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G protein-coupled receptors (GPCRs) are essential cell membrane signaling

molecules and represent the most important class of drug targets. Some

signaling pathways downstream of a GPCR may be responsible for drug

adverse effects, while others mediate therapeutic efficacy. Biased ligands

preferentially activate only a subset of all GPCR signaling pathways. They

hold great potential to become next-generation GPCR drugs with less side

effects due to their potential to exclusively activate desired signaling path-

ways. However, the molecular basis of biased agonism is poorly under-

stood. GPCR activation occurs through allosteric coupling, the propagation

of conformational changes from the extracellular ligand-binding pocket to

the intracellular G protein-binding interface. Comparison of GPCR struc-

tures in complex with G proteins or b-arrestin reveals that intracellular

transducer coupling results in closure of the ligand-binding pocket trapping

the agonist inside its binding site. Allosteric coupling appears to be trans-

ducer-specific offering the possibility of harnessing this mechanism for the

design of biased ligands. Here, we review the biochemical, pharmacologi-

cal, structural, and biophysical evidence for allosteric coupling and delin-

eate that biased agonism should be a consequence of preferential allosteric

coupling from the ligand-binding pocket to one transducer-binding site. As

transducer binding leads to large structural rearrangements in the extracel-

lular ligand-binding pocket, we survey biased ligands with an extended

binding mode that interact with extracellular receptor domains. We pro-

pose that biased ligands use ligand-specific triggers inside the binding

pocket that are relayed through preferential allosteric coupling to a specific

transducer, eventually leading to biased signaling.

Introduction

G protein-coupled receptors (GPCRs), with more than

800 members, form the largest class of cell membrane

receptors and mediate the vast majority of physiologi-

cal functions in humans [1,2]. GPCRs can sense a myr-

iad of extracellular stimuli such as neurotransmitters,

hormones, lipids, peptides, proteins, nucleotides, ions,

photons, and odorants and relay this information into

cellular responses by activating intracellular heterotri-

meric G proteins. As the binding sites for extracellular

ligands and G proteins are on opposite sides of the cell
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membrane, GPCR activation follows a process called

allosteric coupling to relay information through the

receptor core. Extracellular ligand binding leads to

conformational changes in the receptor protein that

allosterically favors binding of G proteins at the intra-

cellular site of the receptor [3–5].
G protein activation subsequently triggers changes

in the intracellular concentration of second messengers

such as 3’,5’-cyclic adenosine monophosphate

(cAMP), calcium ions (Ca2+), diacylglycerol (DAG),

and inositol 1,4,5-trisphosphate (IP3), which activate

downstream target proteins, eventually leading to

specific cellular responses. To exert spatiotemporal

control over cell function, GPCR signaling is not lim-

ited to the cell membrane but can also emerge from

intracellular compartments such as early endosomes,

the trans-Golgi network, or the nucleus [6]. In addi-

tion, the concentration of second messengers at differ-

ent locations in the cell is not uniform and it has

been demonstrated that second messengers, especially

Ca2+ and cAMP, are compartmentalized in cells [7–
10], allowing GPCRs to fine-tune cell signaling with

high precision in space and time. Thus, by controlling

innumerable cellular processes in physiology and dis-

ease, GPCRs hold a pivotal role in cell signaling.

Based on this key function, GPCRs have emerged as

one of the most popular and most important drug

targets accounting for more than a third of currently

marketed drugs [11,12].

G proteins are organized in 4 different families (Gs,

Gi/o, Gq/11, and G12/13) and comprise a total of 16 dis-

tinct subfamilies based on their Ga subunits [13].

Although it was commonly believed that every GPCR

couples to a specific G protein subfamily, an over-

whelming amount of evidence has now unequivocally

shown that GPCRs are promiscuous signaling proteins

in such that they can activate G proteins from multiple

families. Upon activation, GPCRs are desensitized

through phosphorylation by G protein-coupled recep-

tor kinases (GRKs) and subsequent binding of b-ar-
restin, ultimately leading to receptor internalization

[14]. Besides its role in GPCR internalization, b-ar-
restin can act as a scaffold for further signaling pro-

teins such as kinases and phosphodiesterases among

others [15]. Moreover, in recent years it has been

appreciated that b-arrestin can bind to GPCRs in at

least two distinct conformations, a ‘tail’ conformation

favoring interactions with the phosphorylated C termi-

nus of the receptor and a ‘core’ conformation compris-

ing strong interactions with the receptor’s

transmembrane core [16–18]. To add further complex-

ity, the distinct GPCR–arrestin complexes appear to

exert distinct cellular functions [19–22].

Importantly, numerous GPCR ligands have been

described that are able to preferentially activate one

signaling pathway over others, for example, G protein

signaling over b-arrestin recruitment or, more subtly

nuanced, one G protein subfamily (e.g., Gas) over

another (e.g., Gai/o) [14,23–25]. These ligands are com-

monly referred to as biased ligands. From a therapeutic

point of view, this may be highly valuable as it has

been suggested that some signaling pathways down-

stream of a particular GPCR may mediate therapeuti-

cally desired effects while others may be responsible

for drug adverse effects. Due to their potential of pre-

senting drugs with no or fewer side effects, biased

ligands have emerged as a highly sought-after class of

future GPCR drugs [12,26]. However, the structural

basis of how biased ligand-mediated GPCR activation

results in preferential coupling to a subset of signaling

proteins at the expense of others is poorly understood.

Along this line, for most diseases the signaling path-

ways responsible for drug adverse effects are yet not

known. Therefore, it is currently extremely challenging

to design biased ligands for GPCRs [27], a fact that is

also mirrored by the very small number of marketed

biased ligands.

Here, we review the biochemical, structural, bio-

physical, and computational evidence of allosteric cou-

pling as the fundamental mechanism of GPCR

activation. Special attention will be given to how

biased ligands may selectively impact the allosteric

coupling mechanism and how this may eventually lead

to biased signaling.

Structural basis of GPCR activation

The last decade has witnessed a revolution in struc-

tural biology of GPCRs. To date, almost 500 struc-

tures have been solved including receptors in the apo

state, receptors bound to ligands of diverse pharmacol-

ogy (full agonists, partial agonists, antagonists, inverse

agonists, and allosteric modulators), and, most impor-

tantly, dozens of ternary complexes of receptor, ago-

nist, and G protein, the latter visualizing the essential

GPCR signaling unit at atomic resolution. From this

wealth of structural data, a common activation mecha-

nism of the GPCR superfamily has been deduced and

is covered in great detail by excellent recent reviews

[3–5]. In brief, agonist binding to the extracellular part

of the receptor stabilizes large-scale conformational

changes through the receptor’s transmembrane core

that ultimately lead to binding of a G protein at the

intracellular surface of the receptor. Importantly, the

binding sites for the agonist and the G protein do not

overlap, but are structurally linked via conformational
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coupling, which is defined as allosteric coupling. Ago-

nist binding leads to contraction of the ligand binding

pocket and to conformational changes of the (mostly)

conserved P5.50 – I3.40 – F6.44 motif at the bottom of

the binding pocket (numbering according to the Balles-

teros-Weinstein nomenclature). This results in confor-

mational changes in the conserved toggle-switch

epitope W6.48 causing a large outward swing of the

inner half of transmembrane domain 6 (TM6) (Fig. 1).

The intracellular outward movement of TM6 allows

binding of the C-terminal part of the Ga subunit.

Breaking of a salt-bride between D(E)3.49 and R3.50

upon receptor activation leads to rearrangement of the

conserved D(E)3.49 – R3.50 – Y3.51 motif stabilizing G

protein binding particularly through a direct interac-

tion of R3.50 with the G protein. Moreover, the active

G protein-coupled receptor state is stabilized by a

rearrangement of the conserved N7.49 – P7.50 – x – x–
Y7.53 motif (Fig. 1). In contrast to these conserved acti-

vation hot spots, much less is known about how biased

ligands may influence this process. This is mainly due

to the paucity of biased ligand-bound GPCR struc-

tures in complex with two different signal transducers.

Moreover, rather little is known about the dynamics

of how conformational changes are relayed from the

ligand-binding pocket to the intracellular G protein-

binding site in general.

Allosteric coupling

Activation of GPCRs upon agonist binding is a classi-

cal allosteric process in which conformational changes

in the extracellular ligand-binding pocket are allosteri-

cally linked to conformational changes in the intracel-

lular transducer (G protein or b-arrestin)-binding
interface. Already in 1976, Alfred G. Gilman and

Robert J. Lefkowitz independently published two semi-

nal papers in which they demonstrated that the affinity

of agonists to b-adrenergic receptors is highly sensitive

to the presence of guanine nucleotides [28,29]. Specifi-

cally, using equilibrium binding experiments where

b-adrenergic receptors were labeled with the radioactive

antagonists [125I]iodohydroxybenzylpindolol [28,30] or

[3H]dihydroalprenolol [29], it was shown that agonist-

binding curves were shifted significantly to the right in

the presence of high concentrations of GTP, GDP, or

guanyl-5’-yl imidodiphosphate, revealing a significant

decrease in agonist affinity. Most importantly, this

effect was exclusive to agonists as binding curves of

antagonists were unaffected by the presence of guanine

nucleotides. It was later shown that agonist competi-

tion binding curves are biphasic and characterized by

two fractions representing high and low affinities of the

agonist [31]. Addition of guanine nucleotides results in

monophasic agonist competition curves due to elimina-

tion of the high-affinity fraction. These data have

demonstrated that the high-affinity fraction of agonist

binding corresponds to a G protein-bound state of

receptors and, in fact, both the ratio of high to low

agonist affinity and the size of the high-affinity fraction

correlate well with agonist efficacy [31]. Most impor-

tantly, these biochemical studies have been formalized

in quantitative terms and led to the development of the

ternary complex model [32]. It describes conceptually

Fig. 1. Inactive and active GPCR crystal

structures unveil common conformational

changes upon receptor activation. The

upper row shows a superimposition of the

active (gold) and the inactive (dark gray)

muscarinic M2 receptor co-crystallized with

the agonist iperoxo (PDB entry: 4MQS) [48]

and QNB (PDB entry: 3UON) [47],

respectively. The row below shows a

superimposition of the active (green) and

the inactive (light gray) b1-adrenergic

receptor (PDB entries: 2Y03 and 2YCW,

respectively)[115,116]. While the largest

conformational change at the extracellular

side is depicted as an inward movement of

TM6, the reciprocal effect (large outward

movement of TM6) can be observed at the

intracellular side.
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and also quantitatively the allosteric coupling mecha-

nism of GPCR activation in biochemical terms: Ago-

nist binding favors G protein coupling and G protein

coupling to the receptor increases agonist, but not

antagonist, affinity. Based on the discovery of sponta-

neous activity of GPCRs, this model was later extended

[33]. After the initial biochemical description of allos-

teric coupling at b-adrenergic receptors, increased ago-

nist affinity in the presence of G proteins has been

demonstrated at muscarinic [34], opioid [35], adenosine

[36], and a-adrenergic receptors [37] and is now

believed to be a common hallmark of all GPCRs.

Of note, ternary complex formation is not limited to G

proteins. After the discovery of b-arrestin [38], it was

shown that b-arrestin binding to GPCRs does also

increase agonist affinity indicative of formation of an

agonist/receptor/b-arrestin ternary complex analogous to

the one observed with G proteins [39–42]. In quantitative

terms, b-arrestin coupling to GPCRs has been formalized

in the so-called alternative ternary complex model [39].

More recently, by comparing wild-type angiotensin

receptors with angiotensin receptors fused to either Gaq
or b-arrestin2, it has been demonstrated that competition

binding curves of biased ligands (either Gaq over b-ar-
restin2 or vice versa) at either fusion proteins were left-

shifted to a different extent in comparison with wild-type

receptors [43]. For instance, competition binding curves

of G protein-biased ligands (e.g., TRV055 and TRV056)

at AT1R-Gq receptors were much greater shifted to the

left in comparison with AT1R than competition curves at

AT1R-barr2 receptors. In contrast, competition binding

curves of barr2-biased ligands (e.g., TRV023 and

TRV026) were more prominently left-shifted at AT1R-

barr2 receptors [43]. These data led to the hypothesis that

the molecular nature of biased ligands may lie in prefer-

ential stabilization of G protein-stabilized ternary com-

plexes over barr2-stabilized ternary complexes or vice

versa, thereby establishing the first biochemical link

between divergent (i.e., transducer-specific) allosteric cou-

pling and biased agonism.

Collectively, the biochemical evidence of more than

40 years has unequivocally shown that GPCR activa-

tion is an allosteric process. Of note, there is initial

evidence that allosteric coupling may be dependent on

the type of ligand and the type of signaling protein,

suggesting that it may be possible to harness this pro-

cess with designed ligands to ultimately control prefer-

ential transducer coupling and biased signaling.

Structural basis of allosteric coupling

Despite the detailed biochemical understanding of

allosteric coupling, the structural basis of this

fundamental process has remained enigmatic until

recently. Using purified receptors (specifically b2-
adrenergic, muscarinic M2, and µ-opioid receptors)

and G proteins (or G protein mimetic nanobodies)

reconstituted in high-density lipoprotein particles, it

was revealed that binding of nucleotide-free G proteins

to receptors severely impairs both the association and

the dissociation of ligands to the extracellular binding

pocket in a concentration-dependent manner [44].

Mapping these pharmacological data on the available

crystal structures of the three receptors elucidated the

molecular mechanism of allosteric coupling: Binding

of a G protein to the intracellular receptor surface

leads to closure of the extracellular ligand-binding

pocket, virtually trapping the ligand in its binding site

and preventing further ligand access to the binding site

from the extracellular space [44]. In general, conforma-

tional changes in the extracellular loops 2 and 3 and

the extracellular parts of TM5, TM6, and TM7 of the

receptors appear to be responsible for forming a lid-

like structure over the ligand-binding pocket [3]

(Fig. 1). More specifically, in b-adrenergic [45,46] and

muscarinic receptors [47,48] two aromatic residues in

the ECL2 and upper part of TM7 move closer to one

another. It should be noted that in muscarinic

receptors, these aromatic residues form parts of the

common allosteric-binding site and that their rear-

rangement during receptor activation allows designing

allosteric modulators that favor binding to either the

inactive or active states of the receptor [49,50]. Closure

of the ligand-binding pocket hence provides the struc-

tural basis of the observed increase in agonist affinity

in the presence of G proteins and is likely to be a con-

ceptually common mechanism for allosteric coupling

during GPCR activation [44,51].

Although there is detailed knowledge about the

specific structural changes within both the ligand and

the transducer-binding sites, much less is known about

the structural dynamics of the conformational coupling

of these regions. In particular, it is largely unknown

how structural changes in the ligand-binding pocket

are precisely relayed through the receptor core to the

transducer-binding site and how this may be influenced

by different ligands and different transducers.

As crystallography only provides extreme snapshots

of GPCR activation, cryo-EM and other biophysical

techniques such as nuclear magnetic resonance (NMR)

spectroscopy, double electron–electron resonance

(DEER) spectroscopy, and single-molecule Foerster

resonance energy transfer (smFRET) have become

invaluable to shed light on structural dynamics of

allosteric coupling. As a representative example

of the power of such biophysical methods, NMR
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spectroscopy of multiple GPCRs equipped with differ-

ent labels (13C, 15N, or 19F) has uniformly demon-

strated that allosteric coupling between the ligand-

binding pocket and the G protein-binding site is loose

[52–54]. Two key aspects can be extracted from these

studies: First, agonist binding stabilizes an ensemble

of different receptor conformations which are in equi-

librium with each other and are able to interconvert,

and second, the fully active state of the receptor is

only reached upon addition of the G protein or a G

protein mimicking nanobody [52–61]. The latter

notion has also been confirmed by using DEER [52]

or single-molecule FRET techniques [62]. Overall, this

indicates that agonist binding alone sort of primes the

receptor for subsequent engagement with a variety of

intracellular transducers. However, the major struc-

tural changes observed at both the intracellular G pro-

tein-binding site and the extracellular closure of the

ligand-binding pocket inevitably require the engage-

ment of the G protein.

The residues that get labeled for NMR spectroscopy

experiments are often predetermined by the amino acid

sequence of the receptor under study (e.g., with 13C-

methionine, all methionine residues will be labeled)

and it is possible to assign specific conformational

changes to specific residues that are scattered all over

the receptor protein. Therefore, NMR spectroscopy

has the advantage to simultaneously sample structural

changes at multiple locations all over the receptor pro-

tein due to labeling at multiple sites. This allows

extracting much more dynamic information of the acti-

vation process of receptors. Most of the labeled resi-

dues in NMR spectroscopy are located in the vicinity

of some conserved activation hot spots (e.g., the PIF,

D(E)RY, or NPxxY motifs) so that NMR spec-

troscopy can provide direct evidence of the structural

dynamics of the allosteric networks connecting the

ligand-binding pocket and the intracellular transducer-

binding interface.

Moreover, NMR spectroscopy allows to straightfor-

wardly assess the impact of different ligands on allos-

teric coupling between the two opposite binding sites.

By comparing conformational dynamics of specific

residues in response to different ligands, it has been

demonstrated that different ligands stabilize distinct

receptor conformations [52–60]. Based on this, it is

also likely that the allosteric pathways that link con-

formational changes in the ligand-binding pocket to

the intracellular receptor site may be distinct and

ligand-dependent [57,59,63].

To better elucidate the nature of those allosteric

pathways, computational approaches have proven

powerful tools to study allosteric communication

pipelines upon receptor activation on a much larger

scale. In general, a whole set of different ligand–recep-
tor complexes in inactive and active states form the

basis of structural data for computational analyses

[64–67]. Diverse methods such as evolutionary trace

analysis [68–71], phylogenetic analysis [65,66], or

molecular dynamic simulations and subsequent analy-

sis of residues contacts or torsion angles [72–75] have
been applied to help elucidate the structural dynamics

of allosteric coupling. Overarchingly, computational

studies have discovered allosteric communication

pipelines or allosteric networks, that is, residue con-

tacts connecting the extracellular domains with the

intracellular domains of the receptor (Fig. 2). Through

concerted or subsequent motions of several connected

residues, conformational changes triggered by the

ligand can be relayed from the extracellular binding

pocket throughout the receptor core to the intracellu-

lar G protein-binding interface. It is crucial to note

that upon analysis of hundreds of receptor structures,

it has become evident that presumably all class A

GPCRs share a so-called common activation pathway

that is characterized by conformational changes in

conserved residues, motifs, and switches that ulti-

mately converge at the G protein-binding site

[64,65,67] (Fig. 2). However, the precise allosteric

pathway is different at different receptors which pro-

vides the molecular basis that allows the diverse super-

family of GPCRs to become activated by ligands of

exceptionally diverse chemical scaffolds while main-

taining the common ability to activate the much smal-

ler class of G proteins. Moreover, recent

computational analysis of receptor structures in com-

plex with biased ligands has suggested that allosteric

communication pipelines toward the intracellular G

protein or b-arrestin interfaces may be distinct high-

lighting the potential of harnessing specific allosteric

communication pipelines for biased ligand design [75].

In summary, structural, biophysical, and computa-

tional studies have revealed key aspects of the struc-

tural dynamics of allosteric coupling during GPCR

activation and have illustrated that the exact allosteric

communication pipelines toward transducer-binding

interfaces will likely be ligand-dependent.

How does allosteric coupling relate to
biased agonism?

Biased agonists are endowed with the ability to prefer-

entially couple to one transducer protein over another,

thereby promoting preferential signaling through a

limited subset of all possible pathways downstream of

a specific GPCR. On the structural level, this
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phenomenon is hardly understood, mostly due to the

lack of receptor structures of a biased ligand in com-

plex with two different transducer proteins (e.g., G

protein and b-arrestin, using the exact same receptor

construct for all structure determinations). Neverthe-

less, a plausible explanation for preferential signaling

pathway activation is that the ligand–receptor struc-

ture in complex with one transducer will be different

from the structure of a complex with another trans-

ducer. Differential transducer coupling should be rea-

sonable to assume because GPCR activation, as

outlined above, is a prime allosteric process that

should follow the hallmarks of allostery, that is,

reciprocity and probe dependence. The reciprocity of

allosteric coupling during GPCR activation has been

clearly demonstrated on multiple levels. In biochemical

terms, agonist binding stimulates G protein coupling,

and reciprocally, G protein binding increases agonist

affinity. In structural terms, agonist binding promotes

an intracellular outward movement of TM6 facilitating

G protein binding, and reciprocally, G protein cou-

pling leads to closure of the extracellular ligand bind-

ing pocket. However, much less is known about the

structural dynamics of probe dependency. Theoreti-

cally, it is legitimate to hypothesize that biased ago-

nists promote preferential transducer coupling by

preferential (i.e., more energetically favorable) forma-

tion or stabilization of one transducer-specific receptor

complex over another. Based on the allosteric ternary

complex model and by defining the transducer proteins

as allosteric probes, it should directly follow that

binding of one transducer (e.g., G protein) will exert a

different effect on ligand–receptor interactions than

binding of another transducer (e.g., b-arrestin) to the

same receptor. In other words, the cooperativity

between agonist and transducer in the receptor G pro-

tein complex should be different from their cooperativ-

ity in the b-arrestin complex.

An important question is how this diverging cooper-

ativity may be reflected in structural terms, that is,

how binding of different intracellular transducers

would affect the conformation of the ligand-binding

pocket. As outlined above, it has been elegantly shown

that G protein binding closes off the ligand-binding

pocket from the extracellular space. However, it has

remained enigmatic whether binding of one receptor to

G proteins from different families results in divergent

conformational changes (e.g., different degrees of clo-

sure) of the ligand-binding pocket. Further, it has been

unknown whether receptor coupling to b-arrestin leads

to distinct conformations of the ligand-binding pocket

different from the ones induced by G protein binding

to the same receptor.

Recently, initial structural evidence has been pro-

vided that sheds light on these questions. High-resolu-

tion structures of three different receptors have been

obtained each in complex with two different transduc-

ers: The neurotensin receptor 1 has been solved in

complex with a Gi protein and b-arrestin1 [76,77], the

b-adrenergic receptor has been solved in complex with

the Gs-protein mimetic nanobody Nb80 [78], a Gs pro-

tein [79], and b-arrestin1 [78], and structures of the

Fig. 2. A common allosteric network

connects the extracellular ligand-binding

pocket with the intracellular transducer-

binding site. As an example, the salmeterol-

bound crystal structure of the b2 adrenergic

receptor (PDB entry: 6MXT)[103] was used

to map contact residues of the extracellular

domains of the binding pocket (dark orange)

and the classical orthosteric-binding site

(light orange). The chemically encoded

ligand information can be transferred to the

intracellular side via a broad allosteric

network consisting of some highly

conserved structural motives (different

shades of green) and more receptor-specific

triggers (shown as gray spheres) [67].
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muscarinic M2 receptor have been obtained in complex

with Go and b-arrestin1 [80,81]. However, only for the

muscarinic M2 receptor and the b1-adrenergic receptor

structures in complex with two distinct transducers

have been solved bound to the same agonist: The iper-

oxo-bound M2 receptor has been solved in complex

with Go [80] and b-arrestin1 [81], and the structures of

formoterol-bound b1-adrenergic receptor in complex

with the Gs-protein mimetic nanobody Nb80 and b-ar-
restin1 have been obtained [78]. Although, in both

cases, the receptor constructs and the overall condi-

tions for structure determination (detergent micelles vs

phospholipid bilayers) are slightly different and

nanobodies have some limitations [82], the structures

provide invaluable insight into how the type of intra-

cellular signaling protein changes the conformation of

the extracellular ligand binding pocket. Interestingly,

comparing the G protein-bound and b-arrestin-bound
structures of the two receptors clearly reveals major

differences in the extracellular parts of the ligand-bind-

ing pockets (Fig. 3). While G-protein coupling to both

receptors already leads to a closure of the ligand-bind-

ing pocket, binding of b-arrestin appears to result in

further conformational changes in the extracellular

receptor domains. Specifically, in both receptors, there

is an even more pronounced closure of the ligand-

binding pocket mediated by further inward movements

of the extracellular parts of TM6 and TM7 concomi-

tantly leading to conformational changes in ECL3.

Moreover, conformational changes in the upper parts

of TM5, ECL1, and ECL2 contribute to the distinct

overall structure of the binding pocket in comparison

with the G protein (mimetic)-bound structures.

These studies provide direct evidence that allosteric

coupling between the ligand and transducer-binding

sites indeed depends on the type of transducer. How-

ever, it should be noted that the biochemical impact of

these structural differences in the ligand-binding

pocket has not yet been studied and it is not clear

whether coupling to b-arrestin results in more severely

restricted ligand access to the binding site. Neverthe-

less, the overall divergent conformations of the binding

pockets of the receptors when in complex with G pro-

tein or b-arrestin provide an opportunity to design

ligands that may take advantage of these divergent

structural changes in such that it leads to preferential

downstream signaling.

Biased agonists and allosteric
coupling

Comparison of the G protein and b-arrestin complexes

of M2R and b1-AR demonstrates structural changes in

the overall binding pocket, in particular major confor-

mational differences in the most extracellular parts of

the binding pocket including the extracellular loops.

Based on these structural data, we have surveyed the

literature for recently reported biased ligands that have

a so-called extended binding mode, that is, ligands with

a molecular structure that spans the entire ligand-bind-

ing pocket including the upper parts of transmembrane

helices and extracellular loops. Interestingly, there are

a number of such biased ligands for several GPCRs

for which it was reported that the molecular basis for

their observed bias i the ligands’ extensive contacts

with the extracellular parts of the binding pocket.

Fig. 3. Transducer-specific conformations of the extracellular ligandbinding pocket. Structures of two given ligand/receptor complexes

coupled to two different intracellular transducers allow extracting and comparing transducer-specific allosteric coupling. For both receptor

pairs, similar conformational changes occur when comparing differences between M2 receptors (PDB entries: 6U1N and 6OIK) [80,81] and

b1-adrenoceptors (PDB entries 6TKO and 6IBL) [78] both bound to a G protein (or nanobody) and b-arrestin. Interestingly, the major

conformational differences between the two structural overlays occur in the most extracellular parts of the ligand binding pocket.
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Dopamine receptors

The dopamine D2 receptor is a major mediator of

dopamine signaling in the central nervous system and

serves as an important drug target for antipsychotics,

drugs for Parkinson’s disease, and antiemetics. D2

receptors couple to Gai/o proteins but can also recruit

b-arrestin. The structure of an active D2 receptor/Gi

complex bound to bromocriptine [83], a drug for

Parkinson’s disease, has been solved and reveals a

bitopic binding mode of bromocriptine where parts of

the ligand form extensive contacts with residues of the

extracellular loops of the D2 receptor including I184

in ECL2 (Fig. 4). Interestingly, bromocriptine has

been shown to be a b-arrestin-biased agonist at D2

receptors [84]. In line with this, compound 2 [85], a

congener of the drug aripiprazole [86,87] and a b-

arrestin-biased agonist, interacts extensively with the

extracellular domain including I184 as well (Fig. 4).

The idea is that by strong ligand interactions with

ECL2, compound 2 preferentially couples to b-arrestin
[85]. Moreover, compound 2 shows less interactions

with S1935.42 at the bottom of the binding pocket

which is an important trigger of Gai-protein coupling.

MLS1547 is a Gi/o-biased ligand [88,89] and shows

also strong interactions with a hydrophobic pocket in

the extracellular domains comprising I184 and

F1895.38 at the extracellular part of TM5. In contrast

to the two b-arrestin-biased ligands, the interaction of

MLS1547 with F1895.38 has been suggested to be

responsible for impaired b-arrestin recruitment. Taken

together, three biased ligands of diverse chemical scaf-

folds share a uniform mechanism of preferential allos-

teric coupling. Through strong interactions with

Fig. 4. Extended binding modes of biased ligands as structural hallmark for biased signaling. The examples for biogenic amine receptors

include the dopamine D2 receptor co-crystallized with the b-arrestin-biased drug bromocriptine (PDB entry: 6VMS)[83] or with a docked b-

arrestin-biased compound 2 (according to [85]), the 5-HT2B receptor co-crystallized with the b-arrestin-biased ergotamine (PDB entry: 4IB4)

[90], the muscarinic M2 receptor with the docked Gai-biased bitopic agonist iper-6-naph [51,113], and the b2 adrenergic receptor co-

crystallized with the Gas-protein-biased asthma therapeutic salmeterol (PDB entry: 6VMS)[103]. The blue and the gray surfaces indicate the

classical orthosteric and extended molecule parts, respectively. Receptor-ligand contacts with extracellular domains of the binding pocket

are highlighted in orange. A complementary way to interfere with allosteric coupling can be observed in the AT1 receptor co-crystallized with

the b-arrestin-biased peptide TRV026 (PDB entry: 6OS2)[98].
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residues in the extracellular parts of the ligand-binding

pocket, all three ligands trigger a distinct allosteric

pathway from the extracellular domain preferentially

leading to binding of only one transducer. In fact, for

MLS1547 it has been shown that the interaction with

F1895.38 favors a distinct conformation of ICL2 that

impairs b-arrestin coupling [89]. Thus, interaction with

extracellular residues appears as trigger for biased sig-

naling.

Serotonin receptors

Serotonin modulates a variety of physiological func-

tions in humans, for example, in the cardiovascular

system, the gastrointestinal tract, and the central ner-

vous system. Serotonin receptor antagonists are

important drugs in the treatment of nausea, migraine

and other diseases. Moreover, serotonin receptors in

the brain mediate hallucinogenic effects of psychedelic

drugs such as LSD. LSD and ergotamine are two

serotonin receptor agonists that have been crystallized

in complex with the 5-HT2B receptor [90–92]. The 5-

HT2B receptor couples preferentially to Gaq/11 pro-

teins bun can also recruit b-arrestin. Interestingly,

ergotamine and LSD are both b-arrestin-biased
ligands. The structures reveal an extended binding

mode for both ligands and, in particular ergotamine,

show direct interactions with extracellular parts of

TM6 (L3476.58, V3486.59), TM7 (Q3597.32), and ECL2

(L209) (Fig. 4). It has been suggested that the

enhanced interactions of the ligands with the extracel-

lular parts of the binding pocket are responsible for

the observed b-arrestin bias.

Angiotensin receptors

AT1 receptors mediate the majority of physiological

functions of angiotensin in humans such as vasocon-

striction. AT1 receptor antagonists (e.g., losartan)

serve as well-established drugs for the treatment of

hypertension and heart failure. In recent years, there

has been a lot of interest in b-arrestin-biased AT1

receptor agonists as potential drugs for heart failure

because studies have shown their antihypertensive

effects to be comparable with angiotensin antagonists

while b-arrestin recruitment appears to improve car-

diac function [93,94]. Very recently, b-arrestin-biased
AT1 agonists have been discussed as potential drugs

for COVID-19 [95]. Besides their therapeutic impor-

tance, AT1 receptors are paradigmatic for studying the

molecular nature of biased agonism. Numerous Gaq/11
(e.g., TRV055 and TRV056) and b-arrestin-biased ago-

nists (e.g., TRV023 TRV026) have been reported [43]

and the structural basis and dynamics of their biased

agonism have been elucidated recently [96–99]. A key

structural element of all biased angiotensin analogues

is the nature of the amino acid at position 8 which

binds deep in the orthosteric pocket (a phenylalanine

in angiotensin II, the endogenous agonist). Gaq/11-bi-
ased agonists have a bulky amino acid at position 8

(e.g., TRV055 and TRV056) whereas b-arrestin-biased
agonist contain a small amino acid (e.g., alanine in

TRV026) or lack the eighth amino acid entirely (e.g.,

TRV023). Crystal structures and biophysical experi-

ments have revealed that a bulky amino acid in posi-

tion 8 of the angiotensin peptide is necessary to

promote a rotamer shift of L1123.36 at the bottom of

the binding pocket that triggers a stronger outward

swing of the lower parts of TM6 resulting in strong

Gq/11 coupling (Fig. 4). In contrast, the lack of a bulky

amino acid in position 8 impairs the outward move-

ment of TM6 which forms the structural basis for b-
arrestin-biased agonism at AT1 receptors (Fig. 4). Of

note, although angiotensin peptides are large molecules

that span the entire ligand-binding pocket including

extracellular receptor domains, the observed biased

agonism in either direction (Gq/11 or b-arrestin)
appears to stem entirely from different ligand interac-

tions with residues at the bottom of the ligand-binding

pocket such as L1123.36. This interaction influences the

conformation of W2536.48 which is an important resi-

due within the allosteric network coupling the ligand-

binding pocket to the intracellular Gaq/11 protein-bind-
ing site (Fig. 4). Thus, bulky amino acids at position 8

in angiotensin peptides promote preferential allosteric

coupling to the Gaq/11 protein-binding interface.

b-adrenergic receptors

b1- and b2-adrenergic receptors mediate essential phys-

iological functions of the autonomic nervous system

such as controlling heart rate and respiration. b1-AR

blockers form a fundamental class of drugs in the

treatment of a variety of cardiovascular diseases, and

b2-AR agonists are pivotal in the treatment of bron-

chial asthma and chronic obstructive pulmonary dis-

ease. Both receptors have recently been crystallized

with biased agonists which provides insights into the

structural basis of biased signaling. The structures of

the b1-adrenergic receptor in complex with Nb80 (a

Gas-protein mimetic) and b-arrestin both bound to

formoterol, a b-arrestin-biased agonist [100], have been

solved [78]. Formoterol displays an extended binding

mode showing interactions with receptor residues of

the upper parts of TM6 and ECL2 (Fig. 3). Compar-

ison of the two structures has revealed that the b-
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arrestin bias of formoterol may be due to differences

at two interaction hot spots. There are less interactions

of formoterol with the receptor in the deep orthosteric

binding pocket which may impair a strong outward

swing of the lower parts of TM6 and, thus, impair

Gas-protein coupling. In stark contrast, formoterol

displays much more interactions with residues in the

extracellular parts of the binding pocket such as the

upper parts of TM6 (Fig. 3). Of note, ligand interac-

tions with extracellular residues have also been

observed in the b1-AR crystal structures bound to the

b-arrestin-biased agonists bucindolol and carvedilol

[101].

The b2-adrenergic receptor has been crystallized with

the Gas-biased partial agonist salmeterol [102,103], a

well-known drug for the treatment of bronchial

asthma. Salmeterol shows an extended binding mode

comprising strong interactions with extracellular

domains of the receptor (Fig. 4). Although salme-

terol’s bias relative to epinephrine has been suggested

to result from a different hydrogen-bond network

involving Ser2045.43 and Asn2936.55 deep in the orthos-

teric binding pocket, it shall be noted that salmeterol

appears more b-arrestin biased than salbutamol (which

is much smaller in size) [103], a pharmacological obser-

vation that may be due to salmeterol’s interaction with

extracellular receptor domains. Along this line, it has

been shown that (R,R0)-fenoterol preferentially acti-

vates Gas-protein over Gai/o-protein signaling at b2-
adrenergic receptors. Interestingly, this biased agonism

has been attributed to (R,R0)-fenoterol’s interaction

with Tyr3087.35, a conserved residue in the extracellu-

lar part of the ligand-binding pocket [104].

Muscarinic acetylcholine receptors

Muscarinic receptors play a crucial function in the

autonomous nervous system by mediating all parasym-

pathetic effects such as controlling cardiac function,

secretion of glands, and several processes in the central

nervous system involved in memory and learning [49].

In line with this, muscarinic receptors serve as important

drug targets for the treatment of a variety of diseases

including Alzheimer’s disease and chronic obstructive

pulmonary disease. Besides their pivotal role in physiol-

ogy and disease, muscarinic receptors are the paradig-

matic receptors for allosteric modulation [105]. All 5

receptor subtypes possess a so-called common allosteric-

binding site located on top of the orthosteric-binding

pocket for acetylcholine. This site can be targeted with a

huge variety of small molecules and peptides [48,106].

Bitopic ligands, that is, ligands that bind to the orthos-

teric and allosteric-binding site simultaneously, have

first been described for muscarinic receptors and have

been shown to have an extended binding mode [107–
112]. This is similar to the binding mode of biased

ligands at dopamine, serotonin, and b-adrenergic recep-
tors (Fig. 4). In fact, bitopic ligands at muscarinic M2

receptors have been shown to be Gai/o-biased agonists

and fail to recruit b-arrestin [109,113]. Iper-6-naph, a

well-characterized bitopic ligand, spans the entire

ligand-binding pocket including residue contacts with

extracellular receptor domains (Fig. 4). We have sug-

gested that, due to its extended binding mode, iper-6-

naph hampers the closure of the ligand-binding pocket

[51,109,113]. While this is a structural hallmark during

allosteric coupling, iper-6-naph binding to M2 receptors

appears to affect receptor coupling to b-arrestin more

severely than Gai/o-protein coupling, providing a struc-

tural explanation for the observed biased agonism.

Indeed, the recent cryo-EM structure of the M2R/b-ar-
restin complex [81] shows an even more contracted bind-

ing pocket (Fig. 3) rationalizing why bitopic ligands fail

to recruit b-arrestin at this receptor [109].

Recently, we have applied a similar strategy to mus-

carinic M1 receptors [114]. Using a set of bitopic ago-

nists, it was shown that progressive interference with

binding pocket closure reduces the number of G pro-

tein subfamilies that can couple to the receptor. This is

in line with the notion that ligand interactions with

extracellular receptor domains may promote preferen-

tial allosteric coupling to selected transducers.

Conclusion

Allosteric coupling is the fundamental mechanism of

GPCR activation and describes how these membrane

receptors relay structural changes upon extracellular

agonist binding through the transmembrane core to

intracellular coupling of a variety of transducers such

as G proteins and b-arrestin. Although this mecha-

nism has been studied with biochemical and pharma-

cological methods for decades, only recently the

structural basis for allosteric coupling has been eluci-

dated. Binding of intracellular transducer proteins to

GPCRs is conformationally coupled to pronounced

structural changes in the extracellular domains of the

ligand-binding pocket, resulting in closure of the bind-

ing pocket toward the extracellular space. The recip-

rocal structural changes in the binding pocket appear

to be transducer-specific, suggesting that it may be

possible to design biased ligand with desired signaling

profiles. It should be noted that the most dramatic

structural changes occur in the extracellular parts of

the binding pocket such as the upper parts of trans-

membrane helices and extracellular loops. Therefore,

2522 The FEBS Journal 288 (2021) 2513–2528 ª 2021 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

Allosteric coupling and biased agonism in GPCRs A. Bock and M. Bermudez



ligands with extended binding modes that span the

entire binding pocket are likely to be promising can-

didates for biased signaling. In fact, several biased

ligands with extended binding modes have been

described for a variety of receptors. For many of

these ligands, it has been demonstrated that their bias

results from ligand interactions with the extracellular

domains of the receptor. For others, distinct ligand–
receptor interactions deep inside the orthosteric bind-

ing site are more likely to be responsible for the

observed ligand bias. A mixture of both mechanisms

is also likely to occur. However, despite the varying

molecular flavors of ligand bias, we propose that it is

likely that all biased ligands described above share a

conceptually common mechanism of biased agonism.

Based on the available data, we hypothesize that

biased ligands use ligand-specific triggers within the

binding pocket that initiate a preferential allosteric

pathway to only one intracellular transducer-binding

site. For some receptors, these molecular triggers may

be located in the extracellular parts of the ligand-

binding pocket (e.g., for biogenic amine receptors),

whereas for other receptors, these triggers reside at

the bottom of the ligand-binding pocket (e.g., for

angiotensin receptors). Nevertheless, the initiation of

preferential allosteric coupling with one transducer-

binding site appears to be a common hallmark of all

biased ligands at class A GPCRs. A deeper structural

and pharmacological understanding of allosteric net-

works will likely boost the rational design of biased

ligands as a new generation of GPCR drugs.

Author contributions

AB developed the scope of this review with input from

MB. AB and MB designed figures. MB prepared fig-

ures. AB wrote the manuscript with edits from MB.

Acknowledgements

M.B. acknowledges funding by the Deutsche

Forschungsgemeinschaft (DFG, German Research

Foundation, project number 407626949) and support

by the Joachim Herz Stiftung. Research in the labora-

tory of A.B. is funded by the Deutsche Forschungsge-

meinschaft (DFG, German Research Foundation)

through SFB1423, project number 421152132, subpro-

ject C05.

Conflict of interest

The authors declare no conflict of interest.

References

1 Lefkowitz RJ (1996) G protein-coupled receptors and

receptor kinases: from molecular biology to potential

therapeutic applications. Nat Biotechnol 14, 283–286.
2 Rockman HA, Koch WJ & Lefkowitz RJ (2002)

Seven-transmembrane-spanning receptors and heart

function. Nature 415, 206–212.
3 Weis WI & Kobilka BK (2018) The molecular basis of

G protein-coupled receptor activation. Annu Rev

Biochem 87, 897–919.
4 Hilger D, Masureel M & Kobilka BK (2018) Structure

and dynamics of GPCR signaling complexes. Nat

Struct Mol Biol 25, 4–12.
5 Erlandson SC, McMahon C & Kruse AC (2018)

Structural basis for G protein-coupled receptor

signaling. Annu Rev Biophys 47, 1–18.
6 Eichel K & von Zastrow M (2018) Subcellular

organization of GPCR signaling. Trends Pharmacol Sci

39, 200–208.
7 Buxton IL & Brunton LL (1983) Compartments of

cyclic AMP and protein kinase in mammalian

cardiomyocytes. J Biol Chem 258, 10233–10239.
8 Zaccolo M & Pozzan T (2002) Discrete microdomains

with high concentration of cAMP in stimulated rat

neonatal cardiac myocytes. Science 295, 1711–1715.
9 Bock A, Annibale P, Konrad C, Hannawacker A,

Anton SE, Maiellaro I, Zabel U, Sivaramakrishnan S,

Falcke M & Lohse MJ (2020) Optical Mapping of

cAMP Signaling at the Nanometer Scale. Cell 182,

1519–1530 e17.

10 Zhang JZ, Lu TW, Stolerman LM, Tenner B, Yang

JR, Zhang JF, Falcke M, Rangamani P, Taylor SS,

Mehta S et al. (2020) Phase Separation of a PKA

Regulatory Subunit Controls cAMP

Compartmentation and Oncogenic Signaling. Cell 182,

1531–1544 e15.

11 Sriram K & Insel PA (2018) G protein-Coupled

receptors as targets for approved drugs: How many

targets and how many drugs? Mol Pharmacol 93, 251–
258.

12 Hauser AS, Attwood MM, Rask-Andersen M, Schioth

HB & Gloriam DE (2017) Trends in GPCR drug

discovery: new agents, targets and indications. Nat Rev

Drug Discov 16, 829–842.
13 Milligan G & Kostenis E (2006) Heterotrimeric G-

proteins: a short history. Br J Pharmacol 147 (Suppl

1), S46–55.
14 Smith JS, Lefkowitz RJ & Rajagopal S (2018) Biased

signalling: from simple switches to allosteric

microprocessors. Nat Rev Drug Discov 17, 243–260.
15 Lefkowitz RJ & Shenoy SK (2005) Transduction of

receptor signals by beta-arrestins. Science 308, 512–517.
16 Shukla AK, Violin JD, Whalen EJ, Gesty-Palmer D,

Shenoy SK & Lefkowitz RJ (2008) Distinct

2523The FEBS Journal 288 (2021) 2513–2528 ª 2021 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

A. Bock and M. Bermudez Allosteric coupling and biased agonism in GPCRs



conformational changes in beta-arrestin report biased

agonism at seven-transmembrane receptors. Proc Natl

Acad Sci U S A 105, 9988–9993.
17 Shukla AK, Westfield GH, Xiao K, Reis RI, Huang

LY, Tripathi-Shukla P, Qian J, Li S, Blanc A, Oleskie

AN et al. (2014) Visualization of arrestin recruitment

by a G-protein-coupled receptor. Nature 512, 218–222.
18 Latorraca NR, Wang JK, Bauer B, Townshend RJL,

Hollingsworth SA, Olivieri JE, Xu HE, Sommer ME

& Dror RO (2018) Molecular mechanism of GPCR-

mediated arrestin activation. Nature 557, 452–456.
19 Lee MH, Appleton KM, Strungs EG, Kwon JY,

Morinelli TA, Peterson YK, Laporte SA & Luttrell

LM (2016) The conformational signature of beta-

arrestin2 predicts its trafficking and signalling

functions. Nature 531, 665–668.
20 Cahill TJ 3rd, Thomsen AR, Tarrasch JT, Plouffe B,

Nguyen AH, Yang F, Huang LY, Kahsai AW,

Bassoni DL, Gavino BJ et al.(2017) Distinct

conformations of GPCR-beta-arrestin complexes

mediate desensitization, signaling, and endocytosis.

Proc Natl Acad Sci U S A 114, 2562–2567.
21 Mayer D, Damberger FF, Samarasimhareddy M,

Feldmueller M, Vuckovic Z, Flock T, Bauer B, Mutt

E, Zosel F, Allain FHT et al. (2019) Distinct G

protein-coupled receptor phosphorylation motifs

modulate arrestin affinity and activation and global

conformation. Nat Commun 10, 1261.

22 Latorraca NR, Masureel M, Hollingsworth SA,

Heydenreich FM, Suomivuori CM, Brinton C,

Townshend RJL, Bouvier M, Kobilka BK & Dror RO

(2020) How GPCR phosphorylation patterns

orchestrate arrestin-mediated signaling. Cell 183 1813–
1825 e18.

23 Wootten D, Miller LJ, Koole C, Christopoulos A &

Sexton PM (2017) Allostery and biased agonism at

class B G protein-coupled receptors. Chem Rev 117,

111–138.
24 Wootten D, Christopoulos A, Marti-Solano M, Babu

MM & Sexton PM (2018) Mechanisms of signalling

and biased agonism in G protein-coupled receptors.

Nat Rev Mol Cell Biol 19, 638–653.
25 Wingler LM & Lefkowitz RJ (2020) Conformational

basis of G protein-coupled receptor signaling

versatility. Trends Cell Biol 30, 736–747.
26 Gusach A, Maslov I, Luginina A, Borshchevskiy V,

Mishin A & Cherezov V (2020) Beyond structure:

emerging approaches to study GPCR dynamics. Curr

Opin Struct Biol 63, 18–25.
27 Bermudez M, Nguyen TN, Omieczynski C & Wolber

G (2019) Strategies for the discovery of biased GPCR

ligands. Drug Discov Today 24, 1031–1037.
28 Maguire ME, Van Arsdale PM & Gilman AG (1976)

An agonist-specific effect of guanine nucleotides on

binding to the beta adrenergic receptor. Mol

Pharmacol 12, 335–339.
29 Lefkowitz RJ, Mullikin D & Caron MG (1976)

Regulation of beta-adrenergic receptors by guanyl-5’-yl

imidodiphosphate and other purine nucleotides. J Biol

Chem 251, 4686–4692.
30 Ross EM, Maguire ME, Sturgill TW, Biltonen RL &

Gilman AG (1977) Relationship between the beta-

adrenergic receptor and adenylate cyclase. J Biol Chem

252, 5761–5775.
31 Kent RS, De Lean A & Lefkowitz RJ (1980) A

quantitative analysis of beta-adrenergic receptor

interactions: resolution of high and low affinity states

of the receptor by computer modeling of ligand

binding data. Mol Pharmacol 17, 14–23.
32 De Lean A, Stadel JM & Lefkowitz RJ (1980) A

ternary complex model explains the agonist-specific

binding properties of the adenylate cyclase-coupled

beta-adrenergic receptor. J Biol Chem 255, 7108–7117.
33 Samama P, Cotecchia S, Costa T & Lefkowitz RJ

(1993) A mutation-induced activated state of the beta

2-adrenergic receptor. Extending the ternary complex

model. J Biol Chem 268, 4625–4636.
34 Burgisser E, De Lean A & Lefkowitz RJ (1982)

Reciprocal modulation of agonist and antagonist

binding to muscarinic cholinergic receptor by guanine

nucleotide. Proc Natl Acad Sci U S A 79, 1732–1736.
35 Werling LL, Puttfarcken PS & Cox BM (7315c)

Multiple agonist-affinity states of opioid receptors:

regulation of binding by guanyl nucleotides in guinea

pig cortical, NG108-15, and 7315c cell membranes.

Mol Pharmacol 33, 423–431.
36 Prater MR, Taylor H, Munshi R & Linden J (1992)

Indirect effect of guanine nucleotides on antagonist

binding to A1 adenosine receptors: occupation of

cryptic binding sites by endogenous vesicular

adenosine. Mol Pharmacol 42, 765–772.
37 Bylund DB, Gerety ME, Happe HK & Murrin LC

(2001) A robust GTP-induced shift in alpha(2)-

adrenoceptor agonist affinity in tissue sections from rat

brain. J Neurosci Methods 105, 159–166.
38 Lohse MJ, Benovic JL, Codina J, Caron MG &

Lefkowitz RJ (1990) beta-Arrestin: a protein that

regulates beta-adrenergic receptor function. Science

248, 1547–1550.
39 Gurevich VV, Pals-Rylaarsdam R, Benovic JL, Hosey

MM & Onorato JJ (1997) Agonist-receptor-arrestin,

an alternative ternary complex with high agonist

affinity. J Biol Chem 272, 28849–28852.
40 Gurevich VV, Dion SB, Onorato JJ, Ptasienski J, Kim

CM, Sterne-Marr R, Hosey MM & Benovic JL (1995)

Arrestin interactions with G protein-coupled receptors.

Direct binding studies of wild type and mutant

arrestins with rhodopsin, beta 2-adrenergic, and m2

2524 The FEBS Journal 288 (2021) 2513–2528 ª 2021 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

Allosteric coupling and biased agonism in GPCRs A. Bock and M. Bermudez



muscarinic cholinergic receptors. J Biol Chem 270,

720–731.
41 Gurevich VV, Richardson RM, Kim CM, Hosey MM

& Benovic JL (1993) Binding of wild type and

chimeric arrestins to the m2 muscarinic cholinergic

receptor. J Biol Chem 268, 16879–16882.
42 Staus DP, Strachan RT, Manglik A, Pani B, Kahsai

AW, Kim TH, Wingler LM, Ahn S, Chatterjee A,

Masoudi A et al. (2016) Allosteric nanobodies reveal the

dynamic range and diverse mechanisms of G-protein-

coupled receptor activation. Nature 535, 448–452.
43 Strachan RT, Sun JP, Rominger DH, Violin JD, Ahn

S, Rojas Bie Thomsen A, Zhu X, Kleist A, Costa T &

Lefkowitz RJ (2014) Divergent transducer-specific

molecular efficacies generate biased agonism at a G

protein-coupled receptor (GPCR). J Biol Chem 289,

14211–14224.
44 DeVree BT, Mahoney JP, Velez-Ruiz GA, Rasmussen

SG, Kuszak AJ, Edwald E, Fung JJ, Manglik A,

Masureel M, Du Y et al. (2016) Allosteric coupling

from G protein to the agonist-binding pocket in

GPCRs. Nature 535, 182–186.
45 Rosenbaum DM, Cherezov V, Hanson MA,

Rasmussen SG, Thian FS, Kobilka TS, Choi HJ, Yao

XJ, Weis WI, Stevens RC et al. (2007) GPCR

engineering yields high-resolution structural insights

into beta2-adrenergic receptor function. Science 318,

1266–1273.
46 Rasmussen SG, DeVree BT, Zou Y, Kruse AC, Chung

KY, Kobilka TS, Thian FS, Chae PS, Pardon E,

Calinski D et al. (2011) Crystal structure of the beta2

adrenergic receptor-Gs protein complex. Nature 477,

549–555.
47 Haga K, Kruse AC, Asada H, Yurugi-Kobayashi T,

Shiroishi M, Zhang C, Weis WI, Okada T, Kobilka

BK, Haga T et al. (2012) Structure of the human M2

muscarinic acetylcholine receptor bound to an

antagonist. Nature 482, 547–551.
48 Kruse AC, Ring AM, Manglik A, Hu J, Hu K, Eitel

K, Hubner H, Pardon E, Valant C, Sexton PM et al.

(2013) Activation and allosteric modulation of a

muscarinic acetylcholine receptor. Nature 504, 101–
106.

49 Kruse AC, Kobilka BK, Gautam D, Sexton PM,

Christopoulos A & Wess J (2014) Muscarinic

acetylcholine receptors: novel opportunities for drug

development. Nat Rev Drug Discov 13, 549–560.
50 Bock A, Schrage R & Mohr K (2018) Allosteric

modulators targeting CNS muscarinic receptors.

Neuropharmacology 136, 427–437.
51 Bermudez M & Bock A (2019) Does divergent binding

pocket closure drive ligand bias for class A GPCRs?

Trends Pharmacol Sci 40, 236–239.
52 Manglik A, Kim TH, Masureel M, Altenbach C, Yang

Z, Hilger D, Lerch MT, Kobilka TS, Thian FS,

Hubbell WL et al. (2015) Structural insights into the

dynamic process of beta2-adrenergic receptor signaling.

Cell 161, 1101–1111.
53 Nygaard R, Zou Y, Dror RO, Mildorf TJ, Arlow DH,

Manglik A, Pan AC, Liu CW, Fung JJ, Bokoch MP

et al. (2013) The dynamic process of beta(2)-adrenergic

receptor activation. Cell 152, 532–542.
54 Sounier R, Mas C, Steyaert J, Laeremans T, Manglik

A, Huang W, Kobilka BK, Demene H & Granier S

(2015) Propagation of conformational changes during

mu-opioid receptor activation. Nature 524, 375–378.
55 Kofuku Y, Ueda T, Okude J, Shiraishi Y, Kondo K,

Maeda M, Tsujishita H & Shimada I (2012) Efficacy

of the beta(2)-adrenergic receptor is determined by

conformational equilibrium in the transmembrane

region. Nat Commun 3, 1045.

56 Okude J, Ueda T, Kofuku Y, Sato M, Nobuyama N,

Kondo K, Shiraishi Y, Mizumura T, Onishi K,

Natsume M et al. (2015) Identification of a

conformational equilibrium that determines the

efficacy and functional selectivity of the mu-opioid

receptor. Angew Chem Int Ed Engl 54, 15771–15776.
57 Isogai S, Deupi X, Opitz C, Heydenreich FM, Tsai CJ,

Brueckner F, Schertler GF, Veprintsev DB & Grzesiek

S (2016) Backbone NMR reveals allosteric signal

transduction networks in the beta1-adrenergic receptor.

Nature 530, 237–241.
58 Solt AS, Bostock MJ, Shrestha B, Kumar P, Warne T,

Tate CG & Nietlispach D (2017) Insight into partial

agonism by observing multiple equilibria for ligand-

bound and Gs-mimetic nanobody-bound beta1-

adrenergic receptor. Nat Commun 8, 1795.

59 Eddy MT, Lee MY, Gao ZG, White KL, Didenko T,

Horst R, Audet M, Stanczak P, McClary KM, Han

GW et al. (2018) Allosteric Coupling of Drug Binding

and Intracellular Signaling in the A2A Adenosine

Receptor. Cell 172 68–80 e12.

60 Xu J, Hu Y, Kaindl J, Risel P, Hubner H, Maeda S,

Niu X, Li H, Gmeiner P, Jin C et al. (2019)

Conformational Complexity and Dynamics in a

Muscarinic Receptor Revealed by NMR Spectroscopy.

Mol Cell 75 53–65.e7.
61 Ye L, Van Eps N, Zimmer M, Ernst OP & Prosser RS

(2016) Activation of the A2A adenosine G-protein-

coupled receptor by conformational selection. Nature

533, 265–268.
62 Gregorio GG, Masureel M, Hilger D, Terry DS, Juette

M, Zhao H, Zhou Z, Perez-Aguilar JM, Hauge M,

Mathiasen S et al. (2017) Single-molecule analysis of

ligand efficacy in beta2AR-G-protein activation.

Nature 547, 68–73.
63 Grahl A, Abiko LA, Isogai S, Sharpe T & Grzesiek S

(2020) A high-resolution description of beta1-

adrenergic receptor functional dynamics and allosteric

coupling from backbone NMR. Nat Commun 11, 2216.

2525The FEBS Journal 288 (2021) 2513–2528 ª 2021 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

A. Bock and M. Bermudez Allosteric coupling and biased agonism in GPCRs



64 Venkatakrishnan AJ, Deupi X, Lebon G, Tate CG,

Schertler GF & Babu MM (2013) Molecular signatures

of G-protein-coupled receptors. Nature 494, 185–194.
65 Venkatakrishnan AJ, Deupi X, Lebon G, Heydenreich

FM, Flock T, Miljus T, Balaji S, Bouvier M,

Veprintsev DB, Tate CG et al. (2016) Diverse

activation pathways in class A GPCRs converge near

the G-protein-coupling region. Nature 536, 484–487.
66 Flock T, Hauser AS, Lund N, Gloriam DE, Balaji S &

Babu MM (2017) Selectivity determinants of GPCR-

G-protein binding. Nature 545, 317–322.
67 Zhou Q, Yang D, Wu M, Guo Y, Guo W, Zhong L,

Cai X, Dai A, Jang W, Shakhnovich EI et al. (2019)

Common activation mechanism of class A GPCRs.

Elife 8.

68 Madabushi S, Gross AK, Philippi A, Meng EC,

Wensel TG & Lichtarge O (2004) Evolutionary trace

of G protein-coupled receptors reveals clusters of

residues that determine global and class-specific

functions. J Biol Chem 279, 8126–8132.
69 Rodriguez GJ, Yao R, Lichtarge O & Wensel TG

(2010) Evolution-guided discovery and recoding of

allosteric pathway specificity determinants in

psychoactive bioamine receptors. Proc Natl Acad Sci U

S A 107, 7787–7792.
70 Sung YM, Wilkins AD, Rodriguez GJ, Wensel TG &

Lichtarge O (2016) Intramolecular allosteric

communication in dopamine D2 receptor revealed by

evolutionary amino acid covariation. Proc Natl Acad

Sci U S A. 113, 3539–3544.
71 Schonegge AM, Gallion J, Picard LP, Wilkins AD, Le

Gouill C, Audet M, Stallaert W, Lohse MJ, Kimmel

M, Lichtarge O & et al. (2017) Evolutionary action

and structural basis of the allosteric switch controlling

beta2AR functional selectivity. Nat Commun 8, 2169.

72 Vaidehi N & Kenakin T (2010) The role of

conformational ensembles of seven transmembrane

receptors in functional selectivity. Curr Opin

Pharmacol 10, 775–781.
73 Bhattacharya S & Vaidehi N (2014) Differences in

allosteric communication pipelines in the inactive and

active states of a GPCR. Biophys J. 107, 422–434.
74 Vaidehi N & Bhattacharya S (2016) Allosteric

communication pipelines in G-protein-coupled

receptors. Curr Opin Pharmacol 30, 76–83.
75 Nivedha AK, Tautermann CS, Bhattacharya S, Lee S,

Casarosa P, Kollak I, Kiechle T & Vaidehi N (2018)

Identifying Functional Hotspot Residues for Biased

Ligand Design in G-Protein-Coupled Receptors. Mol

Pharmacol 93, 288–296.
76 Kato HE, Zhang Y, Hu H, Suomivuori CM, Kadji

FMN, Aoki J, Krishna Kumar K, Fonseca R, Hilger

D, Huang W et al. (2019) Conformational transitions

of a neurotensin receptor 1-Gi1 complex. Nature 572,

80–85.

77 Huang W, Masureel M, Qu Q, Janetzko J, Inoue A,

Kato HE, Robertson MJ, Nguyen KC, Glenn JS,

Skiniotis G & et al. (2020) Structure of the neurotensin

receptor 1 in complex with beta-arrestin 1. Nature 579,

303–308.
78 Lee Y, Warne T, Nehme R, Pandey S, Dwivedi-

Agnihotri H, Chaturvedi M, Edwards PC, Garcia-

Nafria J, Leslie AGW, Shukla AK & et al. (2020)

Molecular basis of beta-arrestin coupling to formoterol-

bound beta1-adrenoceptor. Nature 583, 862–866.
79 Su M, Zhu L, Zhang Y, Paknejad N, Dey R, Huang

J, Lee MY, Williams D, Jordan KD, Eng ET et al.

(2020) Structural Basis of the Activation of

Heterotrimeric Gs-Protein by Isoproterenol-Bound

beta1-Adrenergic Receptor. Mol Cell 80 (59–71), e4.
80 Maeda S, Qu Q, Robertson MJ, Skiniotis G &

Kobilka BK (2019) Structures of the M1 and M2

muscarinic acetylcholine receptor/G-protein complexes.

Science 364, 552–557.
81 Staus DP, Hu H, Robertson MJ, Kleinhenz ALW,

Wingler LM, Capel WD, Latorraca NR, Lefkowitz RJ

& Skiniotis G (2020) Structure of the M2 muscarinic

receptor-beta-arrestin complex in a lipid nanodisc.

Nature 579, 297–302.
82 Manglik A, Kobilka BK & Steyaert J (2017)

Nanobodies to Study G Protein-Coupled Receptor

Structure and Function. Annu Rev Pharmacol Toxicol

57, 19–37.
83 Yin J, Chen KM, Clark MJ, Hijazi M, Kumari P, Bai

XC, Sunahara RK, Barth P & Rosenbaum DM (2020)

Structure of a D2 dopamine receptor-G-protein

complex in a lipid membrane. Nature 584, 125–129.
84 Brust TF, Hayes MP, Roman DL, Burris KD & Watts

VJ (2015) Bias analyses of preclinical and clinical D2

dopamine ligands: studies with immediate and complex

signaling pathways. J Pharmacol Exp Ther 352, 480–
493.

85 McCorvy JD, Butler KV, Kelly B, Rechsteiner K,

Karpiak J, Betz RM, Kormos BL, Shoichet BK, Dror

RO, Jin J & et al. (2018) Structure-inspired design of

beta-arrestin-biased ligands for aminergic GPCRs. Nat

Chem Biol 14, 126–134.
86 Allen JA, Yost JM, Setola V, Chen X, Sassano MF,

Chen M, Peterson S, Yadav PN, Huang XP, Feng B

et al. (2011) Discovery of beta-arrestin-biased

dopamine D2 ligands for probing signal transduction

pathways essential for antipsychotic efficacy. Proc Natl

Acad Sci U S A 108, 18488–18493.
87 Shen Y, McCorvy JD, Martini ML, Rodriguiz RM,

Pogorelov VM, Ward KM, Wetsel WC, Liu J, Roth

BL & Jin J (2019) D2 Dopamine Receptor G Protein-

Biased Partial Agonists Based on Cariprazine. J Med

Chem 62, 4755–4771.
88 Free RB, Chun LS, Moritz AE, Miller BN, Doyle TB,

Conroy JL, Padron A, Meade JA, Xiao J, Hu X et al.

2526 The FEBS Journal 288 (2021) 2513–2528 ª 2021 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

Allosteric coupling and biased agonism in GPCRs A. Bock and M. Bermudez



(2014) Discovery and characterization of a G protein-

biased agonist that inhibits beta-arrestin recruitment to

the D2 dopamine receptor. Mol Pharmacol 86, 96–105.
89 Sanchez-Soto M, Verma RK, Willette BKA, Gonye

EC, Moore AM, Moritz AE, Boateng CA, Yano H,

Free RB, Shi L & et al. (2020) A structural basis for

how ligand binding site changes can allosterically

regulate GPCR signaling and engender functional

selectivity. Sci Signal 13.

90 Wacker D, Wang C, Katritch V, Han GW, Huang

XP, Vardy E, McCorvy JD, Jiang Y, Chu M, Siu FY

et al. (2013) Structural features for functional

selectivity at serotonin receptors. Science 340, 615–619.
91 Wacker D, Wang S, McCorvy JD, Betz RM,

Venkatakrishnan AJ, Levit A, Lansu K, Schools ZL,

Che T, Nichols DE et al. (2017) Crystal Structure of

an LSD-Bound Human Serotonin Receptor. Cell 168

(377–389), e12.
92 Wang C, Jiang Y, Ma J, Wu H, Wacker D, Katritch

V, Han GW, Liu W, Huang XP, Vardy E et al. (2013)

Structural basis for molecular recognition at serotonin

receptors. Science 340, 610–614.
93 Violin JD, DeWire SM, Yamashita D, Rominger DH,

Nguyen L, Schiller K, Whalen EJ, Gowen M & Lark

MW (2010) Selectively engaging beta-arrestins at the

angiotensin II type 1 receptor reduces blood pressure

and increases cardiac performance. J Pharmacol Exp

Ther 335, 572–579.
94 Ryba DM, Li J, Cowan CL, Russell B, Wolska BM &

Solaro RJ (2017) Long-Term Biased beta-Arrestin

Signaling Improves Cardiac Structure and Function in

Dilated Cardiomyopathy. Circulation 135, 1056–1070.
95 Manglik A, Wingler LM, Rockman HA & Lefkowitz

RJ (2020) beta-Arrestin-Biased Angiotensin II

Receptor Agonists for COVID-19. Circulation 142,

318–320.
96 Suomivuori CM, Latorraca NR, Wingler LM,

Eismann S, King MC, Kleinhenz ALW, Skiba MA,

Staus DP, Kruse AC, Lefkowitz RJ & et al. (2020)

Molecular mechanism of biased signaling in a

prototypical G protein-coupled receptor. Science 367,

881–887.
97 Wingler LM, Elgeti M, Hilger D, Latorraca NR,

Lerch MT, Staus DP, Dror RO, Kobilka BK, Hubbell

WL & Lefkowitz RJ (2019) Angiotensin Analogs with

Divergent Bias Stabilize Distinct Receptor

Conformations. Cell 176 (468–478), e11.
98 Wingler LM, Skiba MA, McMahon C, Staus DP,

Kleinhenz ALW, Suomivuori CM, Latorraca NR,

Dror RO, Lefkowitz RJ & Kruse AC (2020)

Angiotensin and biased analogs induce structurally

distinct active conformations within a GPCR. Science

367, 888–892.
99 Wingler LM, McMahon C, Staus DP, Lefkowitz RJ &

Kruse AC (2019) Distinctive Activation Mechanism

for Angiotensin Receptor Revealed by a Synthetic

Nanobody. Cell 176 (479–490), e12.
100 Rajagopal S, Ahn S, Rominger DH, Gowen-

MacDonald W, Lam CM, Dewire SM, Violin JD &

Lefkowitz RJ (2011) Quantifying ligand bias at

seven-transmembrane receptors. Mol Pharmacol 80,

367–377.
101 Warne T, Edwards PC, Leslie AG & Tate CG (2012)

Crystal structures of a stabilized beta1-adrenoceptor

bound to the biased agonists bucindolol and

carvedilol. Structure 20, 841–849.
102 van der Westhuizen ET, Breton B, Christopoulos A &

Bouvier M (2014) Quantification of ligand bias for

clinically relevant beta2-adrenergic receptor ligands:

implications for drug taxonomy. Mol Pharmacol 85,

492–509.
103 Masureel M, Zou Y, Picard LP, van der Westhuizen

E, Mahoney JP, Rodrigues J, Mildorf TJ, Dror RO,

Shaw DE, Bouvier M et al. (2018) Structural insights

into binding specificity, efficacy and bias of a beta2AR

partial agonist. Nat Chem Biol 14, 1059–1066.
104 Woo AY, Jozwiak K, Toll L, Tanga MJ, Kozocas JA,

Jimenez L, Huang Y, Song Y, Plazinska A, Pajak K

et al. (2014) Tyrosine 308 is necessary for ligand-

directed Gs protein-biased signaling of beta2-

adrenoceptor. J Biol Chem 289, 19351–19363.
105 Conn PJ, Christopoulos A & Lindsley CW (2009)

Allosteric modulators of GPCRs: a novel approach for

the treatment of CNS disorders. Nat Rev Drug Discov

8, 41–54.
106 Dror RO, Green HF, Valant C, Borhani DW,

Valcourt JR, Pan AC, Arlow DH, Canals M, Lane

JR, Rahmani R et al. (2013) Structural basis for

modulation of a G-protein-coupled receptor by

allosteric drugs. Nature 503, 295–299.
107 Valant C, Gregory KJ, Hall NE, Scammells PJ, Lew

MJ, Sexton PM & Christopoulos A (2008) A novel

mechanism of G protein-coupled receptor functional

selectivity. Muscarinic partial agonist McN-A-343 as a

bitopic orthosteric/allosteric ligand. J Biol Chem 283,

29312–29321.
108 Antony J, Kellershohn K, Mohr-Andra M, Kebig A,

Prilla S, Muth M, Heller E, Disingrini T, Dallanoce C,

Bertoni S et al. (2009) Dualsteric GPCR targeting: a

novel route to binding and signaling pathway

selectivity. FASEB J 23, 442–450.
109 Bock A, Merten N, Schrage R, Dallanoce C, Batz J,

Klockner J, Schmitz J, Matera C, Simon K, Kebig A

et al. (2012) The allosteric vestibule of a seven

transmembrane helical receptor controls G-protein

coupling. Nat Commun 3, 1044.

110 Valant C, Robert Lane J, Sexton PM & Christopoulos

A (2012) The best of both worlds? Bitopic orthosteric/

allosteric ligands of g protein-coupled receptors. Annu

Rev Pharmacol Toxicol 52, 153–178.

2527The FEBS Journal 288 (2021) 2513–2528 ª 2021 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

A. Bock and M. Bermudez Allosteric coupling and biased agonism in GPCRs



111 Lane JR, Sexton PM & Christopoulos A (2013)

Bridging the gap: bitopic ligands of G-protein-coupled

receptors. Trends Pharmacol Sci 34, 59–66.
112 Mohr K, Trankle C, Kostenis E, Barocelli E, De

Amici M & Holzgrabe U (2010) Rational design of

dualsteric GPCR ligands: quests and promise. Br J

Pharmacol 159, 997–1008.
113 Bermudez M, Bock A, Krebs F, Holzgrabe U, Mohr

K, Lohse MJ & Wolber G (2017) Ligand-specific

restriction of extracellular conformational dynamics

constrains signaling of the M2 muscarinic receptor.

ACS Chem Biol 12, 1743–1748.
114 Holze J, Bermudez M, Pfeil EM, Kauk M, Bodefeld

T, Irmen M, Matera C, Dallanoce C, De Amici M,

Holzgrabe U et al. (2020) Ligand-Specific Allosteric

Coupling Controls G-Protein-Coupled Receptor

Signaling. ACS Pharmacol Transl Sci 3, 859–867.
115 Warne T, Moukhametzianov R, Baker JG, Nehme R,

Edwards PC, Leslie AG, Schertler GF & Tate CG

(2011) The structural basis for agonist and partial

agonist action on a beta(1)-adrenergic receptor. Nature

469, 241–244.
116 Moukhametzianov R, Warne T, Edwards PC,

Serrano-Vega MJ, Leslie AG, Tate CG & Schertler

GF (2011) Two distinct conformations of helix 6

observed in antagonist-bound structures of a beta1-

adrenergic receptor. Proc Natl Acad Sci U S A 108,

8228–8232.

2528 The FEBS Journal 288 (2021) 2513–2528 ª 2021 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

Allosteric coupling and biased agonism in GPCRs A. Bock and M. Bermudez


	Outline placeholder
	febs15783-aff-0001
	febs15783-aff-0002

	 Intro�duc�tion
	 Struc�tural basis of GPCR acti�va�tion
	 Allosteric cou�pling
	febs15783-fig-0001

	 Struc�tural basis of allosteric cou�pling
	 How does allosteric cou�pling relate to biased ago�nism?
	febs15783-fig-0002

	 Biased ago�nists and allosteric cou�pling
	febs15783-fig-0003
	 Dopamine recep�tors
	febs15783-fig-0004
	 Sero�tonin recep�tors
	 Angiotensin recep�tors
	 &bgr;-adren�er�gic recep�tors
	 Mus�carinic acetyl�choline recep�tors

	 Con�clu�sion
	 Author con�tri�bu�tions
	 Acknowl�edge�ments
	 Con�flict of inter�est
	febs15783-bib-0001
	febs15783-bib-0002
	febs15783-bib-0003
	febs15783-bib-0004
	febs15783-bib-0005
	febs15783-bib-0006
	febs15783-bib-0007
	febs15783-bib-0008
	febs15783-bib-0009
	febs15783-bib-0010
	febs15783-bib-0011
	febs15783-bib-0012
	febs15783-bib-0013
	febs15783-bib-0014
	febs15783-bib-0015
	febs15783-bib-0016
	febs15783-bib-0017
	febs15783-bib-0018
	febs15783-bib-0019
	febs15783-bib-0020
	febs15783-bib-0021
	febs15783-bib-0022
	febs15783-bib-0023
	febs15783-bib-0024
	febs15783-bib-0025
	febs15783-bib-0026
	febs15783-bib-0027
	febs15783-bib-0028
	febs15783-bib-0029
	febs15783-bib-0030
	febs15783-bib-0031
	febs15783-bib-0032
	febs15783-bib-0033
	febs15783-bib-0034
	febs15783-bib-0035
	febs15783-bib-0036
	febs15783-bib-0037
	febs15783-bib-0038
	febs15783-bib-0039
	febs15783-bib-0040
	febs15783-bib-0041
	febs15783-bib-0042
	febs15783-bib-0043
	febs15783-bib-0044
	febs15783-bib-0045
	febs15783-bib-0046
	febs15783-bib-0047
	febs15783-bib-0048
	febs15783-bib-0049
	febs15783-bib-0050
	febs15783-bib-0051
	febs15783-bib-0052
	febs15783-bib-0053
	febs15783-bib-0054
	febs15783-bib-0055
	febs15783-bib-0056
	febs15783-bib-0057
	febs15783-bib-0058
	febs15783-bib-0059
	febs15783-bib-0060
	febs15783-bib-0061
	febs15783-bib-0062
	febs15783-bib-0063
	febs15783-bib-0064
	febs15783-bib-0065
	febs15783-bib-0066
	febs15783-bib-0067
	febs15783-bib-0068
	febs15783-bib-0069
	febs15783-bib-0070
	febs15783-bib-0071
	febs15783-bib-0072
	febs15783-bib-0073
	febs15783-bib-0074
	febs15783-bib-0075
	febs15783-bib-0076
	febs15783-bib-0077
	febs15783-bib-0078
	febs15783-bib-0079
	febs15783-bib-0080
	febs15783-bib-0081
	febs15783-bib-0082
	febs15783-bib-0083
	febs15783-bib-0084
	febs15783-bib-0085
	febs15783-bib-0086
	febs15783-bib-0087
	febs15783-bib-0088
	febs15783-bib-0089
	febs15783-bib-0090
	febs15783-bib-0091
	febs15783-bib-0092
	febs15783-bib-0093
	febs15783-bib-0094
	febs15783-bib-0095
	febs15783-bib-0096
	febs15783-bib-0097
	febs15783-bib-0098
	febs15783-bib-0099
	febs15783-bib-0100
	febs15783-bib-0101
	febs15783-bib-0102
	febs15783-bib-0103
	febs15783-bib-0104
	febs15783-bib-0105
	febs15783-bib-0106
	febs15783-bib-0107
	febs15783-bib-0108
	febs15783-bib-0109
	febs15783-bib-0110
	febs15783-bib-0111
	febs15783-bib-0112
	febs15783-bib-0113
	febs15783-bib-0114
	febs15783-bib-0115
	febs15783-bib-0116


