich-Pette-Institute,
Hamburg (Germany). After we had opened the path for
the concept of receptor dimerization in the kinin field in
1999, the study on AT1-B2 receptor heteromerization was
finished in a short time, and in the year 2000, we published
the discovery of AT1-B2 receptor heteromerization in Nature
[Figure 1; (16)].

The identified heteromeric protein complex between AT1 and
B2 receptors was functional, and led to enhanced angiotensin
II AT1-mediated G-protein activation and signaling. The
B2-mediated sensitization of the AT1 receptor-mediated
response was independent of B2 receptor stimulation
with the agonist bradykinin because a B2 receptor mutant
with defective bradykinin binding still enhanced the AT1-
stimulated G-protein activation and signaling. In contrast, a
B2 receptor mutant with defective G-protein activation due
to a mutation in the DRY motif in the 2nd intracellular loop
of the B2 receptor was incapable to enhance AT1-stimulated
signaling (16). These data are compatible with the notion
that activation of the AT1 receptor by angiotensin II imposes
a conformational change onto the associated unstimulated
B2 receptor, which in turn adopts an active conformation
capable to promote GDP-GTP exchange of the B2-coupled
G-protein with subsequently enhanced signaling (Figure 2).
The heteromeric AT1-B2 protein complex thus could constitute

a platform, which enables enhanced G-protein activation
(Figure 2).

The study of the AT1-B2 heteromer was complemented by
our discovery of the AT1-AT2 receptor complex, which is a
prototype of an inhibitory GPCR interaction [Figure 1; (25)]. In
contrast to the B2 receptor, which enhances the angiotensin II
AT1-stimulated G-protein activation (16, 17), the angiotensin II
AT2 receptor inhibits the activation of the AT1 receptor by direct
protein interaction (25). Thus, GPCR dimerization is capable to
modulate the activation state of the dimerizing partner by direct
interaction. As a consequence, dimerization could enhance or
dampen the guanine nucleotide exchange factor-like function of
a GPCR toward the heterotrimeric G-protein.

A major point in the field of GPCR dimerization and
oligomerization always was the question about physiologic
and pathophysiologic relevance. Most experiments on GPCR
dimerization were made with transfected receptors and/or with
cultured cells. Therefore, our focus immediately shifted to the
question: Does AT1-B2 heteromerization occur in vivo? We
knew that angiotensin II hypersensitivity was a major feature of
preeclampsia hypertension (26, 27), which is the most frequent
pregnancy-related complication with no cure. To study the role
of AT1-B2 heteromerization in preeclampsia, S. AbdAlla initiated
a collaboration with the Medical Research Center (MRC) at
Ain Shams University, Cairo. The head of MRC, Prof. Adel el
Missiery, strongly supported the project because preeclampsia
has a high frequency among women in Egypt. Our study found
that AT1-B2 contributes to the angiotensin II hypersensitivity
of women with preeclampsia (17). This publication of “Receptor
double-trouble in preeclampsia” (17, 18) marks the discovery of
the first pathologic GPCR oligomer (Figure 1).
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FIGURE 2 | Scheme of the AT1-B2 heteromer, which forms a platform for enhanced G-protein activation (right) compared to a monomeric AT1 receptor (left).

In this study, the AT1-B2 receptor heteromer was identified
in vivo, after covalent stabilization with a cleavable cross-
linker followed by affinity enrichment with AT1 receptor-
specific antibodies and subsequent immunoblot detection
of the co-enriched B2 receptor. This approach detected a
significantly higher content of AT1-B2 heteromeric complexes
on platelets and omental vessels from preeclampsia patients
compared to biopsy specimens from uncomplicated pregnancies
(17). Reciprocal experiments with enrichment of B2 and
detection of co-enriched AT1 receptor gave similar results, and
confirmed the disease-related AT1-B2 receptor aggregation in
preeclampsia (17).

Our study also shows that augmented AT1-B2 receptor
protein complex formation is disease-relevant and contributes
to the well-established angiotensin II hypersensitivity in
preeclampsia with enhanced angiotensin II-stimulated calcium
signaling of platelets isolated from preeclamptic women
(17, 26, 27). Sensitization of the angiotensin II-stimulated
response is mediated by the AT1-B2 receptor heteromer not
only in transfected cells but also in patients with preeclampsia
(17). This conclusion was proved by domain-specific antibodies,
which shielded the connecting loop between membrane domains
III-IV of the bradykinin B2 receptor. With these antibodies, we
found that the bradykinin B2 receptor protein is involved in
angiotensin II-stimulated AT1-B2-mediated G-protein activation
on omental vessels isolated from preeclamptic patients. Notably,
the angiotensin II-stimulated response was largely blocked by
these domain-specific antibodies to the connecting loop between
membrane domains III-IV of the bradykinin B2 receptor
whereas control antibodies had no effect (17). Together these
findings complement our previous data on AT1-B2, which show
that mutation of the DRY motif in the same connecting loop
between membrane domains III-IV of the B2 receptor abolishes
the B2-mediated sensitization of the angiotensin II-stimulated
response triggered by the AT1-B2 heteromer (16).

In subsequent years, the pathophysiologic importance of
aberrant AT1-B2 aggregation was supported by additional
studies. Notably, AT1-B2 receptor heteromerization was found
to enhance endothelin-1 release [Figure 1; (28)], which now

is known as a major factor contributing to symptoms of
preeclampsia (29).

DISCOVERY OF COVALENTLY STABILIZED
AT1 RECEPTOR DIMERS WITH
PATHOLOGIC RELEVANCE FOR
CARDIOVASCULAR DISEASE AND
ATHEROSCLEROSIS IN 2004

After elucidation of the pathologic relevance of AT1-B2 receptor
heteromerization, we continued our search for aberrant GPCR
dimerization as contributor to pathomechanisms of disease.
In view of our previous studies, we focused on disease states
with angiotensin AT1 receptor hypersensitivity and found an
increased content of covalently stabilized AT1 receptor dimers
on monocytes isolated from the peripheral blood of patients
with hypertension (30). This finding of stable AT1 dimerization
on monocytes of hypertensive patients in the year 2004 marks
the discovery of the first covalently stabilized GPCR dimer in
human pathology [Figure 1; (30)]. The covalent stabilization of
AT1 receptor dimers was unprecedented and mediated by an
exaggerated intracellular transglutaminase factor XIIIA activity
in patients with increased cardiovascular risk factors (30).

The crosslinking activity of the intracellular factor XIIIA
does not rely on thrombin, which activates circulating factor
XIIIA in plasma by proteolytic cleavage as part of the
blood clotting cascade. Instead, the transglutaminase activity
of intracellular factor XIIIA could be activated by an altered
cellular ion homeostasis, increased cytosolic calcium and/or
oxidative stress (30). All these causes of intracellular factor XIIIA
transglutaminase activation are promoted by cardiovascular
risk factors such as hypertension, hypercholesterolemia, and
atherosclerosis. In concert with induction of factor XIIIA gene
expression and protein in monocytes by cardiovascular risk
factors (30), the consecutively exaggerated intracellular factor
XIIIA activity accounts for covalent stabilization of AT1 receptor
dimers, which are triggered by increased circulating angiotensin
II levels in patients “at the onset of atherosclerosis” (30–32).
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Our functional studies show that covalent stabilization of
AT1 receptor dimers accounts for angiotensin II hypersensitivity
in vivo and contributes to the atherogenic function of the
AT1 receptor on monocytes of patients with cardiovascular
disease and hypertension (30). Apart from disease relevance,
our studies also confirm our previously established concept of
modulation of G-protein activation by receptor dimerization:
covalent stabilization of AT1 receptor homodimers creates a
receptor platform, which enables efficient G-protein activation
compared to AT1 receptor monomers and/or dissociable AT1
receptor complexes (30–32).

MOVE TO ETH ZURICH AND DISCOVERY
OF PATHOLOGIC GPCR AGGREGATION IN
ALZHEIMER’S DISEASE (2006–2009)

Our work on the discovery of pathologic GPCR aggregation
was highly recognized by the international scientific community.
The initial publication in Nature in the year 2000 (16) was
ranked top 1% in the scientific field according to ISI web of
science. Meanwhile this publication is cited more than 500
times. The discovery of AT1-B2 heteromerization as the first
pathologic GPCR aggregation also became international textbook
knowledge and was included in the “Blue Bible,” which is
the nickname of the 12th edition of Goodman Gilman‘s The
Pharmacological Basis of Therapeutics (33). Another highlight
was the Wenner Grenn Symposium on GPCR dimerization in
Stockholm in 2004. Kjell Fuxe from Karolinska Institute invited
major players in the field of GPCR dimerization to Stockholm.
During the meeting, U. Quitterer had the chance to dispute the
existence and pathologic relevance of GPCR aggregation on stage
with Robert Lefkowitz, who later received the Nobel Prize in
Chemistry, in the year 2012, for studies on G-protein-coupled
receptors. The discussion was moderated by Michel Bouvier,
who supported U. Quitterer‘s statements and conclusions. With a
high international reputation, the President of ETH Zurich, Prof.
Olaf Kübler, offered U. Quitterer at the age of 39, the Chair of
Molecular Pharmacology at ETH Zurich. She accepted the offer
in summer 2005, and was nominated full professor and Chair of
Molecular Pharmacology by the ETH Counsil at the end of 2005.
We moved into newly refurbished ETH labs at the beginning of
2006.

At ETH Zurich, we continued our work on pathologic GPCR
aggregation. Stimulated by ongoing discussions on existence
and mechanisms of GPCR aggregation, our focus shifted to
Alzheimer’s disease (AD). We reasoned that GPCR aggregation
should readily be detectable in a typical protein aggregation
disease. We searched for covalently stabilized GPCR aggregates
as a consequence or cause of Alzheimer senile plaques, because in
a previous study, we found covalently stabilized GPCR aggregates
formed of the angiotensin II AT1 receptor in atherosclerosis (30),
which is also a “plaque-forming” disease. With this concept in
mind, we discovered SDS-stable aggregates of the angiotensin
II AT2 receptor as a characteristic feature of AD patient biopsy
specimens isolated from prefrontal cortex (34, 35). Covalent
aggregation of AT2 receptor oligomers is disease-specific for

AD because related GPCRs such as the AT1 receptor are not
aggregated in AD brains (34). The identification of covalently
cross-linked AT2 receptor oligomers in brains of AD patients
extends the pathologic relevance of aberrant GPCR aggregation
to neurodegenerative diseases (Figure 1).

Why does the AT2 receptor form high molecular weight
aggregates in brains of AD patients? We investigated the
underlying mechanism and found that AT2 receptor aggregation
in AD is a disease-specific process with two consecutive cross-
linking steps, i.e., mediated by (i) reactive oxygen species (ROS),
and (ii) transglutaminase. Initially, we aimed to deduce the
AD-specific mechanism of AT2 aggregation in the transgenic
Tg2576 AD model with neuron-specific expression of APPSwe,
which is a mutant of the amyloid precursor protein (APP)
isolated from a Swedish family with familial AD (36). Tg2576
AD mice reproduce major AD features such as symptoms of
neuronal degeneration, cognitive impairment and beta-amyloid
(Abeta) plaques in the hippocampus starting at an age of 12
months. However, Tg2576 mice did not develop pathologic
AT2 oligomers but only showed the initial ROS-dependent
AT2 crosslinking step, which leads to stable AT2 dimers (34).
In search for the mechanism of pathologic AT2 aggregation in
AD, we realized that aged Tg2576 AD mice are largely devoid
of neuronal loss, which is a major characteristic of AD patients
(34). To enhance the process of neurodegeneration, we subjected
aged Tg2576 AD mice to chronic unpredictable mild stress
(CUMS), which mimics psychosocial stress as an established
risk factor for AD in patients (37). Chronic unpredictable mild
stress augmented the hippocampal transglutaminase activity
of Tg2576 mice, and triggered the final transglutaminase-
mediated crosslinking of oxidized AT2 dimers to AD-related
and pathologic AT2 oligomers. Concomitantly, chronic
unpredictable mild stress increased hippocampal Abeta
accumulation, promoted neurodegeneration-enhancing PHF
tau phosphorylation and induced overt neuronal loss in the
hippocampus of Tg2576 mice.

Cellular accumulation of covalently cross-linked AT2 receptor
oligomers is pathologic and contributes to neurodegeneration
and neuronal loss, which are hallmarks of AD brains.
The pathologic AT2 receptor aggregates promote neuronal
deterioration in AD by sequestration and inhibition of cognition-
enhancing Gq/11-mediated-signaling stimulated, e.g., by the
M1-cholinoceptor (34, 35). In agreement with this notion,
inhibition of AT2 receptor oligomerization retarded symptoms
of neurodegeneration in the experimental AD model (35). Our
ongoing studies aim to translate these experimental findings
into a therapeutic strategy to restore the function of the
neuroprotective AT2 receptor and halt disease progression in AD
models and patients (34, 35).

DIFFICULTIES TO DETECT AT1-B2
RECEPTOR HETEROMERIZATION

Immediately after the discovery of covalent AT2 receptor
aggregation in AD (34, 35), the research on neurodegenerative
GPCR aggregation in Alzheimer’s disease was interrupted by
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FIGURE 3 | A beta-arretin-biased agonist targets the AT1-B2 heteromer and promotes AT1-B2 down-regulation (right). The unbiased AT1 antagonist does not

promote AT1-B2 down-regulation (left).

a publication, which reported “lack of evidence for AT1R/B2R
heterodimerization” (19). When we saw this and similar other
publications (19, 38), we realized that we had to redirect our
research toward the AT1-B2 heteromer.

In search for causes, which could account for the failure
to detect the AT1-B2 receptor heteromer in transfected cells,
we focused on the role of chaperones because chaperones
are critically influenced by variable cell culture conditions
(39). Whole genome microarray gene expression profiling
identified the chaperone, calreticulin, as an important factor
required for efficient B2 receptor maturation and AT1-B2
heteromerization (39). Loss of essential chaperones during in
vitro cell culture could be a cause for failure to detect AT1-
B2 (39). To overcome limitations of in vitro cell culture,
we established cell expansion conditions, which mimic the
in vivo environment because our studies mainly focus on
GPCR aggregation under pathologic conditions in vivo. The
in vivo cell expansion model applies NOD.Scid mice for
expansion of cultured cells. Microarray gene expression analysis
documented that the expression of essential chaperones is
restored upon in vivo expansion of cultured cells in NOD.Scid
mice (40).

Another critical factor is the intrinsic pathologic nature
of the AT1-B2 heteromer, which could contribute to further
difficulties to detect AT1-B2 in transfected cells. Expression
of functional AT1-B2 heteromers leads to exaggerated calcium
signaling with consecutively reduced cellular growth rates,
premature senescence, and ultimately calcium-induced cell death
(41, 42). Consequently, only slow-growing cells with low AT1-
B2 expression level will survive. Under these conditions, there
is a high risk that the cell culture dish is rapidly overgrown by
fast dividing, non-transfected cells and/or cells expressing either

AT1 or B2. This scenario is particularly relevant for in vitro
cultured cells due to the loss of essential pro-survival factors,
e.g., components of the pro-survival ERK pathway (43). Control
experiments, which control for co-expression of AT1-B2 at the
single cell level are necessary to identify and overcome such
problems.

At present, it is not clear, why several groups failed to
detect AT1-B2 receptor heteromerization in transfected cells.
While we addressed some possible issues, a definite answer
is not possible because experiments in these publications
were performed with batches of cells, and precise biochemical
and/or histological control experiments are lacking, e.g., the
control for co-expression of AT1 and B2 at the single cell
level, co-immunoenrichment studies and immune-fluorescent
microscopy of receptor proteins (19, 38).

Apart from the above-mentioned causes, a high cellular
expression level of the transfected GPCRs, notably the AT1
receptor, could become another factor of failure to detect AT1-
B2 heteromerization. The documented reporting of constitutive
AT1 receptor homomerization could be indicative of high AT1
receptor expression at the single cell level (19). High AT1
receptor expression at the single cell level could be attributed,
e.g., to the SV40 large T-antigen-driven DNA replication at
high copy number in COS cells (19). A high cellular GPCR
expression level could be a critical factor because it could favor
the formation of receptor homomers over receptor heteromers
(44), i.e., the homomeric interaction between AT1-AT1 could
become dominant and prevent the heteromeric interaction of
AT1 with B2. As mentioned above, essential control experiments
were not performed, e.g., the visualization of AT1 and B2 receptor
proteins by immunoblot to detect protein aggregation and/or
immaturely folded proteins (19, 38).
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Concomitantly with the identification of critical parameters
required for AT1-B2 heteromer formation in cells, we established
a versatile method for detection of the AT1-B2 receptor
heteromer by confocal FRET imaging, which is capable to detect
protein-protein interactions in close proximity at a distance of
<10 nm (45). We added a signal peptide to the AT1 receptor-
cerulean fusion protein, which otherwise barely reached the
cell surface under standard cell culture conditions. With this
approach, we demonstrated a high FRET efficiency of 24.7%
for the interaction between AT1-Cerulean and B2-eYFP (45).
Thus, we had proven that the AT1-B2 receptor heteromer exists
in cultured cells, and can readily be detected by a standard
FRET-based method, which is usually applied for detection
of GPCR dimerization in cells (Figure 1). In addition, we
documented functionality of AT1-B2 receptor heteromerization,
which accounts for receptor co-internalization upon stimulation
with angiotensin II (45).

Taken together, the question, why several groups were unable
to detect AT1-B2 receptor heteromerization in cells, cannot
be answered because specific control experiments were not
performed (19, 38). In contrast, different groups in different
laboratories worldwide demonstrated that AT1-B2 receptor
heteromerization can be detected by different biochemical and
biophysical methods (16, 17, 20, 45).

INDEPENDENT CONFIRMATION OF
AT1-B2 HETEROMERIZATION IN THE
YEAR 2013, AFTER MORE THAN A
DECADE OF SCIENTIFIC DISCUSSIONS

While our own work established the methodology for detection
of functional AT1-B2 heteromerization, final acceptance of AT1-
B2 by the scientific community occurred in 2013, after more
than a decade of scientific discussions (Figure 1). In 2013,
the group of Louis Luttrell, a former member of the Nobel
Prize-winning Lefkowitz lab, reproduced our findings of AT1-
B2 receptor heteromerization (20). With this publication, years
of ongoing scientific discussions were finally resolved. The
publication not only confirmed our initial findings but also
opened the path to a new pharmacologic targeting approach of
the AT1-B2 heteromer by the beta-arrestin-biased AT1 agonist,
SII (Sar1,Ile4,Ile8-AngII) (20).

According to the concept of beta-arrestin-biased agonism,
stimulation of the AT1 receptor by a beta-arrestin-biased
agonist inhibits G-protein-stimulated signaling but promotes the

recruitment of beta-arrestin to the activated AT1-B2 receptor
complex. As a consequence of beta-arrestin recruitment, the
AT1-B2 receptor complex undergoes co-internalization and
subsequent down-regulation (Figure 3).

In contrast, a classic, unbiased AT1 receptor antagonist such
as losartan, blocks both, AT1-stimulated signaling, and beta-
arrestin recruitment to the receptor. Consequently, the AT1-B2
receptor complex is not down-regulated (Figure 3). All currently
approved AT1 antagonists are unbiased and contraindicated
in preeclampsia because they cross the placental barrier and
promote fetal malformations in pregnancy (46). Experimental
beta-arrestin-biased agonists such as SII or TRV027 are peptides
(47, 48) and not expected to cross the placental barrier. Therefore,
such beta-arrestin-biased AT1 agonists could be envisaged as
a future therapy for preeclampsia. Notably, beta-arrestin-biased
AT1 agonists target the AT1-B2 receptor heteromer and promote
AT1-B2 heteromer co-internalization and subsequent down-
regulation (20, 49, 50).

OUTLOOK

Our ongoing studies at ETH Zurich currently address
the feasibility to target the AT1-B2 heteromer and other
pathologic GPCR aggregates by beta-arrestin-mediated down-
regulation. To study such an approach, we generated transgenic
models with increased AT1-B2 heteromerization. With these
transgenic models, the in vivo relevance of AT1-B2 receptor
heteromerization was demonstrated (50). Our data show
that increased vascular AT1-B2 levels are a sufficient cause
for preeclampsia symptoms in pregnant mice [Figure 1; (50)].
Moreover, symptoms of preeclampsia in AT1-B2-transgenic mice
can be prevented by beta-arrestin-mediated down-regulation
of AT1-B2 (50). Thus, targeting of the AT1-B2 heteromer by
beta-arrestin-mediated down-regulation is feasible (50). And
the initial identification of pathologic GPCR aggregation more
than a decade ago is currently being translated into a new
pharmacologic treatment approach.

AUTHOR CONTRIBUTIONS

UQ and SA wrote, read, and approved the final version of the
manuscript.

FUNDING

This work was supported by ETH grant No. ETH-18 14-2.

REFERENCES

1. Nathans J, Hogness DS. Isolation, sequence analysis, and intron-exon

arrangement of the gene encoding bovine rhodopsin. Cell (1983) 34:807–14.

doi: 10.1016/0092-8674(83)90537-8

2. Dixon RA, Kobilka BK, Strader DJ, Benovic JL, Dohlman HG, Frielle T, et al.

Cloning of the gene and cDNA for mammalian beta-adrenergic receptor and

homology with rhodopsin. Nature (1986) 321:75–9.

3. Schertler GF, Villa C, Henderson R. Projection structure of rhodopsin. Nature

(1983) 362:770–72.

4. Heldin CH. Dimerization of cell surface receptors in signal transduction. Cell

(1995) 80:213–23.

5. Gilman AG. G proteins: transducers of receptor-generated signals. Annu Rev

Biochem. (1987) 56:615–49.

6. Rodbell M. The role of hormone receptors and GTP-regulatory proteins in

membrane transduction. Nature (1980) 284:17–22.

7. Okamoto T, Murayama Y, Hayashi Y, Inagaki M, Ogata E, Nishimoto I.

Identification of a Gs activator region of the beta 2-adrenergic receptor that

is autoregulated via protein kinase a-dependent phosphorylation. Cell (1991)

67:723–30.

Frontiers in Medicine | www.frontiersin.org 7 January 2019 | Volume 6 | Article 9

https://doi.org/10.1016/0092-8674(83)90537-8
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Quitterer and AbdAlla AT1-B2 Heteromers

8. Taylor JM, Neubig RR. Peptides as probes for G protein signal transduction.

Cell Signal. (1994) 6:841–9.

9. Fung BK, Hurley JB, Stryer L. Flow of information in light-triggered cyclic

nucleotide cascade of vision. Proc Natl Acad Sci USA. (1981) 78:152–6.

10. Stryer L, Bourne HR. G proteins: a family of signal transducers. Annu Rev Cell

Biol. (1986) 2:391–419.

11. Hebert TE, Moffett S, Morello JP, Loisel TP, Bichet DG, Barret C, et al.

peptide derived from a beta2-adrenergic receptor transmembrane domain

inhibits both receptor dimerization and activation. J Biol Chem. (1996)

271:16384–92.

12. Jones KA, Borowsky B, Tamm JA, Craig DA, Durkin MM, Dai M, et al.

GABA(B) receptors function as a heteromeric assembly of the subunits

GABA(B)R1 and GABA(B)R2. Nature (1998) 396:674–9.

13. Kaupmann K, Malitschek B, Schuler V, Heid J, Froestl W, Beck P, et al.

GABA(B)-receptor subtypes assemble into functional heteromeric complexes.

Nature (1998) 396:683–7.

14. Hu GM, Mai TL, Chen CM. Visualizing the GPCR network: classification and

evolution. Sci Rep. (2017) 7:15495. doi: 10.1038/s41598-017-15707-9

15. Frangaj A, Fan QR. Structural biology of GABAB

receptor. Neuropharmacology (2018) 136:68–79.

doi: 10.1016/j.neuropharm.2017.10.011

16. AbdAlla S, Lother H, Quitterer U. AT1-receptor heterodimers show enhanced

G-protein activation and altered receptor sequestration. Nature (2000)

407:94–8. doi: 10.1038/35024095

17. AbdAlla S, Lother H, el Massiery A, Quitterer U. Increased AT(1) receptor

heterodimers in preeclampsiamediate angiotensin ii responsiveness.NatMed.

(2001) 7:1003–9. doi: 10.1038/nm0901-1003

18. Lodwick D. Receptor double-trouble in preeclampsia. Nat Med. (2001) 999–

1000. doi: 10.1038/nm0901-999

19. Hansen JL, Hansen JT, Speerschneider T, Lyngsø C, Erikstrup N,

Burstein ES, et al. Lack of evidence for AT1R/B2R heterodimerization

in COS-7, HEK293, and NIH3T3 cells: how common is the AT1R/B2R

heterodimer? J Biol Chem. (2009) 284:1831–9. doi: 10.1074/jbc.M8046

07200

20. Wilson PC, Lee MH, Appleton KM, El-Shewy HM, Morinelli TA,

Peterson YK, et al. The arrestin-selective angiotensin AT1 receptor agonist

[Sar1,Ile4,Ile8]-AngII negatively regulates bradykinin B2 receptor signaling

via AT1-B2 receptor heterodimers. J Biol Chem. (2013) 288:18872–84.

doi: 10.1074/jbc.M113.472381

21. Takezako T, Unal H, Karnik SS, Node K. Current topics in angiotensin II

type 1 receptor research: focus on inverse agonism, receptor dimerization and

biased agonism. Pharmacol Res. (2017) 123:40–50. doi: 10.1016/j.phrs.2017.

06.013

22. Maquire ME, Van Asdale PM, Gilman AG. An agonist-specific effect

of guanine nucleotides on binding to the beta adrenergic receptor. Mol

Pharmacol. (1977) 12:335–9.

23. Lefkowitz RJ, Williams LT. Catecholamine binding to the beta-adrenergic

receptor. Proc Natl Acad Sci USA. (1977) 74:515–9.

24. AbdAlla S, Zaki E, Lother H, Quitterer U. Involvement of the amino terminus

of the B(2) receptor in agonist-induced receptor dimerization. J Biol Chem.

(1999) 274:26079–84.

25. AbdAlla S, Lother H, Abdel-tawab AM, Quitterer U. The angiotensin II AT2

receptor is an AT1 receptor antagonist. J Biol Chem. (2001) 276:39721–6.

doi: 10.1074/jbc.M105253200

26. Haller H, Oeney T, Hauck U, Distler A, Philipp T. Increased intracellular free

calcium and sensitivity to angiotensin II in platelets of preeclamptic women.

Am J Hypertens. (1989) 2:238–43.

27. Stanhewicz AE, Jandu S, Santhanam L, Alexander LM. Increased

angiotensin II sensitivity contributes to microvascular dysfunction

in women who have had preeclampsia. Hypertension (2017) 70:382–9.

doi: 10.1161/HYPERTENSIONAHA.117.09386

28. AbdAlla S, Abdel-Baset A, Lother H, el Massiery A, Quitterer U.

Mesangial AT1/B2 receptor heterodimers contribute to angiotensin II

hyperresponsiveness in experimental hypertension. J Mol Neurosci. (2005)

26:185–92. doi: 10.1385/JMN:26:2-3:185

29. Saleh L, Verdonk K, Visser W, van den Keiracker AH, Danser AH.

The emerging role of endothelin-1 in the pathogenesis of pre-eclampsia.

Ther Adv Cardiovasc Dis. (2016) 10:282–93. doi: 10.1177/17539447156

24853

30. AbdAlla S, Lother H, Langer A, el Faramawy Y, Quitterer U. Factor

XIIIA transglutaminase crosslinks AT1 receptor dimers of monocytes at

the onset of atherosclerosis. Cell (2004) 119:343–54. doi: 10.1016/j.cell.2004.

10.006

31. Ogawa S, Glass CK. Factor XIIIA (cross)links AT1 receptors to atherosclerosis.

Cell (2004) 119:313–4. doi: 10.1016/j.cell.2004.10.008

32. Thomas WG. Double trouble for type 1 angiotensin

receptors in atherosclerosis. N Engl J Med. (2005) 352:506–8.

doi: 10.1056/NEJMcibr043928

33. Hilal-Dandan R. Renin and Angiotensin. In: Brunton L, Chabner B, Knollman

B, editors. Goodman & Gilman‘s The pharmacological Basis of Therapeutics.

12th ed. New York, NY: The McGraw Hill Companies Inc. (2011). p. 721–44.

34. AbdAlla S, Lother H, el Missiry A, Langer A, Sergeev P, el Faramawy Y,

et al. Angiotensin II AT2 receptor oligomers mediate G-protein dysfunction

in an animal model of alzheimer disease. J Biol Chem. (2009) 284:6554–65.

doi: 10.1074/jbc.M807746200

35. AbdAlla S, Lother H, el Missiry A, Sergeev P, Langer A, el Faramawy Y,

et al. Dominant-negative AT2 receptor oligomers induce G-protein arrest

and symptoms of neurodegeneration. J Biol Chem. (2009) 284:6566–74.

doi: 10.1074/jbc.M808277200

36. Hsiao K, Chapman P, Nilsen S, Eckman C, Harigaya Y, Younkin S,

et al. Correlative memory deficits, abeta elevation, and amyloid plaques in

transgenic mice. Science (1996) 274:99–102.

37. AbdAlla S, El Hakim A, Abdelbaset A, Elfaramawy Y, Quitterer U. Inhibition

of ACE retards tau hyperphosphorylation and signs of neuronal degeneration

in aged rats subjected to chronic mild stress. Biomed Res Int. (2015) 2015:1–10.

doi: 10.1155/2015/917156

38. See HB, Seeber RM, Kocan M, Eidne KA, Pfleger KD. Application of G

protein-coupled receptor-heteromer identification technology to monitor β-

arrestin recruitment to G protein-coupled receptor heteromers. Assay Drug

Dev Technol. (2011) 9:21–30. doi: 10.1089/adt.2010.0336

39. Abd Alla J, Reeck K, Langer A, Streichert T, Quitterer U. Calreticulin

enhances B2 bradykinin receptor maturation and heterodimerization.

Biochem Biophys Res Commun. (2009) 387:186–90. doi: 10.1016/j.bbrc.2009.

07.011

40. Abd Alla J, Pohl A, Reeck K, Streichert T, Quitterer U. Establishment of an in

vivomodel facilitates B2 receptor protein maturation and heterodimerization.

Integr Biol. (2010) 2:209–17. doi: 10.1039/b922592g

41. Martin N, Bernard D. Calcium signalling and cellular senescence. Cell

Calcium. (2018) 70:16–23. doi: 10.1016/j.ceca.2017.04.001

42. Zhivotovsky B, Orrenius S. Calcium and cell death mechanisms: a

perspective from the cell death community. Cell Calcium. (2011) 50:211–21.

doi: 10.1016/j.ceca.2011.03.003

43. Fu X, Koller S, Abd Alla J, Quitterer U. Inhibition of G-protein-

coupled receptor kinase 2 (GRK2) triggers the growth-promoting mitogen-

activated protein kinase (MAPK) pathway. J Biol Chem. (2013) 288:7738–55.

doi: 10.1074/jbc.M112.428078

44. Bulenger S, Marullo S, Bouvier M. Emerging role of homo- and

heterodimerization in g-protein-coupled receptor biosynthesis

and maturation. Trends Pharmacol Sci. (2005) 26:131–7.

doi: 10.1016/j.tips.2005.01.004

45. Quitterer U, Pohl A, Langer A, Koller S, Abdalla S. A cleavable

signal peptide enhances cell surface delivery and heterodimerization

of cerulean-tagged angiotensin II AT1 and bradykinin B2 receptor.

Biochem Biophys Res Commun. (2011) 409:544–9. doi: 10.1016/j.bbrc.2011.

05.041

46. Bullo M, Tschumi S, Bucher BS, Bianchetti MG, Simonetti GD.

Pregnancy outcome following exposure to angiotensin-converting

enzyme inhibitors or angiotensin receptor antagonists: a systematic review.

Hypertension (2012) 60:444–50. doi: 10.1161/HYPERTENSIONAHA.112.1

96352

47. Holloway AC, Qian H, Pipolo L, Ziogas J, Miura S, Karnik S, et al. Side-chain

substitutions within angiotensin II reveal different requirements for signaling,

internalization, and phosphorylation of type 1a angiotensin receptors. Mol

Pharmacol. (2002) 61:768–77. doi: 10.1124/mol.61.4.768

Frontiers in Medicine | www.frontiersin.org 8 January 2019 | Volume 6 | Article 9

https://doi.org/10.1038/s41598-017-15707-9
https://doi.org/10.1016/j.neuropharm.2017.10.011
https://doi.org/10.1038/35024095
https://doi.org/10.1038/nm0901-1003
https://doi.org/10.1038/nm0901-999
https://doi.org/10.1074/jbc.M804607200
https://doi.org/10.1074/jbc.M113.472381
https://doi.org/10.1016/j.phrs.2017.06.013
https://doi.org/10.1074/jbc.M105253200
https://doi.org/10.1161/HYPERTENSIONAHA.117.09386
https://doi.org/10.1385/JMN:26:2-3:185
https://doi.org/10.1177/1753944715624853
https://doi.org/10.1016/j.cell.2004.10.006
https://doi.org/10.1016/j.cell.2004.10.008
https://doi.org/10.1056/NEJMcibr043928
https://doi.org/10.1074/jbc.M807746200
https://doi.org/10.1074/jbc.M808277200
https://doi.org/10.1155/2015/917156
https://doi.org/10.1089/adt.2010.0336
https://doi.org/10.1016/j.bbrc.2009.07.011
https://doi.org/10.1039/b922592g
https://doi.org/10.1016/j.ceca.2017.04.001
https://doi.org/10.1016/j.ceca.2011.03.003
https://doi.org/10.1074/jbc.M112.428078
https://doi.org/10.1016/j.tips.2005.01.004
https://doi.org/10.1016/j.bbrc.2011.05.041
https://doi.org/10.1161/HYPERTENSIONAHA.112.196352
https://doi.org/10.1124/mol.61.4.768
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Quitterer and AbdAlla AT1-B2 Heteromers

48. Violin JD, DeWire SM, Yamashita D, Rominger DH, Nguyen L, Schiller K,

et al. Selectively engaging beta-arrestins at the angiotensin II type 1 receptor

reduces blood pressure and increases cardiac performance. J Pharmacol Exp

Ther. (2010) 335:572–9. doi: 10.1124/jpet.110.173005

49. Quitterer U, AbdAlla S. Vasopressor meets vasodepressor: the AT1-

B2 receptor heterodimer. Biochem Pharmacol (2014) 88:284–90.

doi: 10.1016/j.bcp.2014.01.019

50. Quitterer U, Fu X, Pohl A, Bayoumy KM, Langer A, AbdAlla

S. Beta-arrestin1 prevents preeclampsia by downregulation of

mechanosensitive AT1-B2 receptor heteromers. Cell (2019) 176:318–33.e19.

doi: 10.1016/j.cell.2018.10.050

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2019 Quitterer and AbdAlla. This is an open-access article distributed

under the terms of the Creative Commons Attribution License (CC BY). The

use, distribution or reproduction in other forums is permitted, provided the

original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Medicine | www.frontiersin.org 9 January 2019 | Volume 6 | Article 9

https://doi.org/10.1124/jpet.110.173005
https://doi.org/10.1016/j.bcp.2014.01.019
https://doi.org/10.1016/j.cell.2018.10.050
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

	Discovery of Pathologic GPCR Aggregation
	Introduction
	First Evidence of an Interaction Between the Bradykinin B2 Receptor and the Angiotensin II AT1 Receptor in the Early 1990s (1990-1994)
	Discovery of AT1-B2 as the First Pathologic GPCR Heteromer (1999-2001)
	Discovery of Covalently Stabilized AT1 Receptor Dimers With Pathologic Relevance for Cardiovascular Disease and Atherosclerosis in 2004
	Move to ETH Zurich and Discovery of Pathologic GPCR Aggregation in Alzheimer's Disease (2006–2009)
	Difficulties to Detect AT1-B2 Receptor Heteromerization
	Independent Confirmation of AT1-B2 Heteromerization in the Year 2013, after more than a Decade of Scientific Discussions
	Outlook
	Author Contributions
	Funding
	References


