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ABSTRACT 

WONJO JANG 

An inactive receptor-G protein complex maintains the dynamic range of 

agonist-induced signaling 

(Under the direction of NEVIN A. LAMBERT) 
 

G protein-coupled receptors (GPCRs) are 7-transmembrane (TM) proteins that are targets 

of one-third of approved drugs. In response to agonist binding, GPCRs adopt active-state 

conformations that promote their association with G protein heterotrimers. The resulting 

active-state ternary complex (i.e., agonist-GPCR-G protein complex) is the basis for 

conventional stimulus-response coupling. However multiple studies have also described 

GPCR-G protein complexes that form prior to agonist binding. While others have 

previously proposed that this interaction is thought to promote rapid or specific signaling, 

the role of such “preassociated” complexes is not well understood, and inactive-state 

receptors are generally considered unable to interact with heterotrimeric G proteins. Here, 

we show that preassociation of 5-HT7 serotonin receptors with Gs heterotrimers is 

necessary for agonist-induced signaling. Because inverse agonists and receptor mutations 

that favor the inactive state of 5-HT7 receptors promote the formation of preassociated 

complexes, 5-HT7 receptors in their inactive state preassociate with Gs. Upon agonist 

binding, 5-HT7 receptors adopt conformations that disfavor the formation of inactive-

state 5-HT7–Gs complexes, thus permitting the formation of conventional agonist–5-HT7–

Gs ternary complexes. Because Gs variants that cannot form inactive-state 5-HT7-Gs 

complexes are constitutively activated by 5-HT7 receptors, we conclude that this 

unconventional inactive-state 5-HT7-Gs complex is critical for the dynamic range of 

agonist-induced signaling. Thus, our findings provide evidence that agonists can initiate 



 

signaling via two distinct mechanisms, by promoting the association of conventional 

ternary complexes and by disrupting inverse-coupled binary complexes.  
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I. INTRODUCTION 

1. Statement of the Problem and Specific Aims 

 GPCRs are the largest group of transmembrane proteins in the human genome and 

comprise the most successful group of pharmaceutical targets (1). In response to a diverse 

array of cues including neurotransmitters, hormones and chemokines, they mediate a 

broad array of physiological responses by activating transducers such as heterotrimeric G 

proteins and arrestins (2). GPCRs are conformationally dynamic, and transition between 

inactive and active states, the latter being capable of interacting with and activating 

heterotrimeric G proteins (3). Although some level of constitutive activity is common, the 

conformational equilibrium “setpoint” usually favors the inactive state of the receptor, 

thus keeping the system turned off and primed to respond to agonists. While it is 

generally understood that only active-state receptors interact with heterotrimeric G 

proteins whereas inactive-state receptors do not, numerous studies using biophysical 

methods such as fluorescence recovery after photobleaching (FRAP) and resonance 

energy transfer (RET)-based methods have suggested that some unliganded, inactive 

receptors associate with heterotrimeric G proteins (4-7). However, how preassociation 

with heterotrimeric G proteins contributes to the biological function of GPCR-mediated 

signaling is not well understood. Although preassociation was previously thought to 

promote rapid onset of receptor signaling or mediate specificity of heterotrimeric G 

protein activation, evidence has also demonstrated that receptors can induce rapid and 
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specific signaling independent of preassociation. As such, the question of how 

preassociation influences receptor-mediated signaling remains to be addressed.  

The 5-HT7 serotonin receptor signals by activating Gs heterotrimers to stimulate 

adenylate cyclase (8,9).  Unlike most conventional Gs-coupled receptors, the 5-HT7 

receptor has been identified as possessing unusual biophysical and pharmacologic 

properties (10,11).  Most notably, previous studies have suggested that 5-HT7 receptors 

form a preassociated complex with Gs heterotrimers in the absence of activating ligands 

(12).  Furthermore, Förster resonance energy transfer (FRET) measurements between 5-

HT7 receptors and Gγ subunits have suggested that agonist-induced activation of 5-HT7 

receptors promotes the dissociation of Gβγ subunits from the preassociated complex 

(12,13). However, the question of whether the agonist-induced FRET change was owed 

to the disruption of the preassociated complex or due to change of conformation of the 

complex remains unanswered. Because GPCRs are conformationally dynamic and can 

sample intermediate states between the fully inactive and active states, it is unclear in 

which conformational state of 5-HT7 receptors preassociate with Gs heterotrimers. 

Intriguingly, 5-HT7 receptors possess two unusual pharmacologic properties: 1) a 

receptor reserve is not apparent (i.e., increased receptor concentration does not induce 

higher potency signaling) (14-16); 2) a high-affinity radioligand binding that is unaltered 

by the presence of guanine nucleotides (16,17). While it is possible that the co-presence 

of these properties is coincidental, further efforts to address whether these characteristics 

are consequences of preassociation between 5-HT7 receptors Gs heterotrimers are 

warranted. To better understand the functional role and the mechanistic basis of 5-HT7-Gs 

preassociation we propose the following specific aims:  
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Aim 1. Determine the impact of agonist-mediated activation on preassociated 5-HT7-Gs 

complexes 

Aim 2. Assess the conformational state of 5-HT7 when preassociated with Gs 

heterotrimers 

Aim 3. Characterize the impact of 5-HT7-Gs preassociation on the conformational 

equilibrium of 5-HT7 

2. Review of the Literature 

1. Functions of GPCRs 

 GPCRs are the largest group of transmembrane protein in the human genome and 

arguably the most successful group of pharmaceutical targets (1). In response to a diverse 

array of cues such as neurotransmitters, hormones and chemokines, they mediate a broad 

array of physiological processes by activating heterotrimeric G proteins and arrestins (2). 

GPCRs exert their key functions by activating four families of heterotrimeric G proteins 

(Gs, Gi/o, Gq/11, G12/13) (18). Conventionally, agonist-bound GPCRs favorably adopt active 

state conformations that associate with GDP-bound heterotrimeric G proteins and 

facilitate the release of GDP from the Gα subunit, followed by binding of GTP to the Gα 

subunit and subsequent heterotrimer dissociation (3,19).  GTP-bound Gα subunits then 

interact with intracellular transducers to initiate second messenger signaling. For 

example, Gs/olf family activates adenylate cyclase to stimulate cAMP production whereas 

Gi/o family inhibits adenylate cyclase to decrease cAMP accumulation. In addition, Gq/11 

family interacts with phospholipase C-β (PLCβ) to induce calcium release while the 

G12/13 family acts on RhoGTPase nucleotide exchange factors (RhoGEFs) (19). 
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Furthermore, free Gβγ independently regulates the function of numerous proteins such as 

G-protein-regulated inwardly rectifying K+ channels (GIRKs), P/Q- and N-type voltage-

gated calcium channels, AC and PLC (20). Despite the vast number and diversity of 

external stimuli, GPCRs primarily couple to one of the four families of Gα subunits, 

although coupling to more than one family is not uncommon. Because members of each 

family interact with different intracellular effectors that produce distinct physiological 

responses, GPCRs must selectively activate different heterotrimeric G proteins (21). 

Biochemical and biophysical studies have suggested that certain ligands can specifically 

promote activation of some transducers at the expense of others, a phenomenon called 

functional selectivity or ligand bias. This is a promising approach to develop drugs that 

provide therapeutic benefits while minimizing adverse side effects (22). In addition, upon 

GPCR-mediated G protein activation, free Gβγ subunits recruit G protein receptor 

kinases (GRKs) to GPCRs (20). Upon phosphorylation of the intracellular loops and the 

C-terminal tail of receptors by GRKs, arrestins are recruited to the receptors where they 

promote desensitization and receptor internalization. Together, signaling pathways of 

GPCRs are recognized to be complex as they are orchestrated by numerous signaling 

effectors and are influenced by crosstalk between various pathways.  

 

2. Dynamics of GPCRs 

The structure and topology of GPCRs are conserved, with all composed of seven 

transmembrane (TM) α-helices interconnected by three intracellular and three 

extracellular loops (2). The flexibility and motions of these structures and secondary 

structure elements govern the conformational dynamics of GPCRs as they transition 
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between inactive and active states, the former typically unable to interact with 

heterotrimeric G proteins and the latter able to do so (3). While agonist binding stabilizes 

the active conformation of receptors, GPCRs remain conformationally dynamic and can 

adopt both active and inactive states in the presence and absence of ligands (23). The 

equilibrium of most receptors favors the population of receptors in the inactive state, 

which are thus ready to respond to agonist binding. In contrast to agonists, inverse 

agonists stabilize the inactive state of receptors and thus decrease the activity of the 

receptor below that of its constitutive activity. Because the ligand-binding site and the G 

protein-binding site of GCPRs are positively allosteric, binding of one site promotes the 

binding of opposite site; this is called coupling (24,25).   

GPCRs in their active states adopt conformations that can interact with various 

intracellular transducers, most notably the heterotrimeric G proteins. Based on structural 

and biophysical studies, the most important conformational changes of receptors when 

transitioning from an inactive to an active state are the following: (1) rearrangement of 

the network composed of key residue pairs and critical motifs such as DRY, NPxxY and 

PIF motifs; (2) increased size of the intracellular cavity due to the outward movement of 

TM6 from TM3; and (3) rearrangement of extracellular loops which influence the 

kinetics of ligand association and dissociation. Double electron-electron resonance 

(DEER), nuclear magnetic resonance (NMR) spectroscopy, single molecule FRET and 

time-resolved mass spectrometry (MS) are invaluable biophysical methods employed to 

probe different conformational states of GPCRs (26-28). These techniques have revealed 

that receptors can sample multiple intermediate states between fully inactive and active 

states. Therefore, GPCRs can sample a variety of diverse conformations.    
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3. GPCR-G protein coupling 

Of the various receptor activation-associated conformational changes, the outward 

movement of TM6 is most associated with the mechanistic basis of G protein binding. 

The cytoplasmic cavity produced by this movement accommodates the distal C-terminal 

alpha helix (H5) of the Gα subunit (29).  Nevertheless, there are additional receptor-G 

protein contact sites (e.g., IL2 and αN-β1 loop) that are thought to participate in both 

coupling and selectivity. Biophysical and structural studies have provided invaluable 

insights into the mechanisms of receptor-catalyzed nucleotide exchange of heterotrimeric 

G proteins. Deuterium-exchange experiments and structural determination of GPCR-G 

protein complexes have revealed that nucleotide-binding regions of Gα subunit undergo 

drastic conformational changes that are thought to be responsible for releasing GDP 

(29,30). The formation of GPCR-G protein contact sites promotes the rearrangement of 

key networks involved with nucleotide binding resulting in the release of GDP from the 

Gα subunit. The resultant complex of active-state GPCR and nucleotide-free G protein 

forms the basis of conventional stimulus-response coupling (25). Spectroscopic methods 

as well as smFRET have demonstrated that GPCRs require both agonists and G proteins 

to stabilize fully active receptors whereas agonists alone predominantly populate 

receptors in their intermediate states (26). These observations support the previous 

finding that high-affinity radioligand binding requires both agonists and nucleotide-free 

G proteins (24). This allosteric interaction between agonist binding and nucleotide release 

is the hallmark of conventional GPCR coupling.   
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4. Preassembly of GPCRs and G proteins 

In addition to active-state GPCR-G protein complexes, it has been suggested that 

some GPCRs can associate with G proteins prior to receptor activation (4-7). While 

“precoupling” (or at times called “preassembly” or “preassociation”) has been observed 

with a number of GPCRs and G proteins, the functional properties and physiological 

relevance of this protein-protein interaction is not known. In contrast to the collision 

coupling model, wherein receptors and G proteins only form complexes once they 

stochastically collide each other, the preassembly model proposes that receptors and G 

proteins spontaneously form complexes in the absence of activating ligands (7). Because 

preassembly circumvents the need for receptors and G proteins to encounter each other, it 

has been suggested that preassembly in signaling may be necessary for rapid or specific 

signaling after agonist binding (7,31-33).  

While RET-based studies and FRAP have been the predominant methodologies in 

probing the existence of preassembled complexes, earlier studies employed 

pharmacologic and ligand-binding assays (34). The basis of these approaches relied on 

the supposition that preassembled complexes would sequester G proteins from other 

receptors that would typically recruit those G proteins upon agonist binding. For 

example, SR 141716A, an inverse agonist for CB1 endocannabinoid receptor, not only 

lowered CB1-dependent MAPK activity, but also inhibited MAPK activation mediated 

by pertussis toxin (PTX)-sensitive receptor tyrosine kinases (RTKs), thus suggesting that 

Gi heterotrimers were sequestered by inactive CB1 receptors (34).  Similarly, 

mepyramine, an inverse agonist for H1 histamine receptor, interfered with Gq-mediated 

signaling of an endogenously expressed ATP receptor (35). Based on these observations, 
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an extension of ternary complex model such as the cubic ternary complex model or the 

three-state receptor model has been proposed (7). These models assert that preassembly 

between inactive receptors and G proteins should be considered in the model of GPCR-G 

protein signaling.  

Another study identified preassembly between inactive M3 muscarinic acetylcholine 

receptors and Gq heterotrimers (4). Using FRAP, the investigators found that immobile 

M3R slowed the lateral mobility of Gq heterotrimers in a manner dependent on a six-

amino-acid polybasic sequence distal to helix 8. Intriguingly, it was found that agonist 

binding did not affect Gq mobility, suggesting that these preassembled GPCR-G protein 

complexes are not disrupted by agonists in living cells and that the lifetime of active-state 

ternary complexes are transient. As the replacement of this polybasic motif with 6 alanine 

residues reduced the rate of Gq activation and agonist sensitivity, it was concluded that 

preassembly may be important in facilitating activation of Gq heterotrimers. The presence 

of polybasic motif in other receptors indicated that other receptors participate in 

preassembly in a similar manner.  

With the advent of RET-based methods in living cells, early studies concluded that 

the detectable baseline interaction between GPCRs and G proteins was due to 

preassembly (32,36,37). Nevertheless, several factors such as RET donor:acceptor ratio 

and receptor constitutive activity can limit the interpretation of preassembly in those 

studies. An elegant study using genetic incorporation of unnatural amino acids to 

measure lanthanide RET (LRET) between purified ghrelin receptor GHS-R1a and Gq 

heterotrimer demonstrated that preassembled ghrelin receptor-Gq complex undergoes 

conformational rearrangement upon agonist binding (5). Two distinct emission decay 
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lifetimes suggested that ghrelin receptors form complexes with Gq heterotrimers in two 

distinct states.  One population of distinct ghrelin receptor-Gq complex was stabilized by 

agonists and was dissociated by GTPγS, suggesting that this is an active-state ternary 

complex. Conversely, the other population of GHS-R1a-Gq complex was resistant to 

GTPγS. Because both populations were ablated by an inverse agonist, this finding 

supported the notion that the second complex involves a ghrelin receptor in an 

intermediate state and that both complexes have nucleotide-free Gq heterotrimers.  

Unlike the preassembled complexes mentioned above, some have been reported to 

dissociate upon agonist binding. For example, FRAP and FRET-based studies have 

demonstrated that frizzled FZD6 receptor forms an inactive-state complex with Gi1 and 

Gq (6). Upon WNT binding, the preassociated complexes undergo dissociation. The same 

group subsequently reported that FZD4 precouples with G12 and G13 and that these 

complexes dissociate upon WNT binding (38). Taken together, these results demonstrate 

the existence of receptor-G protein complexes that are distinct from conventional active-

state ternary complexes. Thus, it is recognized that there is a greater diversity to receptor-

G protein complexes than previously thought, though their implications for GPCR 

signaling are not known.    

5. 5-HT7 serotonin receptors 

5-HT7 serotonin receptors is one of the thirteen GPCRs that comprise the majority of 

the 5-hydroxytryptamine (5-HT) receptor family. Originally cloned in 1993 (39), 5-HT7 

receptors activate Gs heterotrimers to stimulate adenylyl cyclase (8,9,39). While the 

primary sequence of 5-HT7 receptors is highly conserved across species, it has a low 

overall homology with other 5-HT receptors (40). Humans have three splice variants (5-
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HT7a/b/d) whereas rats have 5-HT7c in place of 5-HT7d (41). The splice variants differ by 

the length of their carboxy-terminal tail; 5-HT7b isoform has the shortest C-terminus 

(total length of 432 residues) and 5-HT7d isoform has the longest C-terminus (total length 

of 479 residues). 5-HT7a isoform is the most abundantly expressed splice variant of 5-

HT7 receptors. RNA expression profiles have suggested that 5-HT7 is predominantly 

expressed in the brain, coronary artery and several tissues of the gastrointestinal tract 

(39). Within these tissues, 5-HT7 produces pleiotropic effects. For example, the activation 

of 5-HT7 receptor in the coronary artery induces relaxation of the artery and induces 

coronary flow increase (42,43). Within the brain, 5-HT7 receptor RNA has been localized 

to the thalamus, hypothalamus and various cortical areas (44-46). Based on their 

distribution in the central nervous system (CNS) as well as pharmacological studies, it is 

implicated that 5-HT7 receptors play various roles such as the regulation of circadian 

rhythms and cognition (47). 

Previous studies have suggested that 5-HT7 receptors possess unusual biophysical and 

pharmacologic properties. Radioligand binding studies have demonstrated that GPCRs 

usually have two affinity binding site states: a low-affinity binding state that corresponds 

to the intrinsic binding affinity of the receptor, and a high-affinity binding state that 

occurs when a receptor is complexed to nucleotide-free heterotrimeric G protein. The 

high-affinity binding state is ablated in the presence of guanine nucleotides as the 

complex between receptor and nucleotide-free heterotrimeric G proteins is dissociated 

upon nucleotide binding to the Gα subunit. In contrast, agonist binding affinity is mostly 

high for 5-HT7 receptors, and this high-affinity binding state is insensitive to guanine 

nucleotides (16,17). It was hypothesized that the 5-HT7 receptors make such tight 
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complexes with Gs heterotrimers such that GTP is not able to bind to nucleotide-free Gαs. 

This idea is inconsistent with the longstanding observation that GPCRs function as GEFs 

as well as that GDP release, not GTP binding, is the rate-limiting step for GPCR-

mediated G protein activation.  

Another interesting property of 5-HT7 receptors is that the potency of AC stimulation 

by agonist-bound 5-HT7 receptors is much lower than agonist binding affinities (14-

16,48-50). This finding is not compatible with the operational mode of agonism, wherein 

signal transduction is a sequential event with amplification of downstream signaling 

mediators (51). As each receptor activates multiple G proteins, only a fraction of 

receptors needs to be activated by agonists to induce maximal activation (i.e., the spare 

receptor).  Consistent with the lack of spare receptors, a previous study using inducible 

cell lines to study the relationship between 5-HT7 receptor expression, and the potency of 

5-HT-stimulated AC activity demonstrated that the EC50 of 5-HT remains constant as the 

expression of 5-HT7 receptors increases (10). Conversely, the potency of 5-HT-

stimulated AC activity increased with increasing expression of 5-HT4 receptors, another 

Gs-coupled serotonin receptor, demonstrating that these receptors behave as predicted by 

the operational model of agonism. Furthermore, the receptor binding affinity (pKi) is 

greater than the cAMP activity (pEC50) of 5-HT4 receptors, consistent with the 

pharmacologic properties of conventional GPCRs. Based on the observation that the 

pEC50 of 5-HT7 is independent of 5-HT7:Gs stoichiometry, it was postulated that 5-HT7 

receptors are tightly associated with Gs heterotrimers prior to agonist binding. The cubic 

ternary complex model was used to understand how 5-HT7-Gs preassembly would 

underlie a lack of receptor reserve.  
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A property often seen with other receptors thought to preassociate with G proteins is 

the sequestration of heterotrimeric G proteins from other GPCRs. This example had been 

observed with CB1 receptors (34,52). A similar study has shown that overexpression of 

5-HT7 receptors suppresses the activity of AC stimulated by other Gs-coupled receptors 

(11). Specifically, while overexpression of 5-HT7 impeded AC stimulation by 

endogenous β-adrenergic receptors and prostanoid EP receptors, overexpression of 5-HT4 

did not. Interestingly, overexpression of Gs heterotrimers did not relieve suppressed AC 

activity. Moreover, in [35S]GTPS binding experiments, Gs activation by adrenergic and 

prostanoid receptors was not impeded by 5-HT7 overexpression. These findings suggest 

that the preassociation between 5-HT7 receptors and Gs heterotrimers does not sequester 

Gs heterotrimers from other Gs-coupled receptors but instead acts downstream of 

receptor-mediated Gs activation. This is inconsistent with the G protein sequestration 

model proposed for CB1 receptors. The authors proposed that 5-HT7 receptors may 

preassociate with both Gs heterotrimers and AC; nevertheless, this explanation cannot 

address why AC overexpression cannot compensate Gs activation by other receptors. 

Furthermore, there is lack of evidence that direct interaction between receptors and AC is 

needed for the activation of AC.  

Most recent studies on 5-HT7-Gs preassembly have utilized FRAP and FRET to 

characterize this unconventional protein-protein interaction. 5-HT7-immobilization 

reduced the lateral mobility of Gβγ-Venus (12). However, unlike the M3R-Gq 

preassociated complex for which ligands did not affect the stability of the complex, 

inverse agonist of 5-HT7 receptor clozapine further slowed Gβγ-Venus mobility, 

suggesting that inactivation of 5-HT7 promoted preassociation with Gs and preassociation 
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is not due to constitutive activity of 5-HT7 (4,12). FRET between 5-HT7 and Gγ2 

decreased upon receptor activation whereas FRET between 5-HT4 and Gγ2 increased as 

expected for receptors that form only the active state ternary complexes. Based on these 

results, the authors concluded that the unexpected FRET decrease between 5-HT7 and 

Gγ2 was due to conformational change.  

To further study the relationship between preassembly and agonist-induced signaling, 

the same group designed 5-HT7 receptor chimeras with various segments swapped with 

that of 5-HT4 receptor (13). Agonist-induced FRET decrease between 5-HT7 and Gγ2 

was reversed in 5-HT7 chimeras with swapped helix 8 segments of the carboxy tail and 

another replaced with the TM5 extension of the intracellular loop (ICL) 3. These findings 

suggest that these complexes are not able to preassociate but can form active-state ternary 

complexes.  Interestingly, cAMP accumulation upon 5-HT7 receptor activation showed a 

biphasic pattern with high and low potency. The high potency corresponded with the 

ligand binding affinity whereas the low potency corresponded with the potency of 

agonist-induced FRET change between 5-HT7 and Gs. The replacement of helix 8 or the 

ICL3 of 5-HT7 receptor eliminated the low-potency site while preserving the high-

potency site, suggesting that the low-potency component corresponded with the 

preassociated 5-HT7-Gs complexes. This unexpected finding challenges the conventional 

idea that preassociation promotes activation of G proteins at high potency and a more 

rapid onset of signaling. The primary role of preassociation of 5-HT7 and Gs may be to 

impede 5-HT-induced Gs activation. While these studies have revealed unusual 

characteristics of 5-HT7-Gs preassembly, additional question should be addressed. For 

example, what is the impact of preassociation on signaling? And what are the 
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consequences of 5-HT7-mediated signaling if preassociation was prevented? 

Furthermore, what is the conformational state of 5-HT7 when preassociated with Gs? 

Lastly, if the preassociated 5-HT7 receptors are responsible for the low-affinity binding 

state, which state of 5-HT7 receptors corresponds with the high-affinity binding state? 

Here we address these questions to further understand the functional role of 5-HT7-Gs 

preassembly.  
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Abstract  

Agonist binding promotes activation of G protein-coupled receptors (GPCRs) and 

association of active receptors with G protein heterotrimers. The resulting active-state 

ternary complex is the basis for conventional stimulus-response coupling. Although 

GPCRs can also associate with G proteins before agonist binding, the impact of such 

preassociated complexes on agonist-induced signaling is poorly understood. Here we show 

that preassociation of 5-HT7 serotonin receptors with Gs heterotrimers is necessary for 

agonist-induced signaling. 5-HT7 receptors in their inactive state associate with Gs, as these 

complexes are stabilized by inverse agonists and receptor mutations that favor the inactive 

state. Inactive-state 5-HT7–Gs complexes dissociate in response to agonists, allowing the 

formation of conventional agonist–5-HT7–Gs ternary complexes and subsequent 

Gs activation. Inactive-state 5-HT7–Gs complexes are required for the full dynamic range 

of agonist-induced signaling, as 5-HT7 receptors spontaneously activate Gs variants that 

cannot form inactive-state complexes. Therefore, agonist-induced signaling in this system 

involves two distinct receptor-G protein complexes, a conventional ternary complex that 

activates G proteins and an inverse-coupled binary complex that maintains the inactive 

state when agonist is not present. 
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Introduction 

G protein-coupled receptors (GPCRs) transduce a wide variety of physiological 

signals and are targeted by a substantial fraction of all therapeutic drugs (2). GPCRs are 

conformationally dynamic and transition between inactive and active states, the latter being 

capable of interacting with and activating heterotrimeric G proteins (3). Although some 

level of constitutive activity is common, the conformational equilibrium “setpoint” usually 

favors the inactive state of the receptor, thus keeping the system turned off and ready to 

respond to agonists. Agonist binding stabilizes active conformations and promotes the 

formation of transient active-state ternary agonist-receptor-G protein complexes (24). This 

positive allosteric interaction between agonist and G protein binding is the hallmark of 

conventional GPCR coupling. Receptor-G protein complexes that form before agonist 

binding have also been described (6,7,34,53,54) and are generally thought of as a means to 

promote rapid or specific signaling after agonist binding. However, the properties and 

functional significance of such “preassociated” complexes are largely unknown, and 

inactive receptor conformations are generally considered unable to interact with G proteins. 

Here we show that unliganded 5-HT7 serotonin receptors form complexes with 

Gs heterotrimers, and that these complexes help maintain the receptor in an inactive state. 

Agonist binding leads to dissociation of inactive-state 5-HT7–Gs complexes, which in turn 

allows increased formation of active-state 5-HT7–Gs complexes and G protein activation. 

Thus, a negative allosteric interaction between agonist and G protein binding is required 

for the full sensitivity of these receptors to serotonin. 
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Results 

 

 

Figure 1, Manuscript 1: 5-HT7–Gs complexes dissociate in response to agonist stimulation.  

(A) In intact cells, BRET between 5-HT7-Rluc8 and Gαsβγ-Venus decreases in response to agonist (5-

hydroxytryptamine; 10 μM; n = 20), whereas BRET between β2AR-Rluc8 and Gαsβγ-Venus increases in 

response to agonist (isoproterenol; 10 μM; n = 20). (B) Luciferase complementation between 5-HT7-SmBit 

and Gαsβγ-LgBit decreases in response to agonist (5-HT; n = 20), whereas luciferase complementation 

between β2AR-SmBit and Gαsβγ-LgBit increases in response to agonist (Iso; n = 16). (C) Iso-induced 

luciferase complementation between β2AR-SmBit and Gαsβγ-LgBit is blunted when 5-HT7 receptors are 

coexpressed, and this is alleviated by stimulation with 5-HT (n = 14). (D and E) Similar to A, (F) similar to 

C, but in permeabilized cells under conditions in which Gs cannot be activated, treated with either apyrase 

and 100 μM GDPβS (D and F; n = 16 and 22) or apyrase alone (E, n = 8 to 12). The responses shown in D 

and E recovered on the addition of inverse agonists (MT and ICI-118,551; 10 μM). Traces represent mean 

± SD. 
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Agonist Activation Leads to Net Dissociation of Preassociated 5-HT7–Gs Complexes. 

5-HT7 serotonin receptors activate Gs heterotrimers to stimulate adenylyl cyclase (AC) 

(8,9), and previous work has shown that these receptors form complexes with Gs before 

agonist binding (10-12). We set out to determine the impact of 5-HT7–Gs preassociation 

on agonist-induced activation of Gs and signaling. Consistent with previous fluorescence 

studies (12), stimulation with serotonin (5-HT; Fig.1A) decreased bioluminescence 

resonance energy transfer (BRET) between labeled 5-HT7 receptors and Gs heterotrimers. 

This is unusual, as energy transfer between GPCRs and G proteins usually increases in 

response to agonist activation (37) owing to formation of active-state receptor-G protein 

complexes (e.g., β2 adrenergic receptors [β2AR]) (Fig.1A). 

 

To determine whether 5-HT prompted dissociation of 5-HT7–Gs complexes or a change in 

complex conformation, we took a luciferase complementation approach (55) that reports 

protein association and dissociation more directly than energy transfer. We fused a small 

fragment of luciferase (SmBit) to the C terminus of each receptor and a large fragment of 

luciferase (LgBit) to the N terminus of Gγ2 and expressed these proteins with Gαs and Gβ1. 

Luciferase activity decreased on stimulation of 5-HT7-SmBit but increased on stimulation 

of β2AR-SmBit (Fig.1B), consistent with net dissociation and association of receptor-

Gs complexes, respectively. Changes in luminescence occurred more slowly than 

corresponding changes in BRET, presumably due to the slow kinetics of luciferase 

fragment association and dissociation (55). In these experiments, Gβγ was labeled instead 

of the Gαs subunit so as to minimize interference with normal G protein function and 

receptor-G protein interactions. This left open the possibility that Gαs subunits remained 

https://www.pnas.org/content/117/48/30755#F1
https://www.pnas.org/content/117/48/30755#F1
https://www.pnas.org/content/117/48/30755#F1
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associated with 5-HT7 receptors after agonist activation. To address this, we used a 

competition strategy in which luciferase complementation between β2AR receptors and 

Gs heterotrimers was monitored in the presence and absence of unlabeled 5-HT7 receptors. 

Expression of 5-HT7 receptors inhibited agonist-induced association of β2AR-SmBit and 

Gαβγ-LgBit, consistent with sequestration of Gs by 5-HT7 (11). This inhibition was 

relieved by stimulation with 5-HT (Fig.1C), indicating that agonist activation of 5-

HT7 made more Gs heterotrimers available to other GPCRs. 

 

We next tested the hypothesis that preassociated 5-HT7-Gs complexes dissociate in 

response to agonist because Gs binds GTP and becomes activated. Accordingly, we 

repeated the above experiments in permeabilized cells in the absence of GTP. To 

eliminate the possibility that residual GTP was present, we used apyrase to hydrolyze 

endogenous nucleotides and replaced them with either the hydrolysis-resistant analog 

GDPβS or no nucleotide at all. Agonist-induced BRET changes were retained under these 

conditions (Fig.1D and 1E), although the 5-HT–induced decrease was blunted in the 

absence of any nucleotide. Since active-state agonist-GPCR-G protein complexes are 

stabilized in the absence of guanine nucleotides (3,25), it is likely that 5-HT promoted 

both the dissociation of preassociated 5-HT7–Gs complexes and the formation of 

conventional active-state complexes, resulting in a smaller net dissociation when 

nucleotides are absent. In contrast, the agonist-induced increase in BRET between β2AR 

and Gs was larger in the absence of nucleotides (Fig.1E), consistent with only active-state 

complexes. Sequestration and agonist-induced release of Gs heterotrimers by 5-

HT7 receptors was also observed in the absence of GTP (Fig.1F). These results indicate 

https://www.pnas.org/content/117/48/30755#F1
https://www.pnas.org/content/117/48/30755#F1
https://www.pnas.org/content/117/48/30755#F1
https://www.pnas.org/content/117/48/30755#F1
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that agonist-induced dissociation of preassociated 5-HT7–Gs complexes does not require 

Gs activation. 

 

Figure 2, Manuscript 1: Inactive-state 5-HT7 receptors form complexes with and sequester Gs 

heterotrimers 

 (A) Agonists (blue) decrease and inverse agonists (red) increase BRET between 5-HT7-Rluc8 and Gαsβγ-

Venus. BRET changes relative to vehicle controls (ΔBRET) were all significantly different from 0;                  

P < 0.01, one-sample t test, n = 4 to 9. All ligands were tested at 10 μM with the exception of tryptamine 

and SB-258719 (100 μM). (B) Introduction of inactivating mutations in 5-HT7 (N380K and F336R) 

increases basal BRET, whereas introduction of an activating mutation (L173A) decreases basal BRET 

between 5-HT7-Rluc8 and Gαsβγ-Venus. Data are mean ± SD; n = 4 to 5. P < 0.05, one-way ANOVA 

(Dunnett’s test). (C) Inactivating and activating mutations prevent the 5-HT–induced decrease in BRET, 

whereas only inactivating mutations prevent the MT-induced increase in BRET between 5-HT7-Rluc8 and 

Gαsβγ-Venus (n = 4 to 5). (D) Inactive mutant 5-HT7 receptors abolish β2AR receptor-mediated activation 

of AC, whereas active mutant 5-HT7 receptors constitutively activate AC. cAMP was measured in intact 

cells using an EPAC-based BRET sensor that indicates increases in cAMP with lower BRET. Data are 

mean ± SEM; n = 5. (E) Activation of unlabeled β2AR in the absence of nucleotides decreases BRET 

between 5-HT7-Rluc8 and Gαsβγ-Venus, and the decrease occurs more slowly when the inverse agonist 

MT is present than when the agonist 5-HT is present (both at 10 μM). Traces represent normalized BRET 
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and are the average of 24 (MT) or 28 (5-HT) replicates from three independent experiments, superimposed 

with fits to a two-component exponential decay. Fitted parameters are provided in Table 1. 

 

5-HT7 Receptors in Their Inactive State Preassociate with Gs. 

 GPCRs are conformationally dynamic and can sample intermediate states between 

the fully inactive and active states. To assess the conformational state of 5-HT7 receptors 

when preassociated with Gs heterotrimers, we first applied inverse agonists, which stabilize 

the inactive state of GPCRs. Several 5-HT7 inverse agonists produced small but significant 

increases in BRET between 5-HT7 receptors and Gs heterotrimers (Fig. 2A). Similarly, in 

pull-down assays, we also found that detergent-solubilized 5-HT7 receptors retained 

Gs more efficiently in the presence of an inverse agonist (methiothepin [MT]) than in the 

presence of an agonist (5-HT) if GDP was present, whereas this was not the case for 

solubilized β2AR (Fig. 7). These results with inverse agonists suggest that 5-HT7 receptors 

in their inactive state associate with Gs. 

 

To further test this idea, we introduced mutations to produce constitutively inactive 

(CIM) and active (CAM) 5-HT7 receptors. For CIM receptors, residues F3366×44 and 

N3807×49 were mutated individually to positively charged residues, in both cases to 

promote interactions with D1272×50 that stabilize the inactive state. To produce a CAM 

receptor residue, L1733×43 was mutated to alanine to weaken hydrophobic interactions 

with residues in transmembrane helix 6 and promote activation. We have previously 

shown that both of these CIM receptors fail to support the activation of Gs and AC, 

whereas the CAM receptor activates Gs and AC spontaneously (56). Basal BRET 

between both CIM 5-HT7 receptors and Gs was significantly increased compared with 

wild-type (WT) 5-HT7, and ligand-induced changes in BRET were abolished. In contrast, 
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basal BRET between the CAM 5-HT7 receptor and Gs was significantly decreased 

compared with WT 5-HT7, and the agonist-induced decrease was occluded (Fig. 2B and 

2C). These results suggested that CIM 5-HT7 receptors should efficiently sequester 

Gs heterotrimers, whereas CAM 5-HT7 should activate Gs. As expected, CIM 5-

HT7 receptors completely prevented β2AR-mediated activation of AC, whereas CAM 5-

HT7 constitutively activated AC (Fig. 2D). We also found that expression of CIM 5-

HT7 significantly inhibited the ability of forskolin to activate AC (Fig. 8). A similar effect 

has been described for inverse-agonist–bound 5-HT7 receptors (57), although the 

underlying mechanism is unclear. Forskolin binds directly to AC, but its actions are 

highly synergistic with Gαs (58,59), and Gs is required for potent forskolin-induced AC 

activation in HEK 293 cells (60,61). Therefore, inhibition of forskolin action is consistent 

with efficient sequestration of Gs heterotrimers by inactive 5-HT7 receptors. 

5-HT7-Rluc8 ligand kfast (sec-1) kslow (sec-1) % fast n 

wild-type 5-HT 0.475  0.036 0.035  0.010 83  2 28 

wild-type MT 0.211  0.029 0.025  0.004 48  3 24 

N380K (CIM) - 0.186  0.033 0.018  0.005 42  3 23 

F336R (CIM) - 0.211  0.033 0.021  0.005 49  3 23 

L173A (CAM) - 0.505  0.033 0.043  0.006 77  2 23 

 

Table 1, Manuscript 1: Rate of net 5-HT7-Gs dissociation upon activation of 2AR. 

Permeabilized cells expressing 2AR and the indicated 5-HT7-Rluc8 were treated with apyrase and 5-HT 

(10 M), methiothepin (MT; 10 M), or no ligand, then exposed to 10 M isoproterenol (Figure 2E). 

Parameters are derived from least squares fits to a two-component exponential decay (mean  SEM). 

 

 

 We then assessed the relative stability of inactive- and active-state 5-HT7–

Gs complexes with a competition experiment in which BRET between 5-HT7 and Gs was 

monitored during activation of unlabeled β2AR (Fig. 2E). This experiment was carried 

out in the absence of nucleotides to enable efficient recruitment of Gs heterotrimers by 

active β2AR. In the presence of MT, β2AR activation caused a biphasic decrease in BRET 
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between 5-HT7 and Gs (kfast = ∼0.2 s−1; kslow = ∼0.03 s−1; 48% fast) (Table 1), consistent 

with a transient association of inactive 5-HT7 and Gs under these conditions. However, in 

the presence of 5-HT, β2AR activation caused an even more rapid decrease in BRET 

between 5-HT7 and Gs (kfast = ∼0.5 s−1; kslow = ∼0.03 s−1; 83% fast). This rapid decrease 

started from a lower baseline due to 5-HT–induced dissociation of inactive-state 

complexes, but nonetheless demonstrates the existence of active-state 5-HT7–

Gs complexes in the presence of 5-HT. Similar kinetic results were obtained with CIM 

and CAM 5-HT7 mutants (Table 1). These results suggest that even in the absence of 

nucleotides, inactive-state 5-HT7–Gs complexes are more stable than active-state 5-HT7–

Gs complexes in cell membranes, and are consistent with agonist-induced net dissociation 

under the same conditions (Fig. 1E). 
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Figure 3, Manuscript 1: Unliganded and active 5-HT7 receptors bind mGs proteins. 

  

(A) Confocal images of cells expressing SNAP-tagged 5-HT7 or β2AR labeled with BG-649-PEG-biotin and NES-Venus-

mGs, before and after the addition of 10 μM 5-HT or isoproterenol. (Scale bars: 20 μm.) (B) Line profiles of fluorescence 

intensity drawn normal to the plasma membrane from experiments as in A. Data are mean ± SEM; n = 32–45 cells. (C) 

BRET between Nluc-mGs and the plasma membrane marker Venus-kRas in cells expressing 5-HT7 or β2AR receptors as a 

function of agonist or inverse agonist concentration. Data are mean ± SEM; n = 5. 

 

5-HT7 Readily Adopts the Active State.  

 We next examined the interaction of 5-HT7 receptors with mini Gs (mGs) 

proteins, as these engineered Gα subunits were designed to stabilize the active state of 

Gs-coupled GPCRs (62). We found that unliganded 5-HT7 receptors spontaneously 
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recruited mGs proteins to the plasma membrane, as assessed by both confocal imaging 

(Fig. 3 A and B) and BRET assays (Fig. 3C). Moreover, 5-HT7 interactions with mGs 

were only weakly sensitive to agonists or inverse agonists but in a manner opposite to 

that observed with Gs heterotrimers; the association of 5-HT7 and mGs was modestly 

enhanced by 5-HT and inhibited by MT (Fig. 3C). Similar results were obtained in pull-

down assays with detergent-solubilized 5-HT7 receptors and mGs (Fig. 7). Consistent 

with these observations, CIM 5-HT7 receptors lost the ability to interact with mGs, 

whereas the CAM 5-HT7 receptors retained this ability (Fig. 8). These results suggest that 

mGs is unable to form complexes with inactive 5-HT7 that are analogous to inactive-state 

5-HT7-–Gs complexes, whereas active 5-HT7 can form complexes with mGs. 

Furthermore, spontaneous association with mGs implies that 5-HT7 receptors readily 

adopt an active state in the absence of an agonist. This was not the case for β2AR, which 

required agonist activation for robust association with mGs under similar conditions (Fig. 

3 A–C). 

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2010801117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2010801117/-/DCSupplemental
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Figure 4, Manuscript 1: High-affinity agonist binding to 5-HT7 does not require Gs. 

(A) Competitive binding assays between the inverse agonist [3H]SB269970 and 5-HT using membranes 

prepared from cells lacking endogenous Gαs subunits, with or without coexpression of exogenous Gαs in 

the presence of 100 μM GDP. Data are mean ± SD; n = 6 to 9. Least squares fits to one- and two-site 

binding models are superimposed. (B) As in A but with coexpression of Gαs and in the presence of no 

added nucleotide or 100 μM GTPγS. Data are mean ± SD; n = 6 to 9. (C) Homologous competitive binding 

with unlabeled SB269970 with or without expression of Gαs. Data are mean ± SEM; n = 3. (D) Agonist 

binding to the activated mutant 5-HT7 L173A is similar to high-affinity binding to WT 5-HT7, whereas 

agonist binding to the inactive mutant 5-HT7 F336R is severely impaired. Data are mean ± SEM; n = 3. (E) 

Inverse agonist binds to the inactive mutant 5-HT7 F336R with higher affinity than for the active L173A 

mutant. Data are mean ± SEM; n = 3. Grouped data from all radioligand-binding experiments are provided 

in SI Appendix, Tables S2–S4. 

 

Gs GDP GTPS -log IC50 high -log IC50 low % high n 
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+ - - 9.11  0.11 7.37  0.19 64  7 9 

+ + - 8.76  0.04 6.79  0.26 73  4 9 

+ - + 8.96  0.10 7.29  0.18 69  6 6 

- - - 8.93  0.13 7.35  0.11 80  2 6 

- + - 8.66  0.07 7.00  0.43 86  5 7 

- - + 8.98  0.14 7.30  0.29 82  2 3 

Table 2, Manuscript 1: 5-HT binding to wild-type 5-HT7 receptors with and without Gs. 

5-HT binding to membranes prepared from cells lacking endogenous Gs subunits with or without 

coexpression of exogenous Gs in the presence and absence of 100 M GDP or 100 M GTPƴS. 

Competition binding assays were performed using 0.2nM [3H]SB269970. Parameters are derived from least 

squares fits to a two-site binding model (mean  SEM). 

 

 

Most GPCRs intrinsically favor inactive conformations (2), and high-affinity 

agonist binding is usually not evident unless a nucleotide-free G protein (or a G protein 

surrogate) is present to stabilize the active state. An unusual characteristic of 5-

HT7 receptors is a high-affinity agonist binding that persists even in the presence of 

guanine nucleotides (16,17,63). This could reflect either stabilization of active 5-HT7 by 

nucleotide-bound Gs (17) or, alternatively, an intrinsic tendency of the receptor to adopt 

active states even when Gs is not present. To test these alternatives, we performed 

[3H]SB269970 competitive binding assays using membranes prepared from gene-edited 

cells that do not express Gαs family subunits, with and without the expression of 

exogenous Gαs. We found that high-affinity agonist binding was maintained even in the 

complete absence of Gs (Fig. 4A) and was unaffected by addition of guanine nucleotides 

(Fig. 4B). As has been described previously (13,17), we also observed a small population 

of low-affinity agonist-binding sites, and the fraction of low-affinity sites was modestly 

larger when Gs was present (∼30%) than when Gs was absent (∼20%) (Table 2). The 

affinity of the inverse agonist [3H]SB269970 was slightly higher when Gs was present 

(Fig. 4C). These results are consistent with the suggestion that 5-HT7 receptors readily 

adopt active states that bind agonist with high affinity even in the absence of Gs, and 

https://www.pnas.org/content/117/48/30755#ref-2
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further suggest that Gs may stabilize an inactive state that binds agonists with low 

affinity. 

 

Gs GDP -log IC50 n 

+ + 8.96  0.06 3 

- + 8.78  0.02 3 

 

Table 3, Manuscript 1: SB269970 binding to wild-type 5-HT7 receptors with and without Gs. 

SB269970 binding to membranes prepared from cells lacking endogenous Gs subunits with or without 

coexpression of exogenous Gs in the presence 10 M GDP. Homologous competition binding assays were 

performed using 1 nM [3H]SB269970 (Figure 4C). Parameters are derived from least squares fits to a one-

site binding model (mean  SEM). 

 
5-HT7 ligand -log IC50 n 

F336R (CIM) SB 9.14  0.05 3 

L173A (CAM) SB 8.42  0.12 3 

F336R (CIM) 5-HT 4.64  0.13 3 

L173A (CAM) 5-HT 9.02  0.07 3 

 

Table 4, Manuscript 1: SB269970 and 5-HT binding to wild-type, CIM and CAM 5-HT7 receptors. 

Competition binding assays were performed using 1 nM [3H]SB269970 and membranes prepared from 

HEK 293 cells (Figure 4D-E). Parameters are derived from least squares fits to a one-site binding model 

(mean  SEM). 

 
 

 Because most GPCRs intrinsically favor inactive conformations, the 

pharmacologic properties of receptors in the absence of nucleotide-free G proteins or 

surrogates are thought to reflect primarily the inactive state. Accordingly, agonist-binding 

affinity under these conditions is relatively low and is only modestly decreased by 

mutations that inhibit constitutive receptor activity (17), but is significantly increased by 

mutations that activate constitutive activity (28). However, we found that the CIM 5-HT7 

F336R displayed >10,000-fold lower agonist-binding affinity than WT 5-HT7 receptors 

(Fig. 4D). In contrast, the CAM 5-HT7 L173A displayed agonist binding similar to the 

high-affinity binding component of WT 5-HT7 receptors (Fig. 4D and Table 3). As 

expected, inverse-agonist–binding affinity was higher for CIM 5-HT7 receptors than for 
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CAM 5-HT7 receptors (Fig. 4E). Therefore, inactive mutant 5-HT7 receptors that bind Gs 

tightly bind 5-HT with low affinity, whereas active mutant 5-HT7 receptors that bind Gs 

weakly bind 5-HT with high affinity. These results are consistent with a negative 

allosteric interaction between agonist and Gs binding to WT 5-HT7 receptors and a net 

dissociation of 5-HT7–Gs complexes on agonist binding. 

 

 

Figure 5, Manuscript 1: Truncation of the Gαs C terminus disrupts inactive-state 5-HT7-Gs 

complexes and leads to constitutive activation of AC. 

 
(A) Basal BRET between 5-HT7-Rluc8 and Gαsβγ-Venus in the presence of GDP decreases as the Gαs C 

terminus is truncated by one to four amino acids (Δ1–Δ4) or when no Gα (−) is expressed (n = 5). (B) Agonist-

induced decreases in BRET between 5-HT7-Rluc8 and Gαsβγ-Venus are occluded when Gαs is truncated; 

ΔBRET(5-HT-MT) is BRET in 5-HT minus BRET in MT (n = 13). (C) Basal BRET between β2AR-Rluc8 

and Gαsβγ-Venus does not change when Gαs is truncated (n = 5). (D) Agonist-induced increases in BRET 

between β2AR-Rluc8 and Gαsβγ-Venus are diminished when Gαs is truncated. ΔBRET(Iso-ICI) is BRET 

with isoproterenol minus BRET with ICI-118,551 (n = 11). (E) Nucleotide-sensitive BRET between 5-HT7-

Rluc8 and Gαsβγ-Venus increases when Gαs is truncated (n = 5). (F) Nucleotide-sensitive BRET (basal BRET 

with apyrase minus basal BRET with GDP) between β2AR-Rluc8 and Gαsβγ-Venus decreases when Gαs is 

truncated (n = 5). Experiments in A–F were performed in permeabilized cells in the presence of GDP (100 

μM) or apyrase. Data are mean ± SD. (G) Basal cAMP (control) increases in cells expressing 5-HT7 receptors 

when Gαs is truncated, occluding 5-HT–induced cAMP responses (n = 5). In all groups, cAMP was further 

increased by forskolin (Fsk), indicating that the sensor was not saturated. (H) Basal cAMP and Iso-induced 

cAMP responses decrease in cells expressing β2AR receptors when Gαs is truncated (n = 5). In G and H, 
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boxes represent the 25th to 75th percentiles, whiskers indicate the maximum and minimum, and individual 

data points are superimposed. All experiments were carried out using cells lacking endogenous Gαs subunits. 

Inactive-State 5-HT7-Gs Complexes Prevent Constitutive Signaling. 

 The foregoing results suggested that inactive- and active-state 5-HT7 receptors 

form distinct complexes with Gs heterotrimers. Because the C terminus of the Gα subunit 

is required for active-state GPCR-G protein complexes (65), we guessed that by altering 

this region, it might be possible to prevent formation of active-state complexes without 

impairing inactive-state complexes. However, removing a single amino acid from the distal 

C terminus of Gαs (Gαs Δ1) decreased the basal BRET between 5-HT7 and Gs, which 

partially occluded the agonist-induced decrease and enhanced the inverse agonist-induced 

increase (Fig. 5A and 5B and Fig. 10A and 10B). Removing two amino acids (Gαs Δ2) 

reduced the basal BRET to background levels and converted the agonist-induced decrease 

observed in the presence of apyrase into an increase, implying net receptor-G protein 

association. Therefore, truncation of the Gαs C terminus was in fact more effective at 

disrupting inactive-state 5-HT7–Gs complexes and left active-state complexes at least 

partially intact. By comparison, the same truncations had no effect on the basal BRET 

between β2AR and Gs (Fig. 5C) and progressively inhibited agonist-induced coupling of 

β2AR to Gs (Fig. 5D and Fig. 10C and 10D), again suggesting that these receptors form 

only active-state complexes with Gs. 

 

Because the last two amino acids of Gαs are leucine residues, we suspected that 

hydrophobicity in this region was necessary for the inactive-state interaction with 5-HT7. 

Consistent with this notion, mutation of the last amino acid (Leu394) to isoleucine 

preserved the behavior of WT Gαs, whereas mutations of Leu394 to polar residues (Gln, 

Arg, or Glu) virtually abolished the inactive-state interaction with 5-HT7 (Fig. 11 and 12). 

https://www.pnas.org/content/117/48/30755#F5
https://www.pnas.org/content/117/48/30755#F5
https://www.pnas.org/content/117/48/30755#F5
https://www.pnas.org/content/117/48/30755#F5
https://www.pnas.org/content/117/48/30755#F5
https://www.pnas.org/content/117/48/30755#F5
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Gαs Leu394Ile also interacted with β2AR normally, whereas Leu394Gln, Leu394Arg, and 

Leu394Glu showed modest impairment of agonist-induced coupling comparable to that 

observed with truncated Gαs (Fig. 11 and 12). 

During these experiments, we noticed that nucleotide depletion with apyrase significantly 

enhanced the basal BRET (when no ligand was present) between 5-HT7 and Gs when 

Gαs subunits were truncated; nucleotide sensitivity peaked at Gαs Δ2 and declined back 

to baseline (WT) by Gαs Δ4 (Fig. 5E). This was not observed with β2AR (Fig. 5F), 

suggesting that 5-HT7 (but not β2AR) was spontaneously forming active-state complexes 

with truncated nucleotide-free heterotrimers. This in turn implied that 5-HT7 should 

constitutively activate truncated mutants. Indeed, in cells expressing 5-HT7, basal cAMP 

levels increased when Gαs was truncated, peaking at Gαs Δ2 and declining back to 

baseline by Gαs Δ4 (Fig. 5G). Stimulation with 5-HT produced only modest further 

increases in cAMP when Gαs was truncated, even though the AC activator forskolin 

could produce large further increases (Fig. 5G and Fig. 13). These trends were not due to 

changes in spontaneous nucleotide release or hydrolysis, as truncation of 

Gαs progressively inhibited basal and agonist-stimulated cAMP accumulation mediated 

by β2AR receptors (Fig. 5H), mirroring the progressive impairment seen in direct 

coupling assays. 5-HT7 (but not β2AR) also constitutively activated heterotrimers with 

polar residues in position 394 of Gαs, and agonist-induced activation was occluded (Fig. 

11). Therefore, 5-HT7 receptors constitutively activated Gs heterotrimers with which they 

were unable to form inactive-state complexes, again consistent with a tendency of these 

receptors to adopt active conformations even when not bound by agonist.  

https://www.pnas.org/content/117/48/30755#F5
https://www.pnas.org/content/117/48/30755#F5
https://www.pnas.org/content/117/48/30755#F5
https://www.pnas.org/content/117/48/30755#F5
https://www.pnas.org/content/117/48/30755#F5
https://www.pnas.org/content/117/48/30755#F5
https://www.pnas.org/content/117/48/30755#F5
https://www.pnas.org/content/117/48/30755#F5
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Figure 6, Manuscript 1: An inverse coupling model describes the unconventional properties of 5-HT7 

receptors. 

(A) Inverse and conventional coupling models describing the formation of encounter complexes (RnG), 

active-state complexes (RaG), and inactive-state complexes (RiG). Boxes indicate rates that are influenced 

by agonist binding to the receptor and nucleotide binding to the G protein. (B) Simulations based on ODE 

models corresponding to A recapitulating net dissociation of receptor-G protein complexes for 5-HT7 but 

not for β2AR in response to agonist (Top), but increases in RaG complexes in intact cells for both (Bottom). 

(C) Simulated curves plotting normalized [Gs-GTP] vs. [5-HT] across a 200-fold increase in 5-HT7 

expression (Left) and plots of simulated pEC50 vs. receptor expression for both 5-HT7 and β2AR (Right). 

Model parameters and conditions are provided in SI Appendix, Table S5. 
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Reaction Inverse coupling Conventional coupling 

 Kf Kr Kf Kr 

La + Rn ↔ LaRn 17/25 M-1 s-1 0.9/100 s-1 17M-1 s-1 0.9 s-1 

Rn + GD ↔ RnGD 0.2 m2 molecules-1 s-1 50 s-1 0.2m2 molecules-1 s-1 50 s-1 

Rn + GE ↔ RnGE 0.2 m2 molecules-1 s-1 50 s-1 0.2m2 molecules-1 s-1 50 s-1 

Rn + GT ↔ RnGT 0.2 m2 molecules-1 s-1 50 s-1 0.2m2 molecules-1 s-1 50 s-1 

LaRn + GD ↔ LaRnGD 0.2 m2 molecules-1 s-1 50 s-1 0.2m2 molecules-1 s-1 50 s-1 

LaRn + GE ↔ LaRnGE 0.2 m2 molecules-1 s-1 50 s-1 0.2m2 molecules-1 s-1 50 s-1 

LaRn + GT ↔ LaRnGT 0.2 m2 molecules-1 s-1 50 s-1 0.2m2 molecules-1 s-1 50 s-1 

La + RnGD ↔ LaRnGD 17/25 M-1 s-1 0.9/100 s-1 17M-1 s-1 0.9 s-1 

La + RnGE ↔ LaRnGE 17/25 M-1 s-1 0.9/100 s-1 17M-1 s-1 0.9 s-1 

La + RnGT ↔ LaRnGT 17/25 M-1 s-1 0.9/100 s-1 17M-1 s-1 0.9 s-1 

RnGD ↔ RaGD 25 s-1 100 s-1 1 s-1 100 s-1 

RnGE ↔ RaGE 25 s-1 5 s-1 1 s-1 10 s-1 

RnGT ↔ RaGT 25 s-1 100 s-1 1 s-1 100 s-1 

LaRnGD ↔ LaRaGD 25 s-1 100 s-1 25 s-1 50 s-1 

LaRnGE ↔ LaRaGE 25 s-1 5 s-1 25 s-1 1 s-1 

LaRnGT ↔ LaRaGT 25 s-1 100 s-1 25 s-1 50 s-1 

RaGD ↔ RaGE + GDP 25 s-1 50 M-1 s-1 25 s-1 50M-1 s-1 

LaRaGD ↔ LaRaGE + GDP 25 s-1 50 M-1 s-1 25 s-1 50M-1 s-1 

RaGE + GTP ↔ RaGT 50 μM-1 s-1 25 s-1 50M-1 s-1 25 s-1 

LaRaGE + GTP ↔ LaRaGT 50 μM-1 s-1 25 s-1 50M-1 s-1 25 s-1 

La + RaGD ↔ LaRaGD 17/25 M-1 s-1 0.9/100 s-1 17/25M-1 s-1 0.9/25 s-1 

La + RaGE ↔ LaRaGE 17/25 M-1 s-1 0.9/100 s-1 17/25M-1 s-1 0.9/250 s-1 

La + RaGT ↔ LaRaGT 17/25 M-1 s-1 0.9/100 s-1 17/25M-1 s-1 0.9/25 s-1 

RnGD ↔ RiGD 100 s-1 5 s-1   

RnGE ↔ RiGE 100 s-1 5 s-1   

RnGT ↔ RiGT 100 s-1 5 s-1   

La + RiGD ↔ LaRiGD 17/100 M-1 s-1 0.9 s-1   

La + RiGE ↔ LaRiGE 17/100 M-1 s-1 0.9 s-1   

La + RiGT ↔ LaRiGT 17/100 M-1 s-1 0.9 s-1   

LaRnGD ↔ LaRiGD 10 s-1 100 s-1   

LaRnGE ↔ LaRiGE 10 s-1 100 s-1   

LaRnGT ↔ LaRiGT 10 s-1 100 s-1   

Li + Rn ↔ LiRn 0.5 M-1 s-1 9.1E-4 s-1 0.1M-1 s-1 0.005 s-1 

LiRn + GD ↔ LiRnGD 0.2 m2 molecules-1 s-1 50 s-1 0.2m2 molecules-1 s-1 50 s-1 

LiRn + GE ↔ LiRnGE 0.2 m2 molecules-1 s-1 50 s-1 0.2m2 molecules-1 s-1 50 s-1 

LiRn + GT ↔ LiRnGT 0.2 m2 molecules-1 s-1 50 s-1 0.2m2 molecules-1 s-1 50 s-1 

Li + RnGD ↔ LiRnGD 0.5 M-1 s-1 9.1E-4 s-1 0.1M-1 s-1 0.005 s-1 

Li + RnGE ↔ LiRnGE 0.5 M-1 s-1 9.1E-4 s-1 0.1M-1 s-1 0.005 s-1 

Li + RnGT ↔ LiRnGT 0.5 M-1 s-1 9.1E-4 s-1 0.1M-1 s-1 0.005 s-1 

LiRnGD ↔ LiRaGD 10 s-1 100 s-1 0.5 s-1 100 s-1 

LiRnGE ↔ LiRaGE 10 s-1 100 s-1 0.5 s-1 100 s-1 

LiRnGT ↔ LiRaGT 10 s-1 100 s-1 0.5 s-1 100 s-1 

Li + RaGD ↔ LiRaGD 0.5 M-1 s-1 9.1E-4 s-1 0.01M-1 s-1 0.05 s-1 

Li + RaGE ↔ LiRaGE 0.5 M-1 s-1 9.1E-4 s-1 0.01M-1 s-1 0.05 s-1 

Li + RaGT ↔ LiRaGT 0.5 M-1 s-1 9.1E-4 s-1 0.01M-1 s-1 0.05 s-1 

Li + RiGD ↔ LiRiGD 1 M-1 s-1 9.1E-5 s-1   

Li + RiGE ↔ LiRiGE 1 M-1 s-1 9.1E-5 s-1   

Li + RiGT ↔ LiRiGT 1 M-1 s-1 9.1E-5 s-1   

LiRnGD ↔ LiRiGD 100 s-1 2.5 s-1   

LiRnGE ↔ LiRiGE 100 s-1 2.5 s-1   

LiRnGT ↔ LiRiGT 100 s-1 2.5 s-1   

GT → GD 0.03 s-1  0.03 s-1  

Table 5, Manuscript 1: Reactions and parameters used in models of inverse and conventional 

coupling. 

Reactions in italics involve RiG complexes and are included only in the inverse coupling model. 
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Definitions, geometry and initial conditions:  

La: agonist 

Li: inverse agonist 

Ri: inactive receptor state 

Rn: basal receptor state 

Ra: active receptor state 

GE: empty G protein 

GD: GDP-bound G protein 

GT: GTP-bound G protein 

 

Extracellular volume: 250,000 m3 

Intracellular volume: 5,500 m3 

Plasma membrane surface area: 1,500 m2 

 

[R]: 0.5 molecules m2 (unless otherwise stated) 

[G]: 50 molecules m2 

[GDP]: 30 M 

[GTP]: 300 M 
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Discussion 

 Taken together, our results support a model wherein agonist binding to 5-

HT7 receptors is linked to Gs activation in a manner distinct from conventional GPCR-G 

protein coupling (Fig. 6A). We propose a model wherein 5-HT7 receptors in their basal 

state (Rn) reversibly form encounter complexes (RnG) with Gs heterotrimers. RnG 

encounter complexes can transition to conventional active-state complexes (RaG) but are 

more likely to transition to inactive-state complexes (RiG), a process we term “inverse 

coupling.” Constitutive Gs activation occurs through the RaG coupling pathway but is 

kept in check by accumulation of RiG. Agonist binding does not change the rates 

governing the formation of RnG encounter complexes or RaG active-state complexes, but 

does decrease the accumulation of RiG complexes. This decreases the net 5-HT7–

Gs association and allows for increased formation of RaG and Gs activation. Our data 

suggest that the conformational transitions between RnG and RiG are sensitive to agonist 

binding to the receptor but less sensitive to nucleotide binding to Gs, whereas the 

conformational transitions between RnG and RaG are sensitive to nucleotide binding to 

Gs but less sensitive to agonist binding to the receptor. If the RnG-to-RiG pathway is 

blocked (e.g., by truncation or mutation of Gs), RaG complexes form spontaneously even 

in the absence of agonist, because the basal state of 5-HT7 intrinsically favors active 

conformations (Rn ∼ Ra). In contrast, conventional GPCRs in their basal state 

intrinsically favor inactive conformations (Rn ∼ Ri), but RiG complexes do not form or 

accumulate (Fig. 6A). Conventional RnG encounter complexes either dissociate or 

https://www.pnas.org/content/117/48/30755#F5
https://www.pnas.org/content/117/48/30755#F5
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progress to RaG, and conformational transitions between RnG and RaG are sensitive to 

both agonist binding to the receptor and nucleotide binding to the G protein. 

Based on these general principles, we defined a set of ordinary differential equations to 

construct deterministic models of conventional and inverse coupling (Table 5). 

Simulations based on these models recapitulated the essential features of receptor-G 

protein association, dissociation, and activation that we observed for β2AR and 5-

HT7 receptors. Specifically, agonist binding led to a net association of β2AR and Gs and a 

net dissociation of 5-HT7 and Gs in either the presence or absence of guanine nucleotides, 

but increased formation of RaG (and thus Gs-GTP) in intact cells (Fig. 6B). Notably, our 

inverse coupling model also predicts that increasing 5-HT7 receptor density will not lead 

to higher potency signaling; that is, a receptor reserve will not be apparent (Fig. 6C). The 

absence of a receptor reserve has been observed experimentally for 5-HT7 (10), and 

several studies have reported lower agonist potency than expected based on agonist-

binding affinity (8,10,13,15). Our model suggests that this anomalous property of 5-

HT7 receptors reflects sequestration of Gs heterotrimers in RiG complexes when agonist 

concentrations are below the level at which receptors are saturated. 

Our model predicts that Gs heterotrimers should decrease agonist-binding affinity at 5-

HT7 receptors by stabilizing the inactive receptor state. Although we and others have 

observed a small population of low-affinity agonist-binding sites (13,17), this fraction 

was only modestly increased when Gs was present (Fig. 4A). It is possible that negative 

allostery between agonist and Gs binding is difficult to observe in equilibrium-binding 

experiments due to the transient nature of inactive-state 5-HT7–Gs complexes (Fig. 2E), 

https://www.pnas.org/content/117/48/30755#F5
https://www.pnas.org/content/117/48/30755#F5
https://www.pnas.org/content/117/48/30755#F5
https://www.pnas.org/content/117/48/30755#F5
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as well as possible loss of Gs from membrane preparations. A similar problem exists for 

some active-state GPCR-G protein complexes, as high-affinity agonist binding can be 

difficult to detect for some receptors in some expression systems (66). Strategies that 

have been successful in stabilizing active-state complexes for ligand-binding experiments 

(67) may eventually be able to reveal more robust Gs-mediated inhibition of agonist 

binding to 5-HT7 receptors. 

In summary, our present results explain several unusual biophysical and pharmacologic 

properties of 5-HT7 receptors. We propose that this receptor intrinsically favors active 

conformations but avoids unrestrained activation of Gs heterotrimers by forming inactive-

state 5-HT7–Gs complexes. Agonist binding acts primarily to prevent the formation of 

unproductive 5-HT7–Gs complexes, which indirectly promotes the formation of 

productive complexes. Thus, a negative allosteric interaction between agonist binding 

and Gs association is necessary for agonist-induced 5-HT7 signaling. Recent studies have 

shown that the allosteric range of GPCRs is broader than previously anticipated (68). 

Engineered antibodies can stabilize both active and inactive receptor conformations (68-

70), and the basal state (Rn in our model) represents a time-weighted average of 

conformational sampling. Our results suggest that G proteins can also act to stabilize both 

active and inactive receptor conformations and cooperate with agonist binding in both a 

positive and a negative manner. Although our results indicate that the distal C terminus of 

Gαs is required for inactive-state 5-HT7–Gs complexes, further studies are needed to 

establish the structural mechanism through which Gs stabilizes the inactive state of the 

receptor. It will be interesting to determine whether Gs acts in a manner similar to the 

way in which negative allosteric antibodies stabilize inactive GPCRs (68-70). Several 
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other GPCRs are thought to interact with G proteins before agonist binding (5-7,34,53); 

therefore, it seems possible that inverse coupling will prove to be a conserved mechanism 

for regulating the sensitivity and dynamic range of cell signaling. 

Materials and Methods 

 Materials. Trypsin, DPBS, PBS, FBS, MEM, DMEM, penicillin/streptomycin, 

and L-glutamine were obtained from Thermo Fisher Scientific. Receptor ligands (5-HT, 

isoproterenol, ICI-118,551, and MT) and forskolin were purchased from Cayman 

Chemical or MilliporeSigma. Detergents (n-dodecyl-β-D-maltoside [DDM] and 

cholesteryl hemisuccinate [CHS]) were obtained from Anatrace. Digitonin, apyrase, 

GDPβS, and GDP were purchased from MilliporeSigma or BioBasic. [3 H]SB269970 

was obtained from PerkinElmer, and polyethylenimine (PEI) MAX was purchased from 

Polysciences. 

 Plasmid DNA Constructs. 5-HT7-Rluc8 was made by amplifying the human 5-

HT7 coding sequence (splice variant d) using the PCR results for 5-HT7– Tango (36) 

(Roth Lab PRESTO-Tango Kit; Addgene) and ligating into pRluc8- N1 with HindIII and 

KpnI. Inactivating and activating mutations were introduced into 5-HT7–Rluc8 using the 

QuikChange Mutagenesis Kit (Agilent Technologies) and gBlock fragments (Integrated 

DNA Technologies) as primers. Plasmids encoding unlabeled human 5-HT7, β2AR, Gαs-

long, and Gβ1 were purchased from the cDNA Resource Center. Truncated and mutated 

Gαs subunits were derived from WT Gαs-long by amplifying the coding sequence with 

reverse primers incorporating the desired mutation and ligating the resulting fragment 

into pcDNA3.1(+) using KpnI and XhoI. A plasmid encoding β2AR-SmBit was derived 

from unlabeled β2AR using the QuikChange Mutagenesis Kit and a gBlock primer. A 
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plasmid encoding 5-HT7– SmBit was derived from unlabeled 5-HT7 by standard 

subcloning into a SmBit vector. A plasmid encoding LgBit-Gγ2 was kindly provided by 

Stephen R. Ikeda, National Institute on Alcohol Abuse and Alcoholism. A plasmid 

encoding the Nluc-EPAC-VV cAMP sensor was kindly provided by Kirill Martemyanov, 

The Scripps Research Institute. Plasmids encoding β2AR-Rluc8, NES-Venus-mGs, NES-

Nluc-mGs, Venus-kras, Venus-1–155-Gγ2, and Venus155–239-Gβ1 have been described 

previously (22, 37, 38). All plasmid constructs were verified by Sanger sequencing. 

 Cell Culture and Transfection. HEK 293 cells (American Type Culture 

Collection; CRL-1573) were propagated in plastic flasks and on six-well plates according 

to the supplier’s protocol. HEK 293 cells with targeted deletion of GNAS and GNAL 

were a generous gift from Asuka Inoue, Tohoku University, and were derived, 

authenticated and propagated as described previously (39). Cells were transiently 

transfected in growth medium using linear PEI MAX (molecular weight 40,000) at a 

nitrogen/phosphate ratio of 20 and were used for experiments 24 to 48 h later. Up to 3.0 

μg of plasmid DNA was transfected in each well of a six-well plate. 

 BRET and Luminescence Assays. Intact cells were washed twice with 1× 

DPBS, harvested by trituration, and transferred to opaque black (for BRET) or white (for 

luminescence) 96-well plates. Permeabilized cells were washed twice with 

permeabilization buffer (KPS) containing 140 mM KCl, 10 mM NaCl, 1 mM MgCl2, 0.1 

mM KEGTA, and 20 mM NaHEPES (pH 7.2); harvested by trituration; permeabilized in 

KPS buffer containing 10 μg mL−1 highpurity digitonin; and then transferred to 96-well 

plates. Measurements were made from permeabilized cells supplemented with 100 μM 

GDP, 2 U mL−1 apyrase, or apyrase with 100 μM GDPβS. Steady-state BRET and 
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luminescence measurements were performed using a Mithras LB940 photoncounting 

plate reader (Berthold Technologies). Kinetic BRET and luminescence time course 

measurements were obtained with a POLARstar Optima plate reader (BMG Labtech). 

Coelenterazine h (5 μM; Nanolight) or furimazine (NanoGlo; 1:1,000; Promega) were 

added to all wells immediately before taking measurements with Rluc8 and Nluc, 

respectively. Raw BRET signals were calculated as the emission intensity at 520 to 545 

nm divided by the emission intensity at 475 to 495 nm. Net BRET is the raw BRET ratio 

minus the ratio measured from cells expressing only the donor. 

 Confocal Imaging. Cells grown on 25-mm round coverslips were transferred to 

an imaging chamber and washed with DPBS. Drug solutions were added directly to the 

chamber by pipetting. Confocal images were acquired using a Leica SP8 scanning 

confocal microscope with a 63×, 1.4 NA objective. Venus was excited with a 488-nm 

diode laser and detected at 500 to 650 nm. BG-649–PEG–biotin was excited with a 633-

nm diode laser and detected at 640 to 750 nm. 

 Membrane Preparation and Radioligand Binding. Transfected cells were 

washed twice with cold PBS/EDTA and resuspended in cold DPBS. After pelleting at 

600 × g for 10 min at 4 °C, cells were resuspended in cold homogenization buffer 

containing 75 mM Tris·HCl pH 7.4, 2 mM EDTA, and protease inhibitor mixture 

(Roche). Cells were sonicated (three 5-s pulses at 20% amplitude with a 50-s cooldown 

period between each pulse), debris was pelleted at 500 × g for 10 min at 4 °C, and 

supernatants were centrifuged at 50,000 × g for 30 min at 4 °C. Pellets were resuspended 

in assay buffer containing 100 mM NaCl, 10 mM MgCl2, and 20 mM Hepes, pH 7.4, 

then snap-frozen and stored at −80 °C. Competitive binding assays were performed as 
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described previously (26) by incubating membranes with [3H] SB269970 (2.5 to 2.8 nM) 

and increasing concentrations of 5-HT in 96-well plates. Plates were incubated at 23 °C 

for 60 min and then harvested onto UniFilter-96 GF/C microplates (PerkinElmer), 

presoaked in 0.3% polyethyleneimine (MilliporeSigma) using a universal harvester, and 

washed three to four times with ∼0.25 mL per well of ice-cold buffer containing 50 mM 

Tris·HCl pH 7.0 and 2 mM MgCl2. The filters were dried and counted at ∼40% 

efficiency in a TopCount liquid scintillation counter using 20 μL per well of MicroScint 

liquid scintillation mixture (PerkinElmer). Alternatively, cell membranes were incubated 

with 1 nM [3H]SB269970 and various concentrations of 5-HT or unlabeled SB269970 for 

3 h at room temperature in binding buffer containing 20 mM Hepes pH 7.5, 50 mM 

NaCl, 1 mM EDTA, 5 mM MgCl2, and 0.1% (wt/vol) BSA (Fig. 4 C–E). After 

incubation, the reaction was terminated by adding cold binding buffer, followed by rapid 

filtering through glass fiber prefilters using a semiautomated harvester (Brandel). The 

filters were then washed three times with 5 mL of cold binding buffer and transferred to 

scintillation vials. Liquid scintillation mixture (5 mL; CytoScint; MP Biomedicals) was 

added on top of each filter. After overnight incubation, the radioactivity of the filters was 

measured with a Beckman LS6500 scintillation counter. 

 Pull-Down Assays. HEK 293 cells were transiently transfected with Nluc-Gγ2, 

Gβ1, Gαs-long, and either SNAPf-β2AR or SNAPf-5HT7 in a 1:1:2:1 ratio or Nluc-mGs 

and either SNAPf-β2AR or SNAPf-5HT7 in a 2:1 ratio. After 48 h, cells were incubated 

with 100 nM BG-649-PEG-biotin dye (New England BioLabs) in complete growth 

medium for 1 h at 37 °C. After three washes with DPBS, membranes were prepared as 

above, with the addition of 10 μM GDP and receptor ligands (10 μM 5-HT, MT, 
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isoproterenol, or ICI-118,551) to the homogenization buffer. Membranes were 

solubilized in 500 μL of solubilization buffer (20 mM Hepes pH 7.8, 150 mM NaCl, 2 

mM MgCl2, 20% [vol/vol] glycerol, 1% [wt/vol] DDM, 0.2% [wt/vol] CHS, and 

protease inhibitor mixture [Roche]), 100 μM GDP or 2 U mL−1 apyrase, and receptor 

ligands as above for 3 h at 4 °C with gentle rotation. Solubilized membranes were 

incubated with 250 μg of streptavidin (sAV) beads (Dynabeads MyOne sAV C1; Thermo 

Fisher Scientific) that had been washed with wash buffer (20 mM Hepes pH 7.8, 100 mM 

NaCl, 2 mM MgCl2, 10% [vol/vol] glycerol, 0.1% [wt/vol] DDM, 0.02% [wt/vol] CHS, 

and protease inhibitor mixture) for 2.5 h at 4 °C with gentle rotation. Beads were washed 

five times with 1 mL of wash buffer supplemented with either 50 μM GDP or 1 U mL−1 

apyrase and receptor ligands, diluted in 500 μL of working solution (20 mM Hepes pH 

7.8, 100 mM NaCl, 2 mM MgCl2, 0.1% [wt/vol] DDM, and 0.02% [wt/vol] CHS) and 

transferred to opaque black 96-well plates. BG-PEG-SNAP-649 fluorescence was 

determined using a Synergy Neo2 plate reader (BioTek; excitation, 640 nm; emission, 

676 nm). Furimazine (NanoGlo, 1:1,000; Promega) was added, and luminescence was 

measured without wavelength selection. Recovered Nluc activity (Gs or mGs) was 

normalized to fluorescence (receptor). 

 Computational Modeling. Rule-based deterministic models of conventional and 

inverse coupling based on ordinary differential equations (ODE) were constructed using 

the Virtual Cell (VCell) modeling platform (40, 41). Initial reactions and parameters 

followed a previously published analytical model (42), which was modified to include 

three receptor states, Ri G complexes (for the inverse coupling model only), and inverse 

agonist binding. Both models included basal (Rn), inactive (Ri ), and active (Ra) receptor 
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states, each of which could bind reversibly to agonist (La) or inverse agonist (Li ). G 

proteins could be empty, bound to GDP, or bound to GTP and could bind reversibly to 

ligand-bound or unbound receptors. Reactions, parameters, and initial conditions are 

given in SI Appendix, Table S5). The VCell, “5HT7_Jang_2020” by user “wojang” can 

be accessed within the VCell software (available at https://vcell.org).  

 Statistical Testing. Hypothesis tests were carried out with the two-tailed paired t 

test, one-sample t test, one-way ANOVA using Dunnett’s test for multiple comparisons 

against a control, or two-way ANOVA using Sidak’s test for multiple comparisons, as 

indicated in figure legends. Replicates were separate cultures of transfected cells derived 

from the two cell lines used. All data were analyzed using GraphPad Prism. 

 

Data Availability. All study data are included in the main text and SI Appendix.  
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Figure 7, Manuscript 1: Interactions between receptors, Gs and mini Gs (mGs) assessed by pulldown assays. 

SNAP-tagged receptors labeled with PEG-BG-649-biotin were solubilized in detergent in the presence of 

ligands and either GDP or apyrase and bound to magnetic beads. Gs heterotrimers were labeled with Nluc-

G2 subunit, and mGs was fused directly to Nluc. In the presence of GDP 5-HT7 receptors extract more Gs 

in the presence of the inverse agonist MT as opposed to 5-HT (10 M each), consistent with formation of 

inactive-state 5-HT7-Gs complexes. In constrast, in the presence of apyrase 5-HT7 receptors extract more Gs 

in the presence of the agonist. In the presence of GDP, no ligand-dependent interaction with Gs is observed 

for 2AR, whereas in the presence of apyrase the agonist Iso (10 M) promotes extraction of Gs. Agonist 

also promotes extraction of mGs by both receptors. Mean  SD; n=3; **P<0.005; *P<0.05; two-way 

ANOVA with Sidak’s multiple comparisons test (Gs) or paired t-test (mGs). 

 

 

 

 
Figure 8, Manuscript 1: Inactive mutant 5-HT7 receptors inhibit activation of AC by forskolin. 

Cells expressing inactive mutant F336R or N380K 5-HT7 receptors respond poorly to the AC activator 

forskolin (Fsk) compared to control (vector-transfected) cells, consistent with sequestration of Gs 

heterotrimers. Mean  SEM; n=5; *P<0.05; one-way ANOVA with Dunnett’s multiple comparisons test. 
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Figure 9, Manuscript 1: Inactive mutant 5-HT7 receptors fail to interact with mGs. 

(A) Confocal images of cells expressing SNAP-tagged 5-HT7 F336R labeled with BG-649-PEG-biotin and 

NES-Venus-mGs, before and after addition of 10 M 5-HT. Scale bar represents 20 m. (B) Line profiles 

normal to the plasma membrane from experiments as in panel A with cells expressing wild-type (wt), 

active mutant (L173A), and inactive mutant (F336R and N380K) 5-HT7 receptors with no ligand present; 

n=16-52 cells; mean  SEM. (C) Basal BRET between inactive 5-HT7 mutants and mGs is decreased 

compared to wt and active mutant 5-HT7 (red bars). Reciprocal changes are observed for Gs heterotrimers 

(black bars; replotted from Fig. 2B). 
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Figure 10, Manuscript 1: Truncation of the Gs C terminus disrupts inactive-state 5-HT7-Gs 

complexes. 

Truncating the Gs C terminus progressively inhibits 5-HT-induced decreases in BRET between 5-HT7-

Rluc8 and Gs-Venus in the presence of GDP (100 M) (A) and in the absence of any nucleotide 

(apyrase) (B). Nucleotide depletion with apyrase combined with modest truncation of the Gs C terminus 

(e.g. Δ2) appears to favor spontaneous formation of active-state complexes at the expense of inactive-state 

complexes, converting 5-HT-induced BRET decreases into small increases, and enhancing MT-induced 

BRET decreases. More extensive truncation of the Gs C terminus (e.g. Δ4) prevents formation of either 

type of complex. In contrast, truncating the Gs C terminus progressively inhibits Iso-induced increases in 

BRET between β2AR-Rluc8 and Gs-Venus (C and D), consistent with disruption of only active-state 

complexes. Mean  SEM; n=5 for all. 
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Figure 11, Manuscript 1: Mutation of Gs position 394 to polar residues disrupts inactive-state                  

5-HT7-Gs complexes, and leads to constitutive activation of AC.  

(A) Basal BRET between 5-HT7-Rluc8 and Gs-Venus in the presence of GDP decreases when Gs 

Leu394 is mutated to Gln, Arg or Glu, or when no G subunit (-) is expressed (n=3), but not when Leu394 

is mutated to Ile. (B) Agonist-induced decreases in BRET between 5-HT7-Rluc8 and Gs-Venus are 

diminished when Gs Leu394 is mutated to Gln, Arg or Glu but not Ile (n=7). (C) Basal BRET between 

2AR-Rluc8 and Gs-Venus in the presence of GDP is unchanged when Gs Leu394 is mutated to Gln, 

Arg, Glu or Ile, and decreases when no G subunit (-) is expressed (n=3). (D) Agonist-induced increases in 

BRET between 2AR-Rluc8 and Gs-Venus are diminished when Gs Leu394 is mutated to Gln, Arg or 

Glu (n=6). (E) Nucleotide-sensitive BRET between 5-HT7-Rluc8 and Gs-Venus increases when Gs 

Leu394 is mutated to Gln, Arg or Glu (n=3). (F) Nucleotide-sensitive BRET between 2AR-Rluc8 and 

Gs-Venus decreases when Gs Leu394 is mutated to Gln, Arg or Glu (n=3). Experiments in A-F were 

performed in permeabilized cells in the presence of GDP (100 M) or apyrase; mean  SD. (G) Basal 

cAMP (control) increases in cells expressing 5-HT7 receptors when Gs Leu394 is mutated to Gln, Arg or 

Glu, occluding 5-HT-induced cAMP responses (n=4); in all groups cAMP was further increased by 

forskolin (Fsk), indicating that the sensor was not saturated. (H) Basal cAMP and Iso-induced cAMP 

responses decrease in cells expressing 2AR when Gs Leu394 is mutated to Gln, Arg or Glu (n=4). In (G) 

and (H) cyclic AMP was measured in intact cells using an EPAC-based BRET sensor that indicates 

increases in cAMP with lower BRET; boxes represent the 25th-75th percentile, whiskers indicate the 

maximum and minimum, and individual data points are superimposed. All experiments were carried out 

using cells lacking endogenous Gs subunits. 
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Figure 12, Manuscript 1: Mutation of Gs position 394 to polar residues disrupts inactive-state 5-

HT7-Gs complexes. 

Mutating Gs Leu394 to Gln, Arg or Glu but not Ile inhibits 5-HT-induced decreases in BRET between 5-

HT7-Rluc8 and Gs-Venus in the presence of GDP (100 M) (A) and in the absence of any nucleotide 

(apyrase) (B). Polar residues in position 394 also enhance MT-induced BRET decreases in the presence of 

apyrase, possibly reflecting spontaneous formation of active-state complexes under these conditions. In 

contrast, mutating Gs Leu394 to Gln, Arg or Glu inhibits Iso-induced increases in BRET between 2AR-

Rluc8 and Gs-Venus in the presence of GDP (C), but to a lesser extent in the absence of any nucleotide 

(D), consistent with modest disruption of only active-state complexes. Mean  SEM; n=3 for all. 
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Figure 13, Manuscript 1: Truncation of the Gs C terminus leads to constitutive activation of AC in 

cells expressing 5-HT7 receptors. 

(A) Time course and (B) concentration-dependence of cAMP responses to 5-HT in cells expressing 5-HT7 

and Gs wt or 2. Mean  SEM; n=6. (C) Time course and (D) concentration-dependence of cAMP 

responses to Iso in cells expressing 2AR and Gs wt or 2. Mean  SEM; n=6. 
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III. DISCUSSION 

1. 5-HT7-Gs preassociation and Gs signaling 

 Here we demonstrate that preassociation of 5-HT7 serotonin receptors with Gs 

heterotrimers is necessary for agonist-induced signaling. Inactive 5-HT7-Gs complexes 

dissociate in response to agonists, allowing formation of conventional agonist-5-HT7-Gs 

ternary complexes and subsequent Gs activation.  This finding is consistent with previous 

work monitoring agonist-induced FRET decrease between 5-HT7 and Gs (12). While it 

was unclear whether the FRET change was due to dissociation or a conformational 

change of the complex, our approach utilizing luciferase complementation as well as a 

competition assay supports the hypothesis that agonist-mediated activation of 5-HT7 

promotes complex dissociation. It will be interesting to determine whether the absolute 

number and the stoichiometry of 5-HT7 receptors and Gs heterotrimers in native tissues 

influences the degree and the role of preassembly in Gs signaling.  

 Based on the observation that inverse agonists and inactive receptor mutations 

both stabilize inactive-state 5-HT7-Gs complexes, we postulate that 5-HT7 receptors in 

their inactive state associate with Gs. These results are in agreement with a previous study 

that reported slowing of Gs lateral mobility upon addition of 5-HT7 inverse agonists, 

presumably due to greater stability of presassociated 5-HT7-Gs complexes (12). 

Furthermore, a competition experiment between 5-HT7 and β2AR suggested that inactive-

state 5-HT7-Gs complexes are more stable than active-state 5-HT7-Gs complexes. 

Consistent with previous studies hypothesizing that 5-HT7 receptors can sequester Gs 

heterotrimers, we found that forskolin-mediated activation of AC was severely curtailed 

in the presence of CIM 5-HT7 mutants. It remains unclear whether preassociation-
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mediated sequestration of Gs heterotrimers from other GPCRs plays a physiological role 

in cell function.   

 To further study the mechanistic basis of preassembly, we generated Gs variants 

with series of distal C-terminus truncations. Our hypothesis was that these modifications 

will significantly curtail the formation of active-state ternary complexes while preserving 

inactive-state preassociated complexes as C-terminus of G subunits are critical for 

GPCR-G protein complex formation (29, 77). Unexpectedly, Gs variants not only failed 

to form preassociated complexes but also spontaneously formed active-state complexes 

with 5-HT7 receptors. These results suggest two major findings: 1) The distal C-terminus 

of Gs is in fact critical for preassembly of 5-HT7-Gs complexes; and 2) The distal C-

terminus of Gs limited unliganded 5-HT7 receptors from spontaneously adopting active-

state conformations. Furthermore, we observed that 5-HT7 receptors intrinsically favor 

active conformations as suggested by nucleotide-resistant high-affinity binding data and 

spontaneous recruitment of mGs (78). Taken together, we postulate that the primary role 

of preassembly in 5-HT7 is to limit unrestrained activation of Gs heterotrimers by forming 

inactive-state 5-HT7-Gs complexes (i.e., inverse coupling). Because the absence of 

inverse coupling leads to maximum activation of Gs by 5-HT7, inverse coupling thus is a 

required mechanism for a dynamic range of agonist-induced signaling. In addition, the 

fraction of low-affinity agonist-binding sites that is increased with Gs expression reflects 

negative allostery between agonist and Gs binding. Based on the general principles built 

on experimental findings, we generated a deterministic model of conventional and 

inverse coupling that recapitulated the main findings of 5-HT7-Gs interactions. Our model 

suggests that the absence of a receptor reserve seen with 5-HT7 can thus be explained by 
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inverse coupling. Therefore, the principles of inverse coupling can be used to explain the 

unusual biophysical and pharmacologic properties of 5-HT7 receptors. Overall, the 

conclusions of this study for the first time provide a well-defined, functional role of 

preassembly in cell signaling.  

 It remains an open question as to whether inverse coupling is a conserved 

mechanism for regulating agonist-induced signaling. This mechanism most likely does 

not play a prominent role in conventional GPCRs as they intrinsically adopt inactive 

states that cannot associate with heterotrimeric G proteins. Nevertheless, because the 

allosteric range varies among GPCRs, it is possible that the presence of inverse coupling 

state regulates the dynamic range of agonist-induced signaling for other receptors. 

Because this mechanism may have evolved to regulate the conformational dynamics of 

receptors that intrinsically favor active conformations, we hypothesize that inverse 

coupling may be more prominent in receptors that have high constitutive activity. We 

hypothesize that several innate characteristics of GPCRs may be indicative of the 

presence of an inverse coupled state. First, high basal BRET between receptors and their 

respective cognate heterotrimeric G proteins in the presence of guanine nucleotides may 

be indicative of receptors with significant inverse coupling. As GDP acts as an inverse 

agonist for active-state ternary complexes, those that cannot form inverse complexes will 

all likely have low basal BRET; therefore, only those that can inverse couple should form 

complexes in the presence of GDP (i.e., high basal BRETGDP). Second, receptors with a 

predominant fraction of high-affinity agonist-binding sites would likely adopt active-state 

conformations in the absence of agonists. If inverse coupling is indeed a conserved 

mechanism that prevents receptors from spontaneously adopting active states and 
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subsequently activating heterotrimeric G proteins, these receptors may be likely 

candidates. Lastly, it is a possibility that the distal C-terminus of Gs serves as a critical 

interface for inverse coupling for other Gs-coupled GPCRs. Our work has employed two 

different approaches for monitoring constitutive activity in the presence of Gs variants, 

one using EPAC-based sensor and another using nucleotide-sensitive spontaneous 

association between receptors and Gs variants.  If other Gs-coupled receptors are thought 

to inverse couple with Gs in a manner similar to that of 5-HT7-Gs inverse coupling, these 

receptors would constitutively activate Gs Δ2 at a level higher than wildtype Gs. Taken 

together with other receptors that are also thought to associate with heterotrimeric G 

proteins prior to agonist binding, employing these strategies may identify other receptors 

that participate in inverse coupling.  

6. Mechanistic basis of inverse coupling 

 Recent advances in biophysical methods, particularly cryo-electron microscopy 

(cryo-EM) and single molecule Förster resonance energy transfer (smFRET), have 

provided a means to study the molecular dynamics of receptor-G protein complexes 

structures and conformational dynamics of GPCRs, respectively. However, these studies 

have all been restricted to conventional receptor-G protein coupling or well-studied, 

prototypical receptors such as β2AR. While previous studies have extensively studied the 

molecular details of conventional GPCR-G protein coupling, these approaches may 

provide valuable insight into the unconventional mechanism of inverse coupling. 

Furthermore, while the proliferation of structurally-defined GPCR-G protein complexes 

have provided critical insights into the mechanistic basis of the allostery network 

connecting agonist binding, GPCR-G protein binding and nucleotide release from the G 
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subunit, these studies have been restricted to conventional active-state ternary complexes. 

Therefore, structural determination of inverse coupled 5-HT7-Gs complex would certainly 

be the first GPCR-G protein complex in a different state. It would be interesting to 

determine whether inverse coupling Gs engages with the receptor in a manner akin to the 

manner in which nanobodies and antibodies have been reported to stabilize inactive 

receptors.  Thus, future efforts in investigating the molecular details encompassing 5-HT7 

conformational dynamics and inverse coupling are warranted.  

 One of the critical steps in structural determination of GPCR-G protein complexes 

includes utilizing protein engineering strategies that ensures stability of such complex. A 

recently introduced strategy involves tethering GPCR-G protein complexes with 

NanoBiT, a protein-fragment complementation system originally designed to monitor 

protein-protein interactions. A fully functional NanoLuc luciferase is formed once the 

large component containing 156 amino acids called LgBiT complements with a smaller 

13-amino acid peptide. There are two variants of 13-amino acid peptide that greatly differ 

by their binding affinity to LgBiT: HiBiT has nanomolar affinity whereas SmBiT has 

approximately millimolar affinity. Our previous data shows that fusing SmBiT onto the 

C-terminus of 5-HT7 receptor and LgBiT to the N-terminus of Gγ subunit of Gs 

heterotrimer preserves inverse-coupling property of 5-HT7-Gs interaction as agonist-

induced dissociation of the complex is maintained. This finding suggests that the 

NanoBiT tethering strategy may be a useful strategy to stabilize and enhance inactive-

state 5-HT7-Gs complexes (79). Another potential strategy is to engineer GPCR-Gα 

fusion proteins that have Gα subunit fused to the C-terminus of a receptor (e.g., Gαs 

subunit fused to the C-terminus of 5-HT7). While conventional methods evaluating the 
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stability of receptor-G protein complexes included SEC or thermostability assays (80) , it 

would be critical to ensure that the complexes we are stabilizing are indeed inverse-

coupled complexes, not conventional active-state ternary complexes; therefore, we would 

require alternative parameter to assess these complexes. We previously found that 

nucleotide-insensitive high-affinity agonist binding to 5-HT7 receptor may be attributable 

to its intrinsic propensity to adopt active-states that bind agonist with high affinity even in 

the absence of Gs. Because the fraction of low-affinity agonist binding site is dependent 

on the expression of Gs heterotrimer (i.e., represents the population of inverse-coupled 

complexes), the fraction of receptors in this state can be used as a parameter for 

evaluating the yield of inverse-coupled complexes. Thus, we expect any modifications or 

interventions that may further enhance inverse coupling between 5-HT7 receptor and Gs 

will lead to higher population of low-affinity binding sites. 

 Biophysical methods such as smFRET, electron paramagnetic resonance (EPR) 

and fluorescence spectroscopy are valuable tools for investigating conformational 

dynamics of GPCRs (26-28). These strategies take advantage of the fact that outward 

movement of TM6 is a hallmark of GPCR activation. Sensitivity of these assays permits 

one to observe ligand efficacy in receptor activation and receptor-G protein coupling. 

These methods require site-specific labeling of GPCRs by tagging residues such as 

cysteines, lysines or non-canonical amino acids (ncAAs) that possess reactive functional 

groups (81-84). Fluorescent probes can then be covalently conjugated to these residues. 

For example, site-specifically attaching donor and acceptor fluorescent probes at the 

cytoplasmic ends of TM6 and TM4, respectively, within minimal cysteine β2AR allows 

smFRET studies (26). Analogously to these approaches, future experimentation may 
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include designing minimal cysteine mutants of 5-HT7 receptors or those with site-specific 

incorporation of ncAA that can be utilized for ensemble and single molecule studies of 5-

HT7 dynamics. Because unliganded 5-HT7 tends to adopt active-state conformations, 5-

HT7 receptors may have low FRET value due to a TM6 that is in an outward 

configuration even in the absence of Gs heterotrimers. Moreover, addition of 5-HT and 

nucleotide-empty Gs heterotrimers would likely not significantly lower FRET. 

Conversely, β2AR will likely have a higher basal FRET that significantly decreases upon 

supplementation with agonists and nucleotide-empty Gs heterotrimers as these receptors 

intrinsically favor inactive state conformation and requires positive allostery from both 

factors.  Conversely, inverse agonist-bound 5-HT7 receptors along with Gs heterotrimers 

would adopt a conformation wherein TM6 would be closer to TM4. Whereas the 

presence of GDP-bound Gs heterotrimer would not influence basal FRET of unliganded 

β2AR, FRET for 5-HT7 receptors may increase as Gs heterotrimers would promote the 

receptors to adopt inactive conformations. Utilizing both structural biology and 

conformational dynamics-based biophysical approaches would be valuable methods to 

further understand the mechanistic basis of inverse coupling.   

7. Implications of inverse coupling 

 Here we have demonstrated a novel GPCR-G protein interaction wherein a 

negative allosteric interaction between agonist and Gs binding to 5-HT7 receptors confers 

a full sensitivity to agonist-induced signaling.  This begs the question: What is the role of 

inverse coupling in terms of biologic function? The high degree of conservation in 5-HT7 

receptor primary sequence among vertebrates is interesting as it suggests that inverse 

coupling may have been selectively maintained. Indeed, zebrafish 5-HT7 receptors 



58 

 

inverse couple with Gs heterotrimers whereas drosophila 5-HT7 receptors, which have 

low conservation with vertebrate 5-HT7, do not (unpublished observations). A peculiar 

property of the 5-HT7 receptor is its high intrinsic ability to adopt active states. This leads 

to the question of whether inverse coupling exists to lower 5-HT7-mediated Gs activation 

or 5-HT7 receptors are more active due to inverse coupling. It has been suggested that 

receptors for small molecules such as A2AR adenosine receptors adopt intrinsically 

intermediate states as small molecules impart only a small degree of conformational 

rearrangements upon receptors (85). Conversely, inverse coupling may provide a 

mechanism in which the removal of the negative allosteric interaction permits the 

progression of active-state ternary complex driven by intrinsic dynamics of 5-HT7 

receptors.  Another interesting property is the lack of receptor reserve seen in 5-HT7 

receptors. This characteristic implies that 5-HT7-mediated Gs activation is insensitive to 

5-HT7:Gs stoichiometry. It is possible that 5-HT7 receptors may be distributed in 

microdomains with high density of Gs heterotrimers; thus, inverse coupling may be 

required to obviate amplified Gs activation. Furthermore, as pEC50 is less than pKd for 

5-HT7, inverse coupling may provide a discrete mechanism to reduce the efficacy of 

receptor-G protein coupling without altering the efficacy of active-state ternary complex 

formation.  Lastly, the sequestration of heterotrimeric G proteins from other GPCRs may 

act as a coincidence detection system wherein the maximum response to Gs-coupled 

receptors is elicited only if 5-HT7 receptors are concurrently bound to agonists. Taken 

together, it seems possible that inverse coupling may be important for regulating the 

sensitivity and dynamic range of cell signaling. 
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IV. SUMMARY 

1. 5-HT7 receptors form preassociated complexes with Gs 

2. Preassociated 5-HT7-Gs complexes are dissociated upon agonist binding 

3. 5-HT7 receptors intrinsically favor active conformations 

4. Preassociation with Gs in inactive 5-HT7-Gs binary complexes (inverse 

coupling) limits constitutive activation of Gs 

5. Negative allosteric interaction between agonist and G protein binding is 

required for the full sensitivity of 5-HT7 receptors to serotonin 

6. G proteins, like ligands, can promote inactive and active states 
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VI. APPENDIX A 

 All authors read, edited and approved the final manuscript.  

 C. Elizabeth Adams conducted initial BRET studies of monitoring 5-HT7-Gs 

complex dissociation and association in response to agonist and inverse agonist, 

respectively, as detailed in Figure 1A.  

 Heng Liu conducted radioligand binding, as detailed in Figure 4 B-E.  

 Cheng Zhang provided advice and assistance in experimental design and 

interpretation of results. 

 Finn Olav Levy provided advice and assistance in experimental design and 

interpretation of results.   

 Kjetil Wessel Andressen conducted radioligand binding, as detailed in Figure 

4A, in addition to providing advice and assistance in experimental design and 

interpretation of results.  
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