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Abstract 

G protein-coupled receptor (GPCR) signaling pathways mediate the transmission of 

signals from the extracellular environment to the generation of cellular responses, a process that 

is critically important for neurons and neurotransmitter action. The ability to promptly respond to 

rapidly changing stimulation requires timely inactivation of G proteins, a process controlled by a 

family of specialized proteins known as regulators of G protein signaling (RGS). The R7 group of 

RGS proteins (R7 RGS) has received special attention due to their pivotal roles in the regulation 

of a range of crucial neuronal processes such as vision, motor control, reward behavior and 

nociception in mammals.  One member of the R7 RGS family, RGS9-2 has been previously 

implicated as an essential modulator of signaling through neuronal dopamine and opioid G 

protein coupled receptors. RGS9-2 is specifically expressed in striatal neurons where it forms 

complexes with R7BP (R7 RGS Binding Protein), which we have found to ultimately affect 

several critical properties of RGS9-2.  First, it is this interaction with R7BP which is necessary 

for determining the subcellular targeting of RGS9-2 to the plasma membrane and to the 

specialized neuronal compartment of excitatory synapses, the postsynaptic density.  Secondly, 

R7BP plays a selective role amongst the R7 RGS family in determining the proteolytic stability 

of RGS9-2.  

Further characterization of R7 RGS complexes in the striatum revealed that two equally 

abundant R7 RGS proteins, RGS9-2 and RGS7, are unequally coupled to the R7BP subunit 

which is present in complex predominantly with RGS9-2 rather than with RGS7.  However, upon 

changes in neuronal activity the subunit composition of these complexes in the striatum 

undergoes rapid and extensive remodeling.  Changes in the neuronal excitability or oxygenation 

status result in extracellular calcium entry, uncoupling RGS9-2 from R7BP, triggering its 

selective degradation. Concurrently, released R7BP binds to cytoplasmic RGS7 and recruits it to 

the plasma membrane and the postsynaptic density. These observations introduce activity 

dependent remodeling of R7 RGS complexes as a new molecular plasticity mechanism in striatal 

neurons and suggest a general model for achieving rapid posttranslational subunit rearrangement 

in multi-subunit complexes.  

The physiological consequence of this remodeling process appears to play a role in 

determining the signaling sensitivity to dopamine stimulation.  Considering that upon the genetic 

elimination of RGS9, all available R7BP is funneled towards complex formation with RGS7, not 

only are RGS9 controlled GPCR signaling pathways affected, but those controlled by RGS7 as 
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well.  RGS9 knockout mice have an increased sensitivity to dopamine and opioid receptor 

stimulation and consequently display altered motor and reward behavior.  The question arises as 

to the role of modulation of RGS7 function in controlling these behaviors. Since the function of 

RGS9-2 is controlled by its association with R7BP, we would predict that the elimination of 

R7BP would lead to similar alterations in striatal physiology for RGS9 controlled pathways.  

While at the same time, RGS7 would be largely unaffected by the elimination of R7BP, thus 

RGS7 controlled pathways would predictably remain unaltered.  Using this rationale, we report 

that elimination of R7BP in mice results in motor coordination deficits and greater locomotor 

response to morphine administration consistent with the essential role of RGS9 in controlling 

these behaviors and the critical role played by R7BP in maintaining RGS9-2 expression in the 

striatum. However, in contrast to previously reported observations with RGS9-2 knockouts, mice 

lacking R7BP do not exhibit higher sensitivity to locomotor-stimulating effects of cocaine, 

suggesting a role for RGS7 in controlling dopamine sensitivity.  Using a striatum-specific 

knockdown approach, we demonstrate that the sensitivity of motor stimulation to cocaine is 

indeed dependent on RGS7 function. These results indicate that dopamine signaling in the 

striatum is controlled by concerted interplay between two RGS proteins, RGS7 and RGS9-2, 

which are balanced by a common subunit, R7BP.   
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G protein-coupled receptor (GPCR) signaling pathways mediate the transmission of 

signals from the extracellular environment to the generation of cellular responses, a process that 

is critically important for neurons and neurotransmitter action. The ability to promptly respond to 

rapidly changing stimulation requires timely inactivation of G proteins, a process controlled by a 

family of specialized proteins known as regulators of G protein signaling (RGS). The R7 group of 

RGS proteins (R7 RGS) has received special attention due to their pivotal roles in the regulation 

of a range of crucial neuronal processes such as vision, motor control, reward behavior and 

nociception in mammals. Four proteins in this group: RGS6, RGS7, RGS9 and RGS11 share a 

common molecular organization of three modules: (i) the catalytic RGS domain, (ii) a GGL 

domain that recruits Gβ5, an outlying member of the G protein beta subunit family, and (iii) a 

DEP/DHEX domain that mediates interactions with the membrane anchor proteins R7BP and 

R9AP. As heterotrimeric complexes, R7 RGS proteins not only associate with and regulate a 

number of G protein signaling pathway components, but have also been found to form complexes 

with proteins that are not traditionally associated with G protein signaling. This review 

summarizes our current understanding of the biology of the R7 RGS complexes including their 

structure/functional organization, protein-protein interactions and physiological roles.   
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♦  The role of RGS proteins in setting the timing of G protein signaling  

G protein signaling pathways are ubiquitous systems that mediate the transmission of 

signals from the extracellular environment to generate cellular responses. In these pathways, 

propagation of a signal from plasma membrane receptors to effectors is mediated by molecular 

switches known as heterotrimeric G proteins (1, 2). In the prototypical sequence of events, G 

protein-coupled receptors (GPCRs) are activated by ligand binding, which catalyzes GDP/GTP 

exchange on many Gα protein molecules. Upon GTP binding, Gα-GTP and Gβγ subunits 

dissociate from one another, and both proceed to activate or inhibit a variety of downstream 

signaling molecules (ranging from enzymes that regulate second messenger homeostasis to ion 

channels and protein kinases) that are collectively referred to as effectors (reviewed in 3, 4). 

Thus, a cellular response is elicited by modulation of the activity of an effector molecule by G 

protein subunits. The extent of effector activity regulation, and consequently the magnitude and 

duration of the response, depends on how long the G proteins stay in the activated state. Processes 

that inactivate G proteins therefore play critical roles in shaping the kinetics of the response. The 

first recognized molecular events that contribute to the inactivation of G protein signaling were 

those that lead to GPCR desensitization, including phosphorylation by receptor kinases, binding 

of arrestin molecules and internalization via endocytosis (reviewed in 5). Currently well accepted, 

these reactions represent powerful mechanisms for limiting G protein activation during sustained 

stimulation of GPCRs. Controlling G protein activation can be further modulated by controlling 

the inactivation of G protein subunits, which occurs when the Gα subunit hydrolyzes GTP and its 

inactive GDP-bound state re-associates with Gβγ subunits (6). Although Gα subunits can 

hydrolyze GTP and self-inactivate, this process is rather slow and does not account for the fast 

deactivation kinetics observed under physiological conditions (discussed in 7). Timely 

inactivation of G proteins is controlled by a specialized family of proteins classified as regulators 

of G protein signaling (RGSs). Comprising more than 30 members, RGS proteins act to 

accelerate the rate of GTP hydrolysis of G protein α subunits (8-10). This activity makes RGS 

proteins key elements that determine the lifetime of the activated G proteins in the cell, thus 

determining the overall duration of the response to GPCR activation. The importance of RGS 

proteins in regulating the magnitude of cellular reactions within an organism is underscored by a 

number of studies with genetic mouse models either deficient in genes encoding individual RGS 

proteins (11-18) or carrying G proteins insensitive to RGS action (19). These mouse models often 

suffer from a range of dysfunctions that severely affect most systems in the organism. 
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Furthermore, recent evidence suggests that the activity of RGS proteins may in fact be a rate-

limiting step in the termination of G protein-mediated responses in a similar way to that of the 

visual signal transduction pathway in retinal photoreceptors (20). In this context, understanding 

the mechanisms that regulate RGS protein function will provide critical insight into how the 

timing of G protein-mediated cellular reactions is achieved.     

♦ Regulation of G protein signaling in the nervous system and the R7 group of the RGS 

family 

Perhaps one of the most impressive features of G protein signaling in neuronal cells is the 

exquisite timing of signaling events. Neurons heavily rely on GPCR pathways for mediating 

neurotransmitter action, requiring simultaneous processing of multiple incoming signals in a rapid 

timeframe and in a constantly changing environment (reviewed in 21). In many cases, changes in 

the precise timing of these signaling events lead to a range of grave dysfunctions of the nervous 

systems (22, 23). Thus, it is perhaps not surprising that regulation of neuronal G protein signal 

termination mediated by RGS proteins has raised considerable interest. Neuronal RGS proteins 

have been implicated in many neurological conditions such as anxiety, schizophrenia, drug 

dependence and visual problems (See 23-25 for reviews). 

Although the expression of several RGS proteins has been detected in the nervous 

system, the R7 group of RGS proteins has received special attention due to their pivotal roles in 

the regulation of a range of crucial neuronal processes such as vision, motor control, reward 

behavior and nociception in animals from C. elegans to humans (10, 26). Additionally, R7 RGS 

proteins are key modulators of the pharmacological effects of drugs involved in the development 

of tolerance and addiction (27-29). In mammals, the R7 subfamily consists of four highly 

homologous proteins, RGS6, RGS7, RGS9 and RGS11, all of which are expressed predominantly 

in the nervous system (30). Despite the important role that R7 RGS proteins play in controlling 

neuronal G protein signaling, relatively little was known about their operational principles. Over 

the last few years, significant progress has been achieved in elucidating many exciting principles 

underlying the function of R7 RGS proteins, essentially making them one of the best understood 

subfamilies of the RGS family. The purpose of this review is to summarize our understanding of 

this important protein family and its role in regulating neuronal processes. We hope that the 

lessons learned from the studies on R7 RGS proteins may lead to better understanding of the 

general principles underlying G protein signaling in neurons and help spur the progress in 

studying other members of the RGS protein family with less understood roles. 
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♦ R7 RGS proteins are multi-domain protein complexes 

A major characteristic feature of R7 RGS proteins is their modular organization. These 

RGS proteins contain four distinct structural domains and form tight stoichiometric complexes 

with two binding partners. In fact, due to the obligatory nature of the association between three 

constituent components, R7 RGS proteins are increasingly viewed as heterotrimeric complexes 

composed of three subunits (Figure 1.1).   

The central element of this complex is formed by the RGS molecule itself that shares a 

common domain organization across all R7 RGS members. The defining feature of all RGS 

proteins, the catalytic RGS domain, is located at the C-terminus of the molecule and constitutes 

the only enzymatically active portion of the complex. The RGS domains of all R7 RGS proteins 

were shown to be capable of stimulating GTP hydrolysis on Gα protein subunits (31-37, 38, 39). 

From an enzymatic perspective, this process could be regarded as the conversion of active Gα-

GTP species into inactive Gα-GDP species, accompanied by the release of the inorganic 

phosphate (40) commonly referred to as GAP (GTPase activating protein). Interestingly, the RGS 

domains of the R7 RGS proteins act as potent GAPs, even when isolated from the other, non-

catalytic domains (see 31-33, 37 for examples). However, studies with RGS7 and RGS9 indicate 

that these other non-catalytic domains contribute to setting the maximal catalytic activity and 

refining Gα specificity (31-33). In vitro enzymatic studies have demonstrated that full-length R7 

RGS proteins containing all non-catalytic domains selectively stimulate GTP hydrolysis on α 

subunits of the Gi/o class of G proteins but not on Gαq/11, Gαz or Gαs (24, 39).  

Crystal structures of isolated RGS homology domains have been solved for RGS7 (41) 

and RGS9 (42), both alone and, in the case of RGS9, in a complex with activated Gαt. Analysis 

of these structures reveals a high degree of conformity to the all-helical bundle organization 

observed in a number of other RGS proteins (41, 43-45). The loops connecting the bundled 

helices form direct contacts with the switch region of the activated Gα subunit to stabilize it in 

the transition state of GTP hydrolysis, thereby providing a mechanism for the GAP activity (42). 

The RGS domain undergoes very little conformational change upon Gα binding, affecting mainly 

the α5/6 loop, which contains the catalytically critical Asn residue (42).   

Upstream from the RGS domain, R7 RGS proteins carry a second conserved feature, the 

GGL (G protein gamma-like) domain. This domain is structurally homologous to the 

conventional γ subunits of G proteins (38). Like all Gγ subunits, the GGL domain binds to its         
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Figure 1.1:  Organization of trimeric complexes between R7 RGS proteins and their subunits: R7BP/R9AP and 
Gβ5. R7 RGS proteins consist of three functional modules. The N-terminal DEP (Disheveled, EGL-10, Pleckstrin) and 
DHEX (DEP helical extension) domains mediate binding to the membrane anchors R7BP and R9AP. The central GGL 
(G Protein gamma-like) domain forms a complex with the Gβ5 (G protein β subunit, type 5). The C-terminal RGS 
(regulator of G protein signaling) domain mediates transient association with Gα-GTP subunits, during which GTP 
hydrolysis is stimulated. In addition to the GGL domain, Gβ5 also associates with the DEP/DHEX module.  
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Figure 1.2:  Membrane anchors R7BP and R9AP share structural similarities with SNARE proteins. Schematic 
representation of R7BP and R9AP domain compositions in comparison with three canonical SNARE proteins. Green 
boxes represent the alpha helical regions, blue boxes indicate conservative coiled-coil domains that participate in 
SNARE complex formation, yellow boxes indicate transmembrane regions and red lines indicate sites of membrane 
attachment. 
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obligatory partner, the Gβ subunit. However, unlike conventional Gγ subunits, this interaction of 

the GGL domain is incredibly specific, as it is capable of forming a coiled-coil interaction only 

with Gβ5 (type 5 G protein β subunit), a distant member of the G protein β subunit family (35, 46, 

47). A recently solved crystal structure of the RGS9-Gβ5 complex reveals that the interaction 

between GGL and Gβ5 closely follows the same orientation and association mechanisms as those 

observed in conventional Gβγ dimers (48).   

Finally, the N-terminus of R7 RGS proteins is formed by the DEP (Disheveled, Egl-10, 

Pleckstrin) (49) and DHEX (DEP helical extension) (48) domains. While the DEP domain is 

found in many signaling proteins (49), the DHEX domain is unique to R7 RGS proteins (10). 

Both crystal structure (48) and chimeric mutagenesis (50) studies suggest that the DEP and 

DHEX domains form a single, functional domain in the molecule. Recent studies have revealed 

that the DEP/DHEX module of R7 RGS proteins is responsible for their interaction with two 

novel membrane proteins, R9AP (RGS9 anchor protein) and R7BP (R7 family binding protein), 

which are discussed in detail below. 

Increasing evidence suggests that alternative splicing is a powerful mechanism that 

affects three members of the R7 RGS family: RGS6 (51), RGS9 (52-54) and RGS11(55). 

Combined with the modular principle of R7 RGS organization, differential splicing generates 

variability in domain composition, leading to the loss or gain of functions mediated by those 

affected domains. An extreme example of the extensive splicing patterns of R7 RGS proteins was 

recently provided by studies of RGS6. Alternative splicing of this protein generates 36 isoforms 

containing virtually all possible combinations of non-catalytic domains in addition to the RGS 

catalytic domain (51). Remarkably, several studied isoforms of RGS6 showed differential 

distribution patterns across cellular compartments (51, 56), suggesting that domain composition 

may regulate subcellular targeting of RGS6 in cells. The splicing pattern of RGS9 is much less 

complex, but nonetheless provides the best understood example of functional implications. Two 

splice variants of RGS9, which differ only in their composition at the C-termini, have been 

described (52-54). The short splice isoform, RGS9-1, contains only 18 amino acid residues at the 

C-terminus and is exclusively expressed in photoreceptors. In the long splice isoform, RGS9-2, the 

short C-terminus is replaced by a longer region of 209 amino acids. RGS9-2 is expressed in the 

striatum and is not present in photoreceptors (52, 57). The ability of the RGS9-1 isoform to 

recognize its cognate G protein target Gαt is regulated by the effector enzyme of the visual 

cascade in photoreceptors, PDEγ (58-60), which acts to dramatically enhance the affinity of 
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RGS9-1 for Gαt (61). As PDEγ is absent in the striatum, G protein recognition is enhanced by the 

additional C-terminal PDEγ-like domain (PGL) domain that is unique to RGS9-2 (62). It is likely 

that future studies on the role of alternative splicing in R7 RGS proteins will yield additional 

insights into the fundamental principles regulating these proteins.  

In summary, R7 RGS proteins are built from the three constituent modules: (i) the 

catalytic RGS domain, (ii) the GGL domain that recruits the Gβ5 subunit and (iii) the DEP/DHEX 

domain that mediates interactions with the membrane proteins R7BP and R9AP. As will be 

detailed in the following sections, the interplay between these functional domains determines 

expression level, intracellular localization and ultimately the GAP properties of the R7 family 

members.  

♦ Gβ5, an obligate subunit with an enigmatic functional role 

Gβ5 was first discovered as a novel type of Gβ subunit exclusively expressed in the 

nervous system (63). It was shown to selectively interact with Gγ2 in vitro, although the existence 

of this interaction in vivo has never been demonstrated (63, 64). Despite this fact, most 

subsequent studies focused on analyzing the ability of the Gβ5γ2 complex to mediate classical 

Gβγ functions such as interactions with Gα subunits and effectors. It was found that Gβ5γ2 has an 

unusual selectivity for its effectors, as it potently regulates the activities of PLCβ2, N-type 

calcium channels and GIRK channels, but not PLCβ3, PI3Kγ or adenylate cyclase II (63, 65-69). 

Likewise, Gβ5γ2 was shown to interact with GDP-bound Gα subunits (70, 71). However the 

specificity of these interactions is more controversial. While one group reported that Gβ5γ2 can 

bind to Gαq but not to Gαi or Gαo (70), another group detected stable interactions with both Gαi 

and Gαo (71). Although no explanation for these discrepancies exists, it was noticed that the 

complex of Gβ5 with Gγ2 is abnormally weak and prone to spontaneous dissociation, leading to 

loss of Gβ5 activity (72, 73). Overall, these findings demonstrate that Gβ5 exhibits some 

properties that are common to the conventional Gβ subunits, such as interaction with Gα and Gγ 

subunits as well as with effectors. A recently solved crystal structure supports this idea, as it 

indicates that most of the critical amino acids that build the protein interaction interface in Gβ5 

are conserved (48). However, the physiological function of Gβ5 remained a mystery until the 

discovery that Gβ5 readily forms complexes with members of the R7 family of RGS proteins 

instead of Gγ subunits in vivo (46, 47, 74). Unlike the Gβ5γ2 association, Gβ5 RGS complex 

formation is very strong and resistant to dissociation in detergent solutions, allowing for its 
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purification by various chromatographic and immunoprecipitation strategies (46, 47, 64). It 

should be noted, however, that the debate on whether Gβ5 can also exist and function in complex 

with conventional Gγ subunits continues (see 75 for most recent example), as it remains to be 

established whether Gβ5 can be found outside of the complexes with R7 RGS proteins in vivo. 

Two splice isoforms of Gβ5 have been described (71). Gβ5S, a 39 kDa short splice 

isoform, is ubiquitously expressed in the retina and brain, where it forms complexes with all R7 

RGS proteins, except RGS9-1 (46, 64, 76). The 44 kDa long splice variant, Gβ5L, containing 42 

extra amino acids at the N-terminus, is exclusively present in the outer segments of 

photoreceptors (77), where it forms a complex with RGS9-1 (47). The longer N-terminal portion 

of the photoreceptor Gβ5L isoform has been shown to contribute to a high affinity to RGS9-1, 

selectively with a Gαt-PDEγ complex, as opposed to free, activated Gαt. However, the precise 

role that alternative splicing of Gβ5 plays for RGS9-1 function is not fully understood.  

From early studies on the functional significance of R7 RGS Gβ5 complex formation, it 

was unequivocally determined that Gβ5 is essential for the stability and expression of all R7 RGS 

proteins. Co-expression with Gβ5S was shown to be necessary for achieving high expression 

levels of RGS6 and RGS7 via protecting them from proteolytic degradation (35, 74), resulting in 

the enhancement of RGS activity in regulating GIRK channel kinetics (78). Likewise, 

experiments with recombinant overexpression in heterologous systems indicate that functionally 

active proteins can only be obtained when R7 RGS proteins are co-expressed with Gβ5 (32, 34). 

Finally, the ultimate proof of the importance of the interaction between R7 RGS proteins and Gβ5 

arose from knockout mouse studies that demonstrated that the genetic ablation of Gβ5 resulted in 

the loss of all R7 RGS proteins (79). Conversely, deletion of RGS9, the only R7 RGS protein in 

photoreceptors, results in the degradation of Gβ5. This indicates that, at least in this cell type, Gβ5 

exists only in complex with RGS proteins and becomes destabilized in the absence of its 

interaction with the GGL domain (13). These observations are reminiscent of the reciprocal 

stabilization seen in conventional Gβγ subunits, which are thought to form inseparable entities 

(see (80, 81) for examples). Overall, most of the accumulated evidence establishes R7 RGS 

proteins and Gβ5 as obligate subunits of a complex that exists and functions in vivo as a single 

entity.  

Delineation of the functional roles that Gβ5 plays as a part of the heterodimeric complex 

with RGS proteins beyond proteolytic protection has proven to be more difficult. The regulatory 
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effector and Gα binding properties observed for Gβ5γ2 have not been found for Gβ5 in complex 

with R7 RGS proteins. RGS6 Gβ5 and RGS7 Gβ5 were shown to not modulate either PLCβ or 

adenylate cyclase (39). Similarly, recombinant RGS6 Gβ5, RGS7 Gβ5 and RGS9 Gβ5 were 

demonstrated to be incapable of interacting with GDP-bound Gαi/o/t subunits (33, 39, 62). The 

crystal structure of the RGS9 Gβ5 complex sheds some light on the apparent discrepancy between 

the capability of Gβ5 to interact with Gα subunits and effectors when in complex with Gγ2 but not 

when in complex with RGS proteins (48). Analysis of the structure indicates that although the 

protein interaction interface that mediates association of Gβ subunits with Gα subunits and 

effectors is conserved in Gβ5, it is inaccessible due to its interactions with the N-terminal DEP 

domain. The DEP domain is intricately interwoven with the adjacent DHEX domain, with both of 

the domains forming a single structural domain that caps the protein interaction interface of Gβ5. 

This cap is connected to the rest of the RGS polypeptide via an unstructured hinge region, which 

is postulated to bear significant conformational flexibility (48). These observations led to the idea 

that the complex in the crystal structure was captured in the “closed” conformation, which could 

be transformed into the “open” state by conformational changes that would disrupt the 

interactions between the DEP domain and Gβ5 (48, 82). Intriguingly, it is speculated that the 

R7BP and R9AP proteins that bind to the DEP/DHEX domains could impact the equilibrium 

between “open” and “closed” conformations, thus altering access to the protein-protein 

interaction interface of Gβ5.  

An alternative possibility is that the GGL-Gβ5 module could be employed by RGS 

complexes to play a role in setting their G protein selectivity, thus regulating the GAP activity of 

RGS proteins. Indeed, several similar effects of Gβ5 have been reported. Deletion mutagenesis 

studies on RGS9-1 Gβ5 complexes indicate that the GGL-Gβ5 module acts to non-specifically 

reduce the affinity of the RGS catalytic domain to its two G protein targets: free activated Gαt 

and Gαt-PDEγ complexes (33). In contrast, the non-catalytic domains of RGS9-1 enhance 

binding specifically for Gαt-PDEγ complexes. In conjunction with the function of Gβ5, this 

activity is thought to be required for setting the high degree of RGS9-1 Gβ5 discrimination for its 

physiological substrate, Gαt-PDEγ, and for preventing short-circuiting of the cascade due to 

deactivation of Gαt before it can relay the signal to the effector (32, 33). The ability of Gβ5 to 

affect RGS interactions with Gα was also observed for RGS7, which was shown to bind to 

activated Gαo more tightly alone than when in complex with Gβ5 (83). Finally, Gβ5, in complex 

with the GGL domain of RGS9, was found to be important for sustaining the high turnover rate of 
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Gαt on the RGS domain of RGS9 (33). These results suggest that Gβ5 is involved in regulating 

GAP properties of R7 RGS proteins. However, much of the underlying mechanisms remain to be 

elucidated.  

♦ R7BP and R9AP: Adaptor subunits specifying expression, localization and activity of R7 

RGS complexes 

The function of many signaling proteins in cells is determined to a great extent by their 

targeting to specific subcellular compartments. Photoreceptor neurons have served as a 

convenient model for delineating compartmentalization mechanisms of several signaling 

molecules, including that of R7 RGS proteins (84-86). In these cells, the visual signal 

transduction pathway is physically restricted to a specialized compartment, the outer segment, 

which is separated from the rest of the cellular compartments containing other G protein 

pathways (87). The outer segment is also the exclusive localization site for RGS9-1, which is 

tightly bound to the disc membranes (88, 89). Biochemical reconstitution studies and experiments 

with transgenic animals have indicated that the association of RGS9-1 Gβ5 with the disc 

membranes and its specific targeting to the outer segment is mediated by the DEP domain (89, 

90). Proteomic screening for the molecules that mediate this function in the photoreceptors 

resulted in the identification of the membrane anchor protein R9AP (91). Similar to RGS9-1, 

RGS9-2 also associates with membranes and is specifically targeted to the postsynaptic density 

site in striatal neurons (92). The absence of R9AP in the brain led to another proteomic search 

that identified R7BP, an R9AP homologue that binds to RGS9-2 and all other R7 RGS proteins in 

striatal neurons (76). At the same time, R7BP was also independently discovered as a binding 

partner of R7 RGS proteins via bioinformatics homology searches using R9AP as bait (93). 

Although the binding of both R9AP and R7BP to RGS proteins has been shown to be mediated 

by the DEP domain (50, 76), complex formation exhibits clear interaction specificity. Although 

all four R7 RGS proteins can bind to R7BP, only RGS9 and RGS11 are capable of forming 

complexes with R9AP (76, 93).  

At the amino acid sequence level, the similarity between R9AP and R7BP is limited to 

only 30% (15% identity). However, both proteins share a significant homology and similarity in 

overall architecture with SNARE proteins (89, 94). SNAREs are membrane-associated proteins 

involved in the vesicular trafficking and exocytosis that underlie synaptic fusion events (for 

review, see (95, 96). Like the SNARE protein syntaxin, R9AP and R7BP are predicted to contain 

an N-terminal three-helical bundle followed by an extensive coiled-coil domain and a membrane 
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attachment site (Figure 1.2). This similarity invites speculation that the interaction between DEP 

domains and SNARE-like proteins may be a common principle underlying the targeting of DEP 

domain-containing proteins, which include numerous signaling proteins (9, 49). In this context, it 

is intriguing that in yeast, syntaxin homologues are found among the binding partners of the DEP 

domain-containing RGS protein, Sst2 (97).  

Although both R9AP and R7BP are membrane proteins, the mechanisms of their binding 

to membranes differ. R9AP is anchored via a single-pass C-terminal transmembrane helix, 

making it an integral membrane protein (91). In contrast, association of R7BP with the plasma 

membrane is mediated by two palmitoyl lipids that are post-translationally attached to the C-

terminal cysteine residues, acting synergistically with an upstream polybasic stretch of six amino 

acids (93, 98). The labile nature of palmitoylation provides R7BP with flexibility in its 

localization. In cultured cells, it has been shown that de-palmitoylation of R7BP not only removes 

it from the plasma membrane but also uncovers a nuclear localization signal, resulting in its 

translocation into the nucleus (93, 98). This mechanism is thought to contribute to the regulation 

of R7 RGS protein availability at the plasma membrane (93, 99). However, the exact functional 

implications of R7BP shuttling from the plasma membrane to the nucleus are unknown. 

Furthermore, in native neurons R7BP has been primarily found at the plasma membrane 

compartments (92, 98, 100) and its translocation into the nucleus has not been established despite 

several reports documenting nuclear localization of R7 RGS proteins in vivo (56, 101, 102).  

What does appear to be firmly established is the role of R7BP/R9AP-mediated membrane 

association in the function of R7 RGS proteins. First, the membrane anchors regulate the activity 

of R7 RGS proteins. Studies have shown that association of RGS9-1 Gβ5 with R9AP causes a 

dramatic potentiation of the ability of RGS9-1 to activate transducin GTPase (89, 90, 103). Under 

optimal conditions, the degree of this potentiation can be as large as 70-fold (40, 90). Similar to 

R9AP, it was found that co-expression of RGS7 Gβ5 with R7BP in Xenopus oocytes enhances the 

ability of RGS7 to augment M2 receptor-elicited GIRK channel kinetics, presumably due to the 

stimulation of the catalytic activity of RGS7 (93, 99). Because the effects of both R7BP and 

R9AP require the presence of the elements that mediate their membrane attachment, it is 

reasonable to assume that stimulatory activity of R7BP/R9AP can be attributed to a large extent 

to concentrating R7 RGS proteins on the membranes and in close proximity to membrane-bound 

G proteins. However, direct allosteric mechanisms also appear to contribute to the effects of 

anchors on R7 RGS proteins, as suggested by the observation that R9AP influences not only the 

catalytic rate of RGS9-1 Gβ5 GAP activity but also its affinity to activated Gαt (104). Second, 
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R7BP and R9AP play major roles in dictating the subcellular localization of R7 RGS proteins. In 

addition to translocation of R7 RGS proteins to the plasma membrane, as observed in transfected 

cells upon co-expression with R7BP/R9AP (91, 93, 98), membrane anchors target RGS proteins 

to unique subcellular compartments in neurons. In photoreceptors, R9AP mediates RGS9-1 

delivery to the outer segments and excludes it from the axonal terminals (89, 105). In striatal 

neurons, R7BP specifies the targeting of RGS9-2 to the postsynaptic density (92). Interestingly, 

R7BP/R9AP activity is not universally required for targeting all R7 RGS proteins in all cells, as it 

was recently shown that targeting of RGS7 Gβ5 in retinal bipolar neurons occurs independently 

from its association with R7BP (106).   

Studies with mouse knockout models revealed that R9AP and R7BP also play an 

important role in determining the expression levels of R7 RGS Gβ5 complexes. Knockout of 

R9AP in mice results in nearly complete elimination of detectable RGS9-1 and RGS11 proteins 

in the retina (106, 107). Similarly, knockout of R7BP leads to severe down-regulation of RGS9-2 

protein levels in the striatum (92). At the same time, transcription of the RGS9 and RGS11 genes 

is unaltered, as evidenced by similar levels of mRNA in both knockout and wild type tissues (92, 

107). The protein levels of RGS9-1, RGS9-2 and RGS11 are reduced by half in the tissues of 

heterozygous mice carrying one R9AP- or R7BP-deficient allele, which corresponds to the extent 

of the reduction in R7BP or R9AP expression, respectively. Conversely, overexpression of R9AP 

in the photoreceptors and R7BP in the striatum led to an increase in the levels of RGS9-1 (20) 

and RGS9-2 (92), respectively. Examination of the mechanisms by which R7BP/R9AP confer 

their effects revealed that RGS9 isoforms, even when in complex with Gβ5, are proteolytically 

unstable proteins with an estimated half life in the cell of less than one hour (50). RGS9 isoforms 

carry instability determinants located within their N-terminal DEP/DHEX domains that target 

they for degradation by cellular cysteine proteases (92). Binding of R7BP or R9AP to this region 

is thought to shield these determinants and thus prevent the degradation of RGS9, drastically 

prolonging its life time. Thus, R9AP and R7BP proteins could be viewed as subunits whose 

expression levels ultimately set the levels of RGS9- and RGS11-containing complexes in cells. 

Interestingly, RGS7 (and likely RGS6) does not possess these instability determinants and is 

therefore resistant to degradation when present in complex only with Gβ5 (35, 50). Consistent 

with this observation, the levels of RGS6 and RGS7 are unaltered in R9AP or R7BP knockout 

tissues (92, 106). These observations suggest that RGS9 and RGS11 likely exist as obligate 

heterotrimeric complexes with either R9AP or R7BP, while RGS7 Gβ5 and RGS6 Gβ5 dimers 

with could associate with R7BP conditionally. In summary, current evidence indicates that R7BP 
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and R9AP are integral subunits of R7 RGS proteins and play critical roles in regulating the (i) 

catalytic activity, (ii) subcellular targeting and (iii) protein expression levels of R7 RGS 

complexes.  

♦ R7 RGS proteins associate with a wide spectrum of cellular proteins  

As discussed above, R7 RGS proteins form trimeric complexes with R7BP (or R9AP) 

and Gβ5 subunits. These interactions are intrinsic to all members of the R7 family and have been 

demonstrated to play critical roles in their activity. Interactions of R7 RGS complexes with their 

G protein substrates and the Gα subunits of the heterotrimeric G proteins of the Gi/o family in the 

transition state of GTP hydrolysis are equally well established (31, 42, 61), (37, 38, 108). 

Interestingly, in addition to these well accepted interactions, R7 RGSs have been also reported to 

bind a number of other proteins, suggesting that these RGS proteins are likely integrated into 

larger macromolecular complexes in cells. Additional interactions were found for RGS6 and both 

splice isoforms of RGS9 and RGS7, but not for RGS11 (Table 1). In contrast to the conventional 

complexes of R7 RGS proteins with R9AP, R7BP and Gβ5, most interactions reported in Table 1 

were shown only for some members of the family, and their universality is unknown. 

Furthermore, for most of these interactions, it is unknown whether the binding occurs directly or 

is mediated by other proteins. Information about the binding determinants is often missing, and 

most of these interactions were not considered in the context of constitutive R7 RGS complexes 

with Gβ5 and R7BP or R9AP. Despite these limitations, analysis of the patterns of these 

interactions may be productive, as it may suggest not only a potential involvement of R7 RGS 

proteins in the regulation of discrete cellular processes, but may also provide models of the 

regulation of RGS protein function. Interaction partners of R7 RGS proteins can be divided into 

three groups: (i) components of G proteins receptor complexes, (ii) signaling proteins outside of 

classical GPCR pathways and (iii) proteins that modulate RGS function.  

The first consistent theme of R7 RGS proteins is the association with components of 

GPCR signaling complexes. In brain lysates, RGS9-2 was co-precipitated with the μ-opioid 

receptor (109, 110). Furthermore, targeting of RGS9-2 to membrane compartments required the 

presence of its DEP domain and co-transfection with μ-opioid (110) or D2 dopamine (111) 

receptors in transfected cells. Similarly, RGS7 was shown to directly interact with the 

intracellular loops of the muscarinic M3 receptor through its N-terminus (112). The interactions 

of mammalian R7 RGS proteins with GPCRs are further supported by the observation that the 

DEP domain of the yeast RGS protein Sst2 directly interacts with the C-terminal domain of its 
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Table 1.  Interactions of R7 RGS proteins outside of the complexes with Gβ5 and membrane 

anchors R7BP/R9AP.  

Interaction 

partner 
R7 RGS System Method Domain Reference 

PC12 Co-IP N/A (110) 
μ-opioid 

receptor 
RGS9-2 periaqueductal 

gray matter 
Co-IP N/A (109) 

M3 receptor RGS7 CHO-K1 Pull-down DEP (112) 

β-arrestin RGS9-2 PC12 Co-IP N/A (110) 

α-actinin-2 RGS9-2 HEK293, brain Y2H, Co-IP N/A (113) 

NMDAR, 

subunit NR1 
RGS9-2 HEK293, brain Co-IP N/A (113) 

RGS7 HEK293, brain 
Co-IP, pull-

down 
RGS (114) 

14-3-3 

RGS9-2 
periaqueductal 

gray matter 
Co-IP N/A (109) 

DMAP1, 

DNMT1 
RGS6 

COS-7, SH-

SY5Y, brain 

Y2H, Co-IP, 

pull-down 
GGL (115) 

SCG10 RGS6 COS-7 Y2H, Co-IP GGL (116) 

Snapin RGS7 CHOK1 
Co-IP, pull-

down 
DEP (117) 

Polycystin RGS7 HEK293 
Co-IP, pull-

down 
GGL (118) 

Spinophilin RGS9-2 striatum Co-IP N/A (119) 

GRK2 RGS9-2 striatum Co-IP N/A (119) 

Guanylyl 

cyclase 
RGS9-1 bovine ROS Overlay N/A (120) 
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cognate receptor, Ste2 (121). Hypothetically, the RGS-GPCR pairing can serve as a powerful 

mechanism that provides the specificity of RGS activity and shapes the kinetics of the response. 

In this respect, it is important to note the discovery of the polypeptide that contains both GPCR 

and RGS domains, which allow it to effectively modulate cell proliferation (122). Interestingly, 

binding partners of R7 RGS proteins also include proteins that are normally found in complexes 

with GPCRs. Receptor kinase GRK2, β-arrestin and the GPCR scaffold spinophilin were found to 

co-immunoprecipitate with RGS9-2 in brain tissue (110, 119). Although it is unclear whether 

these interactions occur directly or are mediated by μ-opioid receptors, they are thought to 

contribute to the regulation of receptor internalization and the development of tolerance, both of 

which are influenced by RGS9-2 (28, 110, 119).   

The second large group of R7 RGS binding partners is composed of the non-conventional 

interactions of R7 RGS proteins with signaling proteins outside of G protein signaling pathways. 

For example, a yeast two hybrid screen has revealed interactions between RGS6 and the 

transcriptional repressor complex DMAP1/Dnmt1 (115), an observation that is consistent with the 

previously reported localization of RGS6 in the nucleus (56). Nuclear localization has also been 

reported for other R7 RGSs (101, 102, 123) and is thought to be mediated by R7BP, which can 

serve as a membrane-nuclear shuttle in a palmitoylation-dependent fashion (98, 99). This raises 

the possibility that additional interactions of R7 RGS proteins with components of signaling 

pathways in the nucleus exist. The discovery of these interactions may provide significant insight 

into the function of these proteins in the nucleus. In the cytoplasm, RGS6 was found to be 

associated with the microtubule destabilizing protein SCG10. This interaction that was shown to 

result in the enhancement of neurite outgrowth when studied in transfected cells (116). Similarly, 

RGS9-2 was reported to be associated with another cytoskeletal protein, α-actinin-2 (113). In 

transfected cells, this interaction was demonstrated to link RGS9-2 to the regulation of NMDA 

receptor function (113). Finally, RGS7 was found to bind a component of the synaptic fusion 

complex, snapin, leading to the hypothesis that R7 RGS proteins can also regulate exocytosis (94, 

117). More studies will be needed to delineate the exact roles of R7 RGS proteins in mediating 

these signaling processes and fully validate these novel interactions. Likewise, it remains to be 

established whether the non-conventional functions of R7 RGS proteins are mediated by G 

proteins or occur via other, yet undetermined pathways.    

The last group of R7 RGS binding partners consists of the proteins that serve to regulate 

RGS proteins themselves. Although there are only two reported observations in this category, the 

number of examples is expected to grow substantially as the organization of R7 RGS proteins and 



 
 

 18

their reliance on protein-protein interactions for determining their cellular function are complex. 

In studies of the established interactions with R7BP/R9AP and Gβ5, association with other 

cellular proteins was shown to affect catalytic activity and proteolytic stability of R7 RGS 

proteins. This is a recurring theme for the regulation of this RGS family. Indeed, the binding 

partner of RGS7, polycystin, was shown to protect it from rapid proteolytic degradation by the 

ubiquitin proteasome system (118), whereas association with the 14-3-3 protein was shown to 

inhibit RGS7 activity in a phosphorylation-dependent manner (114). 

♦ Physiological roles of R7 RGS proteins: insights from mouse models 

Most of what we know about the physiological roles of R7 RGS proteins comes from 

studies on selective elimination or overexpression of R7 RGS proteins in murine models. Among 

the four R7 RGS proteins, the function of RGS9 is best understood due to its localized expression 

and the abundance of mouse genetic models. The functional role of this member can serve as a 

valuable example of the other R7 RGS family members, the physiological roles of which remain 

largely unknown.  

Targeting of the RGS9 gene produced a line of knockout mice that lack the expression of 

both splice isoforms: RGS9-1 in the retina and RGS9-2 in the brain (13). Elimination of RGS9-1 

in the retina resulted in a substantial delay in the termination of photoreceptor responses to light, 

a process mediated by the GPCR phototransduction cascade (13). In this pathway, the activated 

receptor (photoexcited rhodopsin) triggers the activation of the G protein transducin (Gαt), which 

in turn stimulates the activity of the effector enzyme cGMP phosphodiesterase. This leads to 

transient membrane hyperpolarization, a major response of the photoreceptor to light (reviewed in 

(25, 124). Following extinction of light excitation, wild type rod photoreceptors quickly return to 

the resting state, with an average time constant of approximately 200 ms. This rapid recovery 

requires G protein inactivation in the cascade and is critical for the high temporal resolution of 

our vision (125). In contrast, rods of mice lacking RGS9-1 show recovery kinetics that are an 

order of magnitude slower (time constant ~ 2.5 s) (13). This phenotype is thought to result from 

delayed transducin inactivation, which is mediated by RGS9-1. This suggests that this regulator is 

the GAP in the phototransduction cascade. Similar recovery deficiencies were also described in 

cone cells, suggesting that this function of RGS9-1 is conserved in all photoreceptor cells (126). 

Consistent with its obligatory trimeric organization, the function of RGS9-1 in providing timely 

transducin deactivation has been shown to depend on its association with R9AP and Gβ5 

subunits. Elimination of these subunits in mice results in an identical slow photoreceptor 



 
 

 19

deactivation phenotype (107, 127). In line with the observations in mice, mutations disrupting 

RGS9-1 and R9AP were found to cause the human visual disease bradyopsia, which disrupts the 

ability of those affected to adapt to changes in luminance and to recognize moving objects (128-

130). Conversely, overexpression of RGS9-1 Gβ5 R9AP in mouse rods results in an acceleration 

of photoresponse inactivation, demonstrating that it serves as a key rate-limiting enzyme in the 

cascade of recovery reactions that bring photoreceptors to a resting state (20). 

The other splice isoform, RGS9-2, was found to be enriched in the striatum, a region 

commonly associated with reward and motor control functions. It was also found, albeit at much 

lower levels, in the periaqueductal gray matter, the dorsal horns of the spinal cord and the cortex, 

which are structures that mediate nociception (28, 113, 131, 132). This expression pattern has 

prompted several groups to evaluate the contribution of RGS9-2 to specific behaviors controlled 

by these systems. RGS9 knockout mice had the following phenotypic properties: (i) increased 

sensitivity to the rewarding properties of cocaine, amphetamine and morphine (27, 133, 134), (ii) 

increased sensitivity to the anti-nociceptive action of morphine (110, 133) (similar observation 

were also made with the down-regulation of RGS9-2 expression by antisense oligonucleotides 

(131), (iii) delayed development of tolerance to the administration of morphine (133), (iv) 

enhanced severity of withdrawal symptoms following the cessation of morphine administration 

(133) (v) rapid development of tardive dyskinesia in response to suppression of dopaminergic 

signaling (111) and (vi) deficits in motor coordination and working memory (135). Conversely, 

viral-mediated overexpression of RGS9-2 in the rat striatum resulted in the reduction of 

locomotor activity potentiation in response to cocaine administration (12). Similarly, 

overexpression of RGS9-2 in a MPTP monkey Parkinson’s model has been reported to diminish 

L-DOPA-induced dyskinesia symptoms (136). Despite the long list, these deficiencies are likely 

to arise from alterations in specific pathways, as RGS9 knockout mice are quite normal in many 

behavioral aspects. They exhibit unaltered basal locomotor activities, cognitive function, fear 

conditioning and pre-pulse inhibition (12, 133, 135).  

These described phenotypical observations suggest a model in which the function of 

RGS9-2 in the striatum negatively regulates the sensitivity of the signaling pathways that process 

reward and nociceptive cues. Indeed, growing pharmacological evidence supports the idea that 

RGS9-2 moderates signaling via D2 dopamine and μ-opioid receptors, two prominent systems 

that are thought to critically regulate reward, nociception and locomotor functions (27, 111, 133, 

134, 136, 137). Moreover, signaling through D2 and μ-opioid receptors appears to be connected 

to RGS9-2 expression through feedback mechanisms that adjust the level of this negative 
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regulator, thus allowing dynamic modulation of the signaling intensity (12, 133, 138, 139). 

Furthermore, the RGS9-2 complex physically associates with D2 and μ-opioid receptors (see 

previous chapter and Table 1), although it is currently unknown what mediates this interaction.  

In contrast to the thorough understanding of the role of RGS9-1in the phototransduction 

cascade, the mechanistic picture of RGS9-2 activity and the second messengers and effector 

systems that are involved in this activity are far less clear. Studies that have addressed this issue 

have found that introduction of the catalytically active portion of the RGS9 protein into the 

striatal cholinergic interneurons reduced the modulation of N-type voltage gated calcium 

channels by dopamine, suggesting that ion channels that regulate neuronal excitability are a 

potential target of RGS9-2 activity (137). This observation is in line with reconstitution studies in 

Xenopus oocytes that demonstrated that full length RGS9-2, both alone and in complex with Gβ5, 

can powerfully modulate the kinetics of GIRK channel gating (12, 78). Studies with RGS9 

knockout mice also revealed enhanced D2 dopamine receptor-mediated suppression of NMDA 

currents in striatal medium spiny neurons lacking RGS9-2. Furthermore, RGS9-2 was found to 

regulate Ca2+-dependent NMDA inactivation via complex formation with α-actinin-2 in 

transfected cells (113). Although the mechanisms by which RGS9-2 controls these reactions are 

unclear, these studies implicate RGS9-2 in the regulation of excitatory glutamatergic transmission 

and potentially synaptic plasticity. Finally, RGS9-2 Gβ5 was reported to diminish ERK1/2 kinase 

activation in response to the activation of μ-opioid receptor in transfected cells (110). While these 

studies outline the range of the effector systems that can be regulated by RGS9-2, much of the 

underlying mechanisms remain unclear. Among key unanswered questions are whether the 

effects of RGS9-2 require its GAP activity (as, for example, in the regulation of calcium channels 

(137)) or if these effects can be explained by direct association with receptors (as, for example, in 

the regulation of μ-opioid receptor internalization (110)). Equally important is the question 

whether RGS9-2 is a specific regulator of select receptors or if it can function as a universal 

regulator of several GPCRs in neurons (discussed in (140)). Finally, since RGS9-2 forms a 

constitutive complex with Gβ5 and R7BP, elucidating the contribution of these subunits to its 

activity and selectivity will have a significant impact on our understanding of RGS9-2 function.      

Our knowledge of the physiological roles played by other R7 RGS members is 

substantially more limited. Knockdown studies using antisense oligonucleotides have implicated 

RGS6, RGS7 and RGS11 in regulating nociception mediated by μ- and δ-opioid receptors and the 

development of tolerance to morphine administration (29, 141). In addition, the expression levels 

of these R7 RGS proteins have been reported to be modulated in response to changes in signaling 
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via a range of pathways (for examples see (142-145)). Broad expression profiles across the 

nervous system (30, 38, 74) and the ability to regulate responses elicited by a variety of GPCRs 

that are coupled not only to Gi/o (34, 38, 39, 78) but also to Gq (146, 147) suggest that R7 RGSs 

may be critical regulators in a range of signaling pathways. Indeed, the development of the Gβ5 

knockout mouse provides a glimpse into the range of dysfunctions that are caused by the 

elimination of all R7 family members at once (79). Aside from the known defects associated with 

the loss of RGS9, Gβ5 knockouts exhibit a range of developmental anomalies. Homozygous mice 

lacking Gβ5 are smaller in size at birth, gain weight at a slower rate, do not gain body weight in 

the critical period prior to weaning between postnatal days 15 to 20 and exhibit a high pre-

weaning mortality rate (up to ~60%) by 21 days of age (79). In addition, retinas of Gβ5 knockouts 

are unable to relay light excitation from rod photoreceptors to downstream ON-bipolar cells, as 

revealed by the lack of the characteristic b-wave on electroretinograms (148). This deficiency in 

synaptic transmission is underlined by the failure of ON-bipolar cells to establish synaptic 

contacts with rod terminals during the critical developmental window (148). In light of these 

widespread developmental deficiencies, it is interesting to note that the expression of R7BP, a 

universal subunit of R7 RGS proteins, is tightly and developmentally controlled. R7BP mRNA 

and protein are largely undetectable at birth and exhibit a rapid and dramatic induction, peaking 

around the age of weaning (92, 100). Delineating the roles of R7 RGS complexes in regulating 

the specific pathways that shape developmental processes and the establishment of synaptic 

connectivity will be an exciting future direction.    
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A member of the Regulators of G protein Signaling (RGS) family, RGS9-2 is a critical 

regulator of G protein signaling pathways that control locomotion and reward signaling in the 

brain. RGS9-2 is specifically expressed in striatal neurons where it forms complexes with its 

newly discovered partner, R7BP (R7 family Binding Protein). Interaction with R7BP is important 

for the subcellular targeting of RGS9-2 which in native neurons is found in plasma membrane 

and its specializations, postsynaptic densities. Here we report that R7BP plays an additional 

important role in determining proteolytic stability of RGS9-2. We have found that co-expression 

with R7BP dramatically elevates the levels of RGS9-2 and its constitutive subunit, Gβ5. 

Measurement of the RGS9-2 degradation kinetics in cells indicates that R7BP markedly reduces 

the rate of RGS9-2 Gβ5 proteolysis. Lentiviral mediated RNA interference knockdown of the 

R7BP expression in native striatal neurons result in the corresponding decrease in RGS9-2 

protein levels. Analysis of the  molecular determinants that mediate R7BP RGS9-2 binding to 

result in proteolytic protection have identified that binding site for R7BP in RGS proteins is 

formed by pairing of the DEP domain with the R7H, a domain of previously unknown function 

which interact with four putative alpha helices of the R7BP’s core. These findings provide a 

mechanism for the regulation of the RGS9 protein stability in the striatal neurons.  

♦ Introduction 

Regulators of G Protein Signaling (RGS) comprise a large family of proteins that control 

the duration of signal transduction through G Protein Coupled Receptors (GPCR) (10, 149). RGS 

proteins act to accelerate the rate of GTP hydrolysis on G protein α subunits, thus facilitating G 

protein inactivation and the subsequent termination of signaling through GPCRs (reviewed in ref. 

(150). A mounting body of evidence from clinical studies and genetic animal models indicate that 

the action of RGS proteins is essential for the normal functioning of almost all systems in the 

organism (19, 128, 151). In the nervous system, many critical neuronal processes appear to be 

regulated by the R7 RGS proteins, a subfamily conserved in a variety of animals from C.elegans 

to humans (10, 26). In mammals, the R7 subfamily consists of 4 highly homologous proteins: 

RGS6, RGS7, RGS9 and RGS11, all of which are expressed predominantly in the nervous system 

(30).  

Arguably the best studied member of this group is RGS9. It exists in two splice isoforms, 

RGS9-1 and RGS9-2, which regulate vision and reward behavior, respectively (140). While the 

role of RGS9-1 in vertebrate phototransduction has been well established (reviewed in 87), much 
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remains to be learned about the molecular mechanisms that regulate RGS9-2 function. Previous 

studies have found that RGS9-2 in the striatum is involved in the modulation of μ-opoid (28, 131) 

and D2 dopamine (27, 111, 137) receptor responses. Studies of RGS9 deficient mice revealed 

increased locomotor responses, elevated rewarding effects and increased physical dependence in 

response to the administration of abused drugs such as morphine and cocaine (27, 28). 

Interestingly, drug administration has been shown to modulate the protein expression levels of 

RGS9-2, suggesting a possible mechanism for the adaptive changes in G protein signaling 

observed in addiction and tolerance (27, 28). 

RGS9, as well as other members of the R7 subfamily, is a multidomain modular protein 

that exists in vivo as a constitutive heterodimer with the type 5 G protein β subunit (Gβ5) (152). 

This association is critical as genetic ablation of Gβ5 results in almost complete elimination of 

RGS9 protein, as well as all other R7 RGS proteins, presumably due to their proteolytic 

destabilization (79). In photoreceptors, the stability of the RGS9-1 Gβ5 complex, is further 

dependent upon its association with the RGS9 Anchor Protein (R9AP) (91).  Knockout of R9AP 

leads to a profound reduction in both RGS9-1 and Gβ5 protein levels (107), whereas hyper-

expressing R9AP leads to an elevation in the RGS9-1 and Gβ5 protein levels (20). In mammals, 

R9AP is expressed only in photoreceptors but we have recently found that in striatum, RGS9-2 

forms a complex with a novel R9AP homolog which we named the R7 Binding Protein (R7BP) 

(76). Unlike R9AP which is available for binding only to RGS9-1, R7BP interacts with all four 

members of the R7 RGS protein family (76, 93). Studies by us and others indicate that, depending 

on its palmitoylation status, R7BP can target R7 RGS proteins to the plasma membrane, nucleus 

and postsynaptic densities (93, 153). Furthermore, R7BP binding to RGS7 can potentiate its 

ability to terminate G protein signaling (93, 99).  

 In this study we report that an additional role for R7BP is to regulate the proteolytic 

stability of the RGS9-2/Gβ5 complex. We have found that co-transfection of RGS9-2 Gβ5 with 

R7BP increases the expression level of the complex and increases the half-time of its degradation 

in neuronal cell lines. Using lentiviral mediated RNAi knockdown of R7BP expression in primary 

striatal cultures we demonstrate that decreases in R7BP levels lead to corresponding reductions in 

the levels of RGS9-2. We have further employed site-directed mutagenesis and chimeric 

approaches to dissect the molecular determinants that mediate the binding of R7 RGS proteins to 

R7BP to result in the observed stabilization of the complex.   



 
 

 25

♦ Materials and Methods 

Recombinant Proteins, Antibodies and Reagents - Generation of sheep anti-R7BP (N-terminal 

epitope) (76), anti-R9AP (against full-length mouse R9AP) (94) and sheep anti-RGS9-2CT (C-

terminal epitope) (76) has been described previously. Antibodies were affinity purified and stored 

in PBS buffer containing 50% glycerol. Rabbit anti-RGS7 (7RC1) (123) and anti-Gβ5 (SGS)  

were a generous gift from Dr. William Simonds, NIDDK. Rabbit anti-DARPP-32 antibodies were 

from Chemicon (Temecula, CA). Mouse monoclonal anti-β-actin (clone AC-15) antibodies were 

purchased from Sigma (St. Louis, MO). pcDNA3.1 TOPO cloning systems were obtained from 

Invitrogen. Recombinant GST tagged R7BP and R9AP proteins were expressed in E.coli and 

purified as described previously (76). His-tagged recombinant R7 RGS complexes with Gβ5 were 

obtained in Sf9/baculovirus system and purified by Ni-NTA affinity chromatography(33, 76). 

Protein quantification was performed using Bradford reagent (Sigma) according to manufacture 

specifications using BSA as a standard (Pierce). All general chemicals were purchased from 

Sigma Aldrich.  

DNA constructs and site-directed mutagenesis - Cloning of full length R7BP, R9AP, Gβ5, RGS7, 

RGS9-1, RGS9-2 was described previously (76, 153).  The full length coding region of R7BP 

was sub-cloned into the 3’ end of the GST open reading frame of vector pGEX-2T (GE 

Healthcare), to create a GST-R7BP fusion protein, using PCR primers tagged with NdeI linker at 

the 5’ end and an EcoRI linker at the 3’ end.  Similarly, R7BP deletion constructs were created 

with NdeI and EcoRI linkers on PCR primers generated against specific regions of R7BP:  

R7BPΔNT (nucleotides 139-156 and 749-774; creating a R7BP protein of amino acids 47-257), 

R7BPΔCT (nucleotides 1-22 and 672-693; amino acids 1-231), R7BPΔCTΔH4 (nucleotides 1-22 

and 495-516; amino acids 1-172), R7BP H1-H4 (nucleotides 139-156 and 672-693; amino acids 

47-231), R7BP H1-H3 (nucleotides 139-156 and 495-516; amino acids 47-172), R7BP 47-211 

(nucleotides 139-156 and 611-633; amino acids 47-211), R7BP 47-199 (nucleotides 139-156 and 

578-597; amino acids 47-199), R7BP H2-H4 (nucleotides 225-244 and 672-693; amino acids 76-

231), and R7BP H4 (nucleotides 480-501 and 672-693; amino acids 172-231). 

 R7BP/R9AP chimeric constructs were generated by splicing by overlap extension PCR 

(SOE PCR) strategy (154) utilizing primers against the following regions: chimera #1: R7BP 

496-516, R9AP 394-411, producing a fusion protein of amino acid sequences encompassing 

R7BP 47-172, R9AP 132-206;  chimera #2: PCR primer nucleotides (R7BP 321-339, R9AP 196-

215) and amino acids R7BP 47-113, R9AP 66-206;  chimera #3: R7BP 340-358, R9AP 180-195 

and amino acids R7BP 114-231, R9AP 1-65;  chimera #4: R7BP 517-535, R9AP 376-393, amino 
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acids R7BP 173-231, R9AP 1-131.  Flanking primers used were generated against the following 

nucleotides: chimera #1 and chimera #2: R7BP 139-156, R9AP 600-618; and chimera #3 and 

chimera #4: R9AP 1-23, R7BP 672-693. 

RGS7, and RGS9-1 and their chimeric constructs were cloned into pcDNA3.1/V5-His-

TOPO (Invitrogen) mammalian expression vector according to manufacture specifications.  

RGS7/RGS9 chimeric constructs were generated to create fusion proteins of the following amino 

acid compositions:  R7/9 -1 (RGS9 1-115, RGS7 123-469); R7/9 -2 (RGS7 1-122, RGS9 116-

484); R7/9 -3 (RGS9 1-209, RGS7 218-469); R7/9 -4 (RGS7 1-244, RGS9 210-484); R7/9 -5 

(RGS9 1-297, RGS7 332-469); R7/9 -6 (RGS7 1-331, RGS9 298-484). 

All constructs were propagated into E.coli Top-10 strain (Invitrogen), isolated using 

Maxiprep kits (Qiagen) and sequenced. 

Cell culture and Transfections - NG108-15 cells were purchased from ATCC and maintained in 

DMEM (Dulbecco’s Modified Eagle Medium; Invitrogen) supplemented with 10% Fetal Bovine 

Serum, 0.1 mM sodium hypoxanthine, 0.4 μM aminopterin, 16 μM, thymidine, 100 units of 

penicillin and 100 μg of streptomycin.  293FT cells were obtained from Invitrogen and cultured 

at 37°C and 5% CO2 in DMEM supplemented with antibiotics, 10% FBS, and 4 mM L-glutamine.  

NG108-15 and 293 FT cells were transfected at ~ 70% confluency, using Lipofectamine 

2000 (Invitrogen) according to the manufacturer’s protocol. The ratio of Lipofectamine to DNA 

used was 4 μl : 2.5 μg per 4 cm2 cell surface. Cells were grown for 24-48 hours post-transfection. 

Primary cultures of striatal neurons were essentially prepared as developed by Ivkovic 

and Ehrlich (155). Briefly, striata were dissected from Swiss Webster mice at postnatal day 1. 

After dissection, tissues were treated by papain (Worthington, Lakewood, NJ), triturated and 

plated on 12 or 6 well tissue culture plates (Nunc, Denmark) coated with poly-D-lysine (20 

µg/ml; BD Bioscience, Bedford MA). Cultures were maintained in Neurobasal-A medium 

supplemented with B27 (both from Invitrogen) and 0.5 mM L-glutamine. Cells were plated at a 

density of 2000 viable cells (e.g., excluded trypan blue) per 1 mm2 of well square for Western 

blot analysis and at 500-700 cells/mm2 for immunostaining. The cultures were incubated at 37°C 

in a humidified 5% CO2 incubator. One-half of media was replaced with the fresh media every 72 

hrs. From day 4 to day 7, the cultures were transduced by lentiviral constructs, incubated for 7 to 

10 days, washed by PBS and lysed in SDS sample buffer.   

RNA interference and generation of lentiviruses - R7BP expression was down-regulated by short 

interfering RNA duplexes. Target regions in R7BP were identified by BLOCK-iT RNAi Designer 

Program (Invitrogen). Two sequences were used to generate RNAi molecules which target either 
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248-268 coding region of R7BP gene (RNAi#248, sequence: 

CTCTGCGAGCTGAAATGCACA) or to the 483-583 region (RNAi#483, sequence: 

AGCGAAGAATTTGGACAGCAA). These sequences were synthesized as DNA oligos and in 

addition contained complementary sequences joined by the GTTTTGGCCACTGACTGAC loop. 

Synthetic duplexes were cloned into the pcDNA6.2GW/EmGFP vector in the middle of the micro 

RNA 155 (miR155) sequence supplied as a part of the BLOCK-iT Lentiviral Pol II miR RNAi 

Expression System kit (Invitrogen). In the pcDNA6.2GW/EmGFP vector the chimeric miR155-

R7BP sequence is located under the control of the CMV promoter co-cistronically with EmGFP. 

Upon processing in the cells by the endogenous machinery, the construct is used to produce anti-

R7BP RNA duplex (miRNA-αR7BP). The control construct (miRNA-CTR) was created by 

cloning a scrambled sequence AAATGTACTGCGCGTGGAGAC into the miR155 environment 

identically as described for miRNA-αR7BP. The expression cassette was transferred to the 

lentiviral shuttle vector pLenti6/V5-DEST vector (Invitrogen) by Gateway recombination 

following kit’s instructions.  

For the generation of infectious lentiviral particles, pLenti6/V5-DEST vectors containing 

miRNA-αR7BP or miRNA-CTR cassettes were co-transfected with ViraPowerTM packaging 

plasmid mixture: pLP1, pLP2 and pLP/VSV-G (Invitrogen) into 293FT cells using Lipofectamine 

2000 (Invitrogen). Ten T75 flasks were used to produce each batch of lentiviruses. Virus 

containing media was collected 60-65 hrs after transfection, centrifuged at 2000 g for 6 min and 

filtered through a 0.45µm filter (Millipore) and viral particles were concentrated as described by 

Coleman et al. (156) with some modifications. Virus containing supernatants were carefully 

loaded on 60% OptiPrep (Sigma) cushion (150 – 200 µl) in 30 ml conical-bottom polyallomer 

centrifuge tubes (Beckman) and centrifuged at 50,000g for 2.5 h at 4oC using a swinging bucket 

rotor SW-28 (Beckman). The media just above the media/OptiPrep interface was carefully 

removed and discarded. The residual media containing OptiPrep and viruses (~500 µl in each 

tube) were mixed gently by shaking and pooled into 3ml conical-bottom centrifuge tubes 

(Beckman), centrifuged at 17,000g for 4.5 h at 4oC using Beckman SW-50.1 swinging bucket 

rotor. The supernatant was discarded and remaining viral pellet was resuspended in 50-100 µl of 

PBS by gentle pipetting, aliquoted and stored at -80oC until use.  

Infectious titers of viruses were determined by blasticidine selection method. For this, 

293FT cells were in 6-well plate (5 x 105 cells per well) were incubated with serial dilutions of 

the viral stock in the presence of 6 µg/mL Polybrene (Invitrogen). Infected cells were selected in 

media containing 5 µg/mL blasticidin. The number of transdusing units (TU) was determined by 
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multiplying the estimated number of colonies by dilution factor. Our preparations of concentrated 

lentiviral stocks consistently yielded titers of 2-10 x 106 TU/ml. The titers of all viral stocks were 

equalized by adjusting the concentration of viral particles to 2 x 106/ml. Primary neurons cultured 

in 12 well plates at approximately 3 x 105 cells per well were infected by 30 μl of either miRNA-

αR7BP or miRNA-CTR viruses.  

Immunoprecipitation - Immunoprecipiation of R7BP and R9AP was performed essentially as 

described previously (76).For the precipitation of proteins expressed in the 293 cells, cells were 

lysed in PBS (Invirogen) supplemented with 150 mM NaCl, 1% Triton X-100 and Complete 

protease inhibitor tablets (Roche). Cellular lysates were  clarified by 30 minute centrifugation at 

20,000 g and incubated with 5 μg anti-R7BP or anti-R9AP antibodies crosslinked to 10 μl of 

protein G beads (GE Healthcare) with Bis(Sulfosuccinimidyl)suberate (BS3) (Pierce) for 1 hour at 

40C. After 3 washes with ice-cold binding buffer proteins bound to the beads were eluted with 

SDS-sample buffer (62mM Tris, 10% glycerol, 2%SDS, 5% β-ME) and analyzed by 4-20% 

PAGE (Cambrex). Immunoprecipitation of purified recombinant RGS9-2 Gβ5 complexes with 

R7BP and R9AP was performed identically with the exception that the RGS9-2CT antibodies 

used in the assay were not covalently cross-linked to the protein G beads. The specificity of the 

immunoprecipitations was controlled by using equal amounts of non-immune IgG fraction. 

GST Pull-down Assays – Assays were performed as previously described (76). Briefly, purified 

recombinant GST fusion proteins (100 pmol) were attached to 10 μl of glutathione agarose beads 

(GE Healthcare) by incubating in binding buffer (20 mM Tris pH 7.2, 300 mM NaCl, 0.25% n-

Dodecanoylsucrose, 50 μg/ml BSA) for 1 hour on ice. Beads were washed with binding buffer 

twice, and incubated with 1 pmol purified RGS Gβ5 complexes for 10 minutes, followed by three 

washes.  Proteins were eluted in SDS sample buffer, and RGS proteins retained by the beads were 

detected by Western blotting with specific antibodies.     

Pulse-chase Degradation Experiments – NG108-15 cells grown in T-25 flasks were co-

transfected with RGS9 and Gβ5 constructs with or without R7BP or R9AP plasmids. Twenty-

four hours after transfection, cells were rinsed twice with PBS and placed into 5 ml of starvation 

medium (10% dialyzed FBS (Invitrogen), DMEM without L-Methionine or L-Cysteine (21013-

024, Invitrogen) and incubated at 37oC and 5% CO2 for 30 minutes.  After this starvation period, 

newly synthesizing proteins were labeled by adding 30 mCi of radio-labeled [35S] methionine and 

cysteine (NEG772, Perkin-Elmer) per flask to the starvation medium and incubating at 37oC and 

5% CO2 for 40 minutes.  After labeling, the cells were rinsed twice with 2 ml of DMEM medium 

and incubated with 5 ml of fully supplemented media supplemented by additional 2 mM L-
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Methionine and 2 mM L-Cysteine (Sigma-Aldrich) at 37oC for the indicated incubation times. At 

the end of the incubation the cells were scraped into 5 ml of ice-chilled PBS (phosphate buffered 

saline) pelleted by centrifugation at 3,200 x g for 1 minute and resuspended in 900 μl of RIPA 

buffer (50 mM Tris-HCl pH 7.8, 300 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.5% sodium 

deoxycholate, 0.1% sodium dodecylsulfate) supplemented with protease inhibitors (Complete, 

Roche).  Cells were allowed to lyse by incubating them at 4oC for 20 minutes with gentle 

shaking.  The suspension was then centrifuged at 4oC and 14,000 x g for 30 minutes and the 

resulting supernatant was incubated with 10 µl of protein G beads and 3 µg of RGS9-2 CT 

antibody for 1 hour at 4oC.  The beads were then washed 3 times with 500 µl of RIPA buffer and 

immunoprecipitated RGS9 proteins were eluted from the beads by 50 µl of SDS sample buffer. 

25 µl of the samples were run on the SDS PAGE and transferred to a PVDF membrane (Bio-

Rad). Membrane was air dried and incubated on a phorphor imaging screen overnight.  This 

screen was then scanned using a STORM phosphoimager (Molecular Dynamics), and the bands 

were quantified using ImageQuant Software (Molecular Dynamics).  Each experiment was 

repeated at least twice.  

♦ Results 

Co-expression with R7BP increases RGS9 levels - It is well established in the literature that R7 

RGS proteins are susceptible to degradation and require association with Gβ5 for their increased 

stability and high expression levels (35, 78, 79). Previous studies by us and others indicate that 

R7 RGS proteins bound to Gβ5 can readily form complexes with their partner R7BP when co-

transfected into cultured cell lines (93, 153). Here, we investigated how expression levels of R7 

RGS Gβ5 complexes are affected by their co-expression with R7BP. For these experiments we 

chose to use complexes of Gβ5 with RGS9 as model R7 RGS protein because of its documented 

instability in vivo (107).  The use of RGS9 also allowed us to compare potential effect of R7BP to 

the effects produced by R9AP, a protein known to stabilize the RGS9-1 Gβ5 complex in 

photoreceptors (89, 91). As illustrated in Figure 2.1, co-expression with R7BP in 293 cells 

substantially elevates the levels of both the RGS9-1 Gβ5 and RGS9-2 Gβ5 complexes. 

Quantification of protein expression levels indicated that R7BP increases the levels of RGS9 by 

approximately 3.5 fold and Gβ5 by 2 fold. Interestingly, the extent of the R7BP’s effect on the 

RGS9-2 Gβ5 expression was similar to the one observed with R9AP.  The weaker effects of 

R7BP and R9AP on the expression of Gβ5 is expected since this protein appears to be more 

stable than RGS9-1 and could be detected even when RGS9-1 was completely eliminated in 
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Figure 2.1:  Effect of the association with membrane anchors R7BP and R9AP on the expression levels of 
RGS9 Gβ5. Upper panels: 293FT cells cultured in 6-well plates were co-transfected with pcDNA3.1 plasmids 
encoding RGS and Gβ5 proteins (1.3 μg/well) and either empty pcDNA3.1 vector (1.3 μg/well, mock) or vector 
encoding full-length mouse membrane anchors R9AP and R7BP (1.3 μg/well). 24 hours post-transfection cells were 
collected in SDS sample buffer, and the resulting extracts were analyzed by Western blotting using specific antibodies 
against RGS9-1, RGS9-2, Gβ5 and β-actin. Bottom panels: Band intensities for individual proteins were quantified by 
densitometry using ImageJ software package and normalized by the intensities of β-actin bands. Resulting values for 
the experiments with R7BP and R9AP were divided by the values for mock control experiments and plotted as fold 
change in band intensities. Statistical significance of differences in RGS and Gb5 protein levels in the absence and 
presence of membrane anchors R7BP and R9AP was evaluated by t-test analysis of data from three independent 
experiments. P values are indicated by asterisks as follows: * for p < 0.05 and ** for p < 0.01. Error bars represent the 
S.E.M. values. 
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photoreceptors of R9AP knockout mice (107). Control experiments utilizing RGS9-2 mutant 

deficient in its ability to interact with both R9AP and R7BP, RGS9-2ΔDEP reveal that its 

expression level is not modulated by co-expression with membrane anchors confirming that the 

R7BP/R9AP elicit their effects through the complex formation with RGS9 Gβ5 complexes. We 

have found that the effects of the membrane anchors on the expression of R7 RGS proteins did 

not depend on the cell line, and similar results were obtained using cultured NG108-15 cells (data 

not shown). 

 

Association with R7BP reduces the rate of RGS9-2 degradation - The observed enhancement of 

the RGS9 Gβ5 protein levels by R7BP may be a result of either increased protein synthesis or 

decreased degradation. Several studies of RGS7 and RGS9 complexes with Gβ5 strongly indicate 

that the major regulation of their expression occurs at the post-translational level (35, 79, 107). 

We therefore studied the mechanism of RGS9-2 expression modulation by analyzing the effect of 

R7BP on the degradation kinetics of RGS9-2. We utilized a pulse-chase strategy for the 

metabolic labeling of proteins expressed in 293 cells. In these experiments a small fraction of 

newly synthesized RGS9-2 was radioactively labeled and the rate of its degradation was 

measured by analysing the decay of radioactivity present in the full-length RGS9-2 protein 

following its immunoprecipitation from cellular lysates. Data presented in Figure 2.2 demonstrate 

that the RGS9-2 Gβ5 complex degrades rapidly, such that by 6 hours after synthesis the proteins 

are nearly undetectable). However, co-expression with R7BP decreases its degradation rate by 

approximately 5-fold from 59.3±5.8 min to 287.1±41.3 min (Figure 2.2C). At the same time, co-

transfection with R7BP did not appreciably change the extent of the RGS9-2 labeling indicating 

that R7BP did not increase the rate of RGS9-2 protein synthesis. Western blot analysis of RGS9-2 

present in the samples served as a loading control since the total amount of RGS9-2 expressed in 

the cell remains constant during the time of the experiment. These results indicate that binding to 

R7BP binding greatly stabilizes the RGS9-2 Gβ5 complex by protecting it from proteolytic 

degradation.  

 

The protective effect of R7BP requires protein binding but not membrane association. 

The R7BP homologue, R9AP, has been shown to regulate RGS9-1 levels in vivo (20, 107). Since 

RGS9-1 Gβ5 and RGS9-2 Gβ5 bind to both R9AP and R7BP with approximately equal 

efficiency (76, 91) and result in similar modulation of the expression levels upon 
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Figure 2.2:. The effect of R7BP on the degradation kinetics of RGS9-2 Gβ5.  (A) Pulse-chase labeling of RGS9-2. 
NG108-15 cells transiently transfected with RGS9-2, Gβ5 with or without R7BP. Cells were labeled by 35SMet/Cys as 
described in Experimental Procedures. The label was removed and replaced with fresh media containing non-
radioactive amino acids. Cells were collected at the indicated time-points during the chase, and frozen in liquid 
nitrogen. Following disruption of the cells, RGS9-2 was immunoprecipitated using specific antibodies and resolved on 
an SDS-PAGE gel. The gel was subjected to autoradiography to reveal the radio-labeled RGS9-2, and to Western 
blotting to reveal the total amount of the precipitated RGS9-2. (B) Time-course of RGS9-2 degradation in a 
representative experiment. Intensities of radioactive bands in the presence or absence of R7BP were quantified using 
Image Quant software and plotted as a function of time. (C) Analysis of the degradation half-time. The values of the 
degradation half-time were derived by single exponential analysis of the degradation time course (as plotted in panel 
B). Error bars represent S.E.M. Asterisk indicate statistically significant difference (p < 0.05, n=3) between 
degradation half-times of RGS9-2 in the absence and presence of R7BP as revealed by the t-test.  
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co-transfection (Figure 2.1) we asked if R9AP and R7BP were also similar in their ability to 

protect RGS9-2 Gβ5 complexes from degradation in the pulse-chase degradation assays. As 

shown in Figure 2.3, co-transfection of RGS9-2 Gβ5 with R9AP also results in an approximately 

5-fold reduction in the rate of RGS9-2 proteolysis demonstrating that R7BP and R9AP are equal 

in their ability to protect RGS9-2 Gβ5 complexes.  

Because association of RGS9-2 Gβ5 with either R9AP or R7BP results in a translocation 

of the complex to the membrane (93, 153), one can imagine two potential mechanisms that can 

contribute to the protective effects of the anchors: targeting of RGS9-2 away from the site of 

proteolysis and/or stabilization via direct interaction. In order to differentiate between these two 

modes we examined the protection of RGS9-2 by an R7BP mutant deficient in its ability to 

localize to membranes. Figure 2.3 shows that R7BPΔCT, a mutant that retains full binding to 

RGS9-2 but has a soluble cytoplasmic localization pattern due to the deletion of its membrane 

localization motif (153) provides the same degree of protection as full length R7BP for RGS9-2 

when co-expressed in cells. This indicates that R7BP exerts its protective effects by direct 

protein-protein interaction rather than by re-localization of RGS9-2 in the cell. 

 It has been previously shown that the interaction with R7BP and R9AP is mediated by 

the DEP domain of RGS9 (76, 89). Our earlier studies indicated that while full-length RGS9-1 

could not be expressed without interacting with R9AP (20, 107), we were able to transgenically 

express a deletion variant of RGS9-1 lacking the DEP domain in photoreceptors (89). This result 

suggested that the DEP domain of RGS9-1/RGS9-2 might contain elements that destabilize 

RGS9 when it is not in complex with R9AP or R7BP (89). We used the pulse-chase degradation 

assay to directly determine if the deletion of the DEP domain would result in the stabilization of 

RGS9-2 Gβ5 in the absence of its interaction with R7BP. Data presented in Figure 2.3 show that 

RGS9-2 lacking the DEP domain exhibits the same rate of degradation as full length RGS9-2 

arguing that the elements that destabilize RGS9 are either contained in other regions of the 

molecule or the stabilizing effect of R7BP is brought about by conformational re-arrangement of 

the RGS9-2 molecule.  

 

Knockdown of R7BP expression reduces RGS9-2 levels in primary cultures of striatal neurons - 

The observation that R7BP reduces the degradation rate of RGS9-2 led us to ask whether binding 

to R7BP is critical for the expression of RGS9-2 in native neurons. RGS9-2 was reported to be 

predominantly expressed in the striatum where it is found in most subtypes of medium spiny  
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Figure 2.3:  Proteolytic protection of RGS9-2 Gβ5 by R7BP is not dependent on membrane association. NG108-
15 cells were transfected with RGS9-2 or its DEP-less mutant (RGS9-2ΔDEP) with Gβ5 in the absence or presence of 
R9AP, wild-type R7BP or R7BP mutant lacking membrane targeting sequence (R7BPΔCT) as indicated. RGS9-2 
degradation half-times were determined as described in Figure 2.2 legend and plotted as bars. Each bar represents an 
average of two experiments. Error bars are S.E.M. Statistically significant differences in degradation half-times in 
respect to the degradation half-time of RGS9-2 Gβ5 alone are indicated by asterisks (t-test: p < 0.05, n=2).   
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neurons as well as the cholinergic interneurons (30, 137). We therefore used primary cultures 

ofmouse striatal neurons as a model for studying the effects of R7BP on RGS9-2 expression. To 

knockdown R7BP expression we employed an RNAi approach in which we used short RNA 

duplexes containing sequences complementary to R7BP mRNA to induce specific inhibition of 

its expression (157). Our screen of chemically synthesized siRNA duplexes in transfected 293 

cells identified two sequences that were able to induce almost complete knockdown of R7BP 

expression when co-delivered with an R7BP expression construct into the cells (data not shown).  

Nucleotide sequences of these effective RNAs (shRNA) were incorporated into the micro RNA-

155 environment in the lentiviral transfer vector pLenti6.2 (Figure 2.4A). The vector was used to 

produce lentiviral particles pseudotyped with the VSV-G envelop protein which upon infection 

delivers the construct to the cells. Our control lentiviral construct contained scrambled shRNA 

placed in the same position of miRNA155. The resulting lentiviruses were able to effectively 

infect both cultured cells and primary neurons as evidenced by the expression of the GFP reporter 

in the cells (Figure 2.4B). The results presented in Figure 2.4C reveal that infection of the striatal 

neurons with lentiviruses carrying miRNA targeting R7BP but not lentiviruses containing 

scrambled control miRNA result in the effective knockdown of R7BP expression. We found that 

our two lentiviral vectors targeting different regions of R7BP mRNA (#158 and #483, see 

Experimental Procedures for details) were equal in their ability to bring down R7BP expression 

level in striatal neurons. Notably, concomitant with decreases in R7BP protein RGS9-2 protein 

also showed a comparable reduction in its expression levels. At the same time, the expression of 

DARPP-32, a signaling protein exclusively expressed in striatal neurons (159) remained 

unchanged verifying the specificity of the R7BP and subsequent RGS9-2 knockdown. Together, 

these data demonstrate that the knockdown of R7BP expression in native striatal neurons 

specifically destabilizes RGS9-2 resulting in a marked reduction in its expression levels.  

The RGS binding site in R7BP is formed by four putative alpha helices - In order to gain insight 

into the stabilizing properties of the R7BP RGS9-2 Gβ5 complex we sought to define the 

molecular determinants that mediate the interaction of R7 RGS proteins with R7BP. As we 

previously reported (76), the core of R7BP secondary structure is predicted to be formed by 4 

alpha helices, designated H1 through H4 with the weakly structured regions at both N- and C- 

termini (Figure 2.5).  In addition to its propensity to form an alpha helix, the H4 region also 

contains heptad repeats (76, 93) and is identified by the COILS algorithm (160) to have more 

than 90% probability to form a coiled-coil fold. Interestingly, analysis of R9AP organization, the 

closest R7BP homolog, also predicts the same overall structural organization (89, 104).   
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Figure 2.4:  Lentivirial mediated knockdown of R7BP expression in primary cultures of striatal neurons.   
(A) Genetic construct for the inhibition of R7BP expression with lentiviruses. Short hairpin duplex with either the 
sequences of R7BP gene or scrambled nucleotides (shRNA) were cloned as a part of microRNA155 (miRNA155) and 
placed under the control of the CMV promoter. The construct also allows for the co-cistronic expression of emerald 
GFP with miRNA155. The expression cassette is flanked by the elements necessary for packaging into lentiviral 
particles (5’ and 3’ LTRs, Φ and RRE).  (B) Representative striatal neurons in culture following lentiviral infection. 
Cultured cells were infected with equal amounts of anti-R7BP (miR-αR7BP) or control (miR-CTR) lentiviruses. The 
infection results in the expression of the GFP reporter as monitored by the appearance of the green fluorescence. 
Images were obtained using fluorescent microscopy.  (C) Western blot analysis of protein expression in the striatal 
neurons infected with control or anti-R7BP viruses. When indicated, recombinant lentiviruses were added to cultured 
cells on day 7 in vitro and the cultures were maintained for a week after the infection. Cells were lysed in SDS sample 
buffer and equal amounts of lysates were loaded on the same gel. Expressed proteins were detected with specific 
antibodies (see Materials and Methods).  (D) Quantification of changes in protein levels. The intensity of the protein 
bands were determined by densitometry using ImageJ software (NIH). The resulting values were reflected as % of the 
band density in the uninfected control cultures. Two lentiviruses targeting different regions of R7BP gene showed 
similar results and were combined in the analysis. Results were averaged from 3 experiments conducted on 
independently isolated primary cultures. Error bars reflect SEM. Asterisks indicate statistically significant difference in 
protein levels in cultures infected by miR-CTR vs. miR-αR7BP viruses (p<0.05, t-test).  
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 We have used this model to perform a deletion mutagenesis of R7BP. Full-length R7BP 

and its deletion mutants were obtained as C-terminal fusions with GST. Recombinant proteins 

were expressed in E.coli, affinity-purified to homogeneity and assessed for their ability to bind 

recombinant R7 RGS Gβ5 complexes (Figure 2.5) Among the four R7 RGS proteins RGS9 is 

highly homologous to RGS11 and RGS7 shares closest homology with RGS6 separating the 

subfamily into two groups. Therefore, in order to account for the potential differences assayed in 

the binding properties of R7BP mutants we analyzed their binding to both RGS9 and RGS7.  As 

evident from Figure 2.5, the interaction pattern of both RGS proteins was similar across all 

deletion mutants used.  Both N and C- terminal elements of R7BP were found to be dispensable 

for high affinity binding of R7BP to R7 RGS proteins. However, all four helices were required 

for its ability to form complexes with RGS proteins. Any truncations of the H1-H4 resulted in the 

complete loss of R7BP’s binding to RGS proteins even though all generated constructs were 

soluble and retained their ability to bind to glutathione. This indicates that the minimal RGS 

binding site in R7BP is formed by helices H1-H4 which are likely to be organized in a single 

structural unit. This organization of the binding site is different from R9AP where only three 

helices H1-H3 were shown to constitute the minimal binding site for RGS proteins (104).   

R7BP and R9AP have competitive but distinct modes of binding to RGS9-2 - In addition to the 

observed difference in the minimal RGS binding site between R7BP (H1-H4 helices) and R9AP 

(H1-H3 helices) these proteins also differ in their binding specificity for R7 RGS proteins. While 

R7BP can bind all four R7 RGS proteins, R9AP forms complexes only with RGS9 and its closest 

homologue RGS11. To explore the molecular basis of this specificity of binding we generated a 

series of R7BP/R9AP chimeric molecules in which we interchanged one or more helices and used 

pull down assays to determine if the ability to bind to RGS9 or to both RGS9 and RGS7 was 

altered (Figure 2.6). Data presented in Figure 2.6 indicate that no region from R9AP can 

functionally substitute for the RGS binding determinants in R7BP unless most of the protein is 

substituted by the R9AP sequences which alone can form an RGS binding site (chimera #4). At 

the same time, both R7BP and R9AP sites of interaction with RGS9 overlap, as indicated by the 

binding competition assays (Figure 2.7). These results indicate that despite structural and 

functional similarity of these two proteins, R7BP and R9AP use different modes of binding to 

RGS proteins.  
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Figure 2.5:  Determination of the RGS binding site in R7BP.  (A) Schematic diagram of the R7BP deletion mutants. 
Cylinders (H1-H4) indicate regions predicted to form alpha helices, blocks (NT and CT) correspond to poorly 
structured regions. Numbers at the bar indicate the amino acid position number where the truncations were made.  (B) 
Results of the GST pull-down assay. Deletion mutants were expressed as GST fusions, purified and bound to the beads. 
The beads were incubated with R7 RGS Gβ5 complexes, washed and bound proteins were eluted with SDS sample 
buffer. The retention of the RGS proteins was analyzed by Western blotting. GST-R7BP mutants (baits) were detected 
by Ponceau S staining of the PVDF membrane to ensure their equal binding to the beads.  (C) Schematic diagram of 
the R7BP mutants with additional truncation in the H1-H4 region.  (D) Western blotting analysis of the RGS protein 
retention by the additional R7BP deletion mutants. RGS9 and RGS7 were detected using specific antibodies. 



 
 

 39

 
 

 
Figure 2.6: RGS binding properties of R7BP/R9AP chimeras.  (A) Schematic representation of the generated 
R7BP/R9AP chimeras. Blocks indicate predicted alpha helical regions that are shared between R7BP and R9AP. 
Shaded blocks designate elements in R7BP, white blocks designate elements in R9AP.  (B) Results of the pull-down 
binding assay between R7BP/R9AP chimeras bound to beads and RGS proteins present in the solution. RGS7 Gβ5 and 
RGS9 Gβ5 proteins retained by the beads were detected by Western blotting with specific anti-RGS antibodies.  
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Figure 2.7:  R7BP and R9AP compete for binding to RGS9-2 Gβ5. Recombinant RGS9-2 Gβ5 complex (65 nM) 
was incubated with recombinant R7BP (65 nM) and varying concentrations of recombinant R9AP (H1-H4) in PBS 
buffer. RGS9-2 was immunoprecipitated  using specific anti RGS9-2 antibodies and the presence of the R7BP in the 
precipitates was detected by Western blotting with anti-R7BP antibodies (upper panel). Band intensities were 
determined by densitometry and plotted as a function of R9AP H1-H4 concentration (bottom panel). Single exponential 
analysis of the data was used to determine the value of IC50, which was equal to 58.3 nM. 
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R7BP/R9AP binding site in R7 RGS proteins is formed by both DEP and R7H domains - 

Continuing our search of the molecular determinants of R7BP RGS9 Gβ5 complex formation we 

have next focused on the identification of the R7BP binding site in RGS proteins. Previous 

studies by us and others have identified the DEP domain as a critical element which was required 

for RGS9 binding to both R7BP and R9AP (76, 89, 90, 103). However, when expressed alone the 

DEP domain failed to bind R9AP indicating that by itself it is not sufficient for mediating 

interactions with the membrane anchors (90). Our attempts to determine the minimal binding site 

for R9AP and R7BP in RGS9 by deletion mutagenesis were not successful due to the high 

instability of resulting mutants (Dr. Sheila Baker and Kirill Martemyanov, unpublished 

observations).   

In the experiments presented in Figure 2.8 we employed chimeric replacement strategy to identify 

the elements in R7 RGS proteins that form the minimal binding site for its membrane anchors. 

We took advantage of the fact that RGS7 and RGS9 have clearly different binding specificities 

for R7BP and R9AP. RGS9 forms complexes with both R7BP and R9AP whereas RGS7 can bind 

only to R7BP (76). Therefore, the minimal segment shared between the RGS proteins the 

replacement of which would completely and reciprocally reverse their respective binding 

specificities should reveal a minimal binding site for the membrane anchors R9AP/R7BP.  

 Data presented in Figure 2.8 reveal that the replacement of the DEP domain of RGS9 for 

the DEP domain of RGS7 did not result in the acquisition of the chimera’s ability to bind R9AP. 

The reciprocal substitution have dramatically reduced the ability of the chimeric protein to bind to 

R7BP and eliminated its binding to R9AP. Consistent with our earlier observations this result 

indicates that the DEP domain although necessary, is not sufficient for mediating the binding of 

R7 RGS protein with their membrane anchors R7BP and R9AP. Strikingly, the replacement of 

both DEP and R7H domains in the next set of chimeras completely switched the binding 

specificities of the RGS proteins. RGS7 containing the DEP and R7H domains of RGS9 gained 

an ability to interact with R9AP whereas the ability of RGS9 to bind to R9AP was lost. Including 

the GGL-Gβ5 module to the parts replaced between RGS7 and RGS9 did not change this altered 

binding specificity pattern. Overall, these results indicate that the binding site for membrane 

anchors R7BP and R9AP is formed by pairing DEP and R7H domains of R7 RGS proteins.  
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Figure 2.8:  Determination of the R7BP/R9AP binding sites in RGS proteins.  Left, Schematic representation of R7 
RGS domain organization. RGS7 and RGS9 share similar domain composition comprising: DEP (Disheveled, EGL-10, 
Pleckstrin), R7H (R7 Homology), GGL (G Gamma Like) and RGS (Regulator of G Protein Signaling homology) 
domains. The GGL domain mediates interaction with Gβ5. RGS7 domains are represented by white elements and 
RGS9’s by shaded figures. Right, Western blot analysis of either total cellular lysates prepared from 293 cells co-
expressing RGS9-1, Gβ5 and R9AP/R7BP (Input) or eluates after immunoprecipitation with either anti-R7BP or  anti-
R9AP antibodies. RGS7, RGS9 and their chimeric constructs were detected by a mixture of anti-RGS7 and anti-RGS9 
antibodies.  
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♦ Discussion 
The main finding of our study is that RGS9-2 Gβ5 is inherently susceptible to rapid 

degradation and requires the association with its binding partner, R7BP to maintain its stability 

and high expression levels. Regulation of protein stability is an emerging mechanism for the 

control of R7 RGS protein function at the cellular level. Previous studies have found that the 

stability of RGS9 as well as other members of R7 RGS family, depend on complex formation 

with their binding partner, Gβ5 (35, 74, 78). Studies of RGS9 and Gβ5 knockout animals firmly 

establish these proteins as obligate heterodimers (13, 79, 107). The results obtained in our study 

introduce R7BP as an additional player that in turn determines the stability of the RGS9 Gβ5 at 

the post-translational level. This result parallels our earlier observation that the photoreceptor 

specific splice isoform of RGS9, RGS9-1 is also highly unstable when present in complex only 

with Gβ5. The levels of the RGS9-1 Gβ5 complex in photoreceptors is controlled by its 

association with R7BP-like protein R9AP as the genetic ablation of the R9AP gene leads to the 

complete degradation of RGS9-1 in photoreceptors (20, 107).  

The second major result obtained in our study is the identification of the molecular 

determinants that mediate the association of RGS9 with its anchors R7BP and R9AP and resultant 

stabilization of the complex. We have found that the binding of R7BP/R9AP to R7 RGS proteins 

requires contribution of not only DEP domain but also R7H domain, the functional role of which 

was previously unknown. Unlike DEP domain present in a number of signaling proteins, R7H 

domain is unique to R7 RGS proteins (149). This suggests that the ability to bind protein anchors 

R7BP and R9AP is a unique property of R7 RGS proteins which emerged as a result of 

synergistic contributions from both R7H and DEP domains. Interestingly, that despite interaction 

with a common binding site and significant amino acid homology R7BP and R9AP utilize 

different modes for RGS protein binding and lack functionally interchangeable elements. Such 

differences may underlie differential selectivity of R7BP and R9AP for binding to RGS proteins 

and also indicate for the convergent nature in the evolution of membrane anchors for R7 RGS 

proteins.  

Overall, our results suggest that the instability of the RGS9-2 Gβ5 complex and the 

ability of R7BP to protect it from degradation may serve as a powerful mechanism for rapid 

regulation of RGS9-2 Gβ5 complex in the neurons. Recent investigations suggest that the 

expression level of RGS proteins serves as a rate limiting factor determining the duration in the G 

protein signaling thus making regulation of the RGS levels a key mechanism that control the 
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duration of the cellular responses to GPCR activation in the cell (20). Indeed, changes in the 

amount of RGS9 Gβ5 in both photoreceptors and striatal neurons were previously shown to 

affect the extent of their G protein signal transmission consequently resulting in the alteration of 

the physiological and behavioral responses of the organism (13, 20, 27, 28, 111, 127). 

Interestingly, conditions that alter the signaling through the μ-opioid and dopamine receptors in 

the striatum were reported to result in the alteration of RGS9-2 expression in the striatum. The 

levels of RGS9-2 increase upon chronic cocaine (27) or acute morphine (28) administration, but 

decrease when morphine (28) or amphetamine (139) are administered chronically. In addition, 

patients with the Parkinson’s disease show elevated levels of RGS9-2 expression (138). These 

observations argue for that activity dependent modulation of RGS9-2 Gβ5 expression levels as a 

possible compensatory mechanism that regulates altered GPCR activity.  

We propose that the regulation of the RGS9-2 Gβ5 stability by the association with its 

membrane anchor R7BP may serve as potent mechanism for the rapid modulation of the RGS9-

2 Gβ5 protein levels in the striatal neurons. Dissociation of RGS9-2 Gβ5 from R7BP would 

destabilize the protein complex resulting in rapid degradation, which would in turn prolong the 

duration of the GPCR responses. Conversely, formation of the ternary complex would stabilize 

the RGS9-2 Gβ5 resulting in shorter responses. Mechanisms that regulate the RGS9-2 Gβ5 

association with R7BP and mediate rapid proteolytic degradation of RGS9-2 Gβ5 heterodimer 

will be a timely goal for future investigations.     
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A member of Regulator of G protein Signaling family, RGS9-2 is an essential modulator 

of signaling through neuronal dopamine and opioid G protein coupled receptors. Recent findings 

indicate that the abundance of RGS9-2 determines sensitivity of signaling in the locomotor and 

reward systems in the striatum. In this study we report the mechanism that sets the concentration 

of RGS9-2 in vivo, thus controlling G protein signaling sensitivity in the region. We found that 

RGS9-2 possesses specific degradation determinants which target it for constitutive destruction 

by lysosomal cysteine proteases. Shielding of these determinants by the binding partner R7BP 

controls RGS9-2 expression at the posttranslational level. In addition, binding to R7BP in 

neurons targets RGS9-2 to the specific intracellular compartment- the postsynaptic density.  

Implementation of this mechanism throughout ontogenetic development ensures expression of 

RGS9-2 Gβ5 R7BP complexes at postsynaptic sites in unison with increased signaling demands 

at mature synapses.  

 

♦ Introduction 
Heterotrimeric G protein signaling pathways mediate a number of fundamental cellular 

processes including reception, proliferation, exocytosis, chemotaxis and many others. The stimuli 

in these systems are transmitted via molecular switches, G proteins that oscillate between inactive 

GDP-bound and active GTP-bound states (5). It is well established that signaling in these 

pathways is critically controlled by a conserved family of proteins called Regulators of G protein 

Signaling (RGS) which  facilitate G protein inactivation to result in faster response termination 

(149). 

One member of this protein family, RGS9 has recently attracted significant attention due 

to its essential roles in regulating vision, reward behavior and locomotion in mammals. A short 

splice isoform, RGS9-1, is expressed only in photoreceptors where it sets the duration of light 

responses (13, 20), while the long splice variant, RGS9-2 is prominent in the basal ganglia, where 

it modulates signaling through D2 dopamine and μ-opioid receptors to regulate reward and the 

coordination of movement (27, 28, 111).  

Accumulating evidence suggests that expression level of RGS9 critically determines 

signal duration in both retina and striatum. In the visual system, the absence of RGS9-1 results in 

delayed recovery of photoreceptors from light excitation (13) causing the disease, bradyopsia 

(128).  Conversely, an increase in RGS9-1 levels results in faster response termination (20). In the 
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striatum, loss of RGS9-2 aggravates dyskinetic conditions (111) and hypersensitizes the reward 

system to stimulation with morphine and cocaine, whereas elevation in RGS9-2 expression blunts 

these behavioral responses (27, 28). Furthermore, levels of RGS9-2 were found to be specifically 

modulated by changes in the cascade activation induced by abused drugs (27, 28, 139), neuro-

degeneratative diseases (138), or sex hormones (161), suggesting that RGS9-2 expression 

modulation is an important biological parameter contributing to adaptive responses.  

Given its significance, surprisingly little is know about the mechanisms involved in 

regulating RGS9-2 expression. RGS9-2 forms complexes with two binding partners: type 5 G 

protein beta subunit (Gβ5) (38, 47) and R7 Binding Protein (R7BP) (76, 93) and both of these 

proteins were found to influence RGS9 stability  (50, 78, 79).   

In the current study we show that the expression level of RGS9-2 in vivo is set by 

balancing its selective degradation by cellular cysteine proteases targeted by specific degradation 

determinants, and macromolecular complex formation with binding partner R7BP which shields 

these determinants. We demonstrate that the mechanism is involved in marked upregulation of 

the RGS9-2 Gβ5 R7BP complex expression in ontogeny upon which it is recruited to specific 

signaling compartment of mature synapses - the postsynaptic density. 

 

♦ Material and Methods 

Antibodies and DNA constructs 

Generation of rabbit anti-R7BP NT (76), rabbit anti-R9AP (94), sheep anti-RGS9d (47), and 

sheep anti-RGS9-2 CT (76) has been described previously. Rabbit anti-RGS7 (7RC1) and anti-

Gβ5 (SGS) were generous gifts from Dr. William Simonds (NIDDK, National Institutes of 

Health).  Commercial antibodies used include mouse monoclonal anti-β-actin (clone AC-15, 

Sigma), anti-Ubiquitin (Santa Cruz Biotechnology), and PSD-95 (Abcam).  All custom generated 

antibodies were tested for the specificity to ensure that (i) they recognize single major band in 

brain extracts corresponding to size of detection subject, (ii) their immunoreactivity is blocked by 

peptide containing specific epitope sequence and (iii) antibodies efficiently performed in 

immunoprecipitation reactions and the identity of precipitated band was confirmed by mass-

spectrometry. 

RGS7, and RGS9-1 and their chimeric constructs were cloned into pcDNA3.1/V5-His-TOPO 

(Invitrogen) mammalian expression vector as detailed previously (50).  The following 

RGS7/RGS9 chimeras were used: #1 (RGS9 1–115, RGS7 123–469), #2 (RGS7 1–122, RGS9 
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116–484), #3 (RGS9 1–209, RGS7 218–469), #4 (RGS7 1–244, RGS9 210–484). Cell 

transfections were performed utilizing Lipofectamine LTX reagent (Invitrogen) according to 

manufacturer’s protocol. 

Preparation of brain extracts, immunoprecipitation and Western blotting 

Сellular lysates were prepared by homogenizing brain tissue by sonication in the IP buffer (1X 

PBS, 150mM NaCl, 1% Triton X-100, protease inhibitors) followed by 10 min centrifugation at 

14,000 x g. The resulting extract was used for protein concentration determination by BCA assay 

(Pierce). This Triton X-100 extraction procedure yielded more than 90 % extraction efficiency of 

proteins under investigation and was followed for both direct immunoblot and 

immunoprecipitation experiments. Immunoprecipitation of RGS7 and RGS9-1 was performed 

utilizing 5 μg antibody, 10 μl protein G beads (GE Healthcare), added to the extracts. The 

mixtures were incubated for 1 hour, washed three times with IP buffer, and proteins bound to the 

beads were eluted with SDS sample buffer. Samples were resolved on SDS-PAGE gel, transferred 

onto PVDF membrane and subjected to Western blot analysis using HRP conjugated secondary 

antibodies and ECL West Pico (Pierce) detection system. Signals were captured on film, scanned 

by densitometer and band intensities were determined using Image J software (NIH). For 

quantitative analysis serial dilutions of the sample with highest concentration of antigen were 

loaded on the same gel and used as calibration standards for estimation of relative changes in 

protein levels. 

Quantitative real-time RT-PCR experiments 

Striatum tissue was subjected to RNA extraction with RNA isolation kit (Stratagene), and 0.08 μg 

RNA was used to perform quantitative real-time RT-PCR using SYBR Green QRT-PCR kit 

(Stratagene).  QuantiTect primers (Qiagen) were used, which had been designed to be specific to 

either R7BP or RGS9 mRNA.   PCR cycling and detection was performed on the 7500 Fast Real-

Time PCR System, with quantification analysis by System Sequence Detection Software v1.3 

(Applied Biosystems). In addition to using equal amounts of total RNA as defined by UV 

spectroscopy we have also included internal reference controls to account for the integrity of 

mRNA: amplification of β-actin and GAPDH mRNAs. We found that both of these messages do 

not show any appreciable changes during development and consequently used β-actin as 

endogenous reference for normalization of both R7BP and RGS9 mRNA amplification. 

Generation of R7BP knockout mouse 

Targeting of R7BP gene was done by homologous recombination in 128 Sv/Ev mouse ES cell 

lines and was performed on a commercial basis at Ingenious, Inc (Stony Brook, NY).  
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The targeting strategy consisted in the replacement of the first two exons of R7BP gene by 

neomycin resistance cassette. A ~10.8 kb region used to construct the targeting vector was first 

sub cloned from a positively identified BAC clone. The region was designed such that the short 

homology arm (SA) extends ~2.3 kb to 3’ side of LoxP/FRT flanked Neo cassette. The long 

homology arm (LA) starts at the 5’ side of LoxP/FRT flanked Neo cassette and is ~7.5kb long. 

The neo cassette replaces ~5.8 kb of the gene encoding exons 1-2 (including the ATG start 

codon). Following electroporation, G418 resistant clones were selected, confirmed for 

recombination by PCR and injected into blastocyst. After confirming germline transmission, mice 

were back-crossed with C57/Bl6 wild type mice for two generations. Resulting heterozygous 

animals were inbred to produce wild type, heterozygote and R7BP knockout littermates used in 

the experiments. R7BP knockout mice did not show any visible abnormalities in their baseline 

behavior or brain morphology.  

Immunogold electron microscopy 

Electron microscopic examination of immunoreactivity for RGS9-2 and R7BP in the striatum of 

WT and RGS9-2 KO and R7BP KO mice was performed as described previously using either 

pre-embedding or post-embedding immunogold methods (162). Briefly, brains were perfused 

with 4% paraformaldehyde, 0.05% glutaraldehyde and 15% (v/v) saturated picric acid in 0.1 M 

phosphate buffer.  For pre-embedding immunogold labeling, brain sections (50-70 mm) were cut 

on a Vibratome and processed for immunocytochemical detection of RGS9-2 and/or R7BP using 

HRP and silver-enhanced immunogold techniques. For postembedding immunogold labeling, 

ultrathin sections (70–90 nm) from three Lowicryl-embedded blocks slices were cut on an 

Ultramicrotome and processed for immunocytochemical detection of RGS9-2 and/or R7BP. 

Subcellular fractionation experiments 

Striatums from one animal were lysed in 0.5 ml of non-detergent  buffer (12 mM 

Na2HPO4/NaH2PO4, 287 mM NaCl, 3 mM KCl, protease inhibitors, pH=7.4),  homogenized with  

series of needles (16, 22, 26G) and spinned down at 22,000g for 20  min. Supernatant was 

removed and pellet was resuspended in 0.5 ml of the above referenced buffer. Equal volume 

aliquotes of supernatant and pellet were mixed with SDS sample buffer and subjected to SDS-

PAGE analysis following by Western blotting with anti-RGS9-2 antibodies. The procedure 

separates heavy plasma and synaptic membranes from cytosolic compartment and light 

microsomal membranes.  

Recombinant lentiviruses and stereotaxic injections 
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Recombinant lentiviruses carrying R7BP or LacZ genes were packaged and concentrated as 

previously described (50). Solution containing viral particles was delivered by the means of a 

stereotaxic injection into the caudate putamen regions of anesthetized mice. A total of 4 injections 

per brain side were performed, with injection volume of 400 nl delivered at 5 nl per second via a 

30G hypodermic needle. The following stereotaxic coordinates for the injection sites were used: 

0.75 mm anterior to Bregma; ±1.5 mm and ± 2.25 from midline; 2.5 mm and 3.5 mm dorsal 

ventral from skull surface. After injection, needle was held in place for an additional 60 seconds 

in order to ensure proper diffusion. Holes and wounds were closed with tissue adhesive (Vetbond, 

3M) and the animals were allowed to recover for one week. 

Ubiquitination assays 

293FT cells were transfected with either RGS7 or RGS9-2 with or without Gβ5 and/or R7BP. 

Twenty hours post-transfection media was supplemented with 50 μM MG132 and cells were 

incubated for an additional 4 hours, lysed in IP buffer supplemented with 1% SDS, protease 

inhibitors (Complete; Roche), 50 μM MG132, and 2 mM N-ethylmaleimide (Sigma).  Lysates 

were heated at 70ºC for 10 minutes, diluted ten fold with IP buffer and subjected to 

immunoprecipitation using RGS-specific antibodies. Immunoprecipitation eluates were resolved 

by SDS-PAGE and the presence of ubiquitin conjugates was detected by Western blotting with 

anti-ubiquitin antibodies. 

Pulse-chase metabolic labeling 

Pulse-chase assays were conducted as previously described (50). NG108-15 or 293FT cells are 

grown in T-25 flasks and transfected with RGS7, RGS9-1, or RGS7/RGS9 chimera in the 

mammalian expression construct pcDNA3.1 (Invitrogen). Gβ5 was co-transfected with RGS 

proteins in all experiments.   

Ex-vivo cultures of striatal slices 

Striatal tissue was dissected from 1 mm thick coronal brain slices and immediately placed in 

culturing media (DMEM, 10% FBS, Penicillin/Streptomycin; Invitrogen).  Striatal regions from 

one side of the brain were treated with the indicated protease inhibitor, with the contralateral side 

serving as vehicle control. Striatal slices were incubated for 5 hours at 37ºC with or without 

Leupeptin, E64 (Sigma), and lactacystin (Boston Biochem) and lysed in PBS, 150mM NaCl, 1% 

Triton. Total protein was normalized by concentration determined by BCA reagent (Pierce), and 

subjected to Western blot analysis.  
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Bioinformatics 

Disorder predictions were done using a recently developed Various Short-Long version algorithm 

of the Predictor of Natural Disordered Regions (PONDR®-VSL1). This algorithm consists of an 

ensemble of logistic regression models that predict per-residue order-disorder (163, 164). Two 

models are used to predict either long or short disordered regions, greater or less than 30 residues, 

and the algorithm calculates a weighted average of these predictions, where the weights are 

determined by a meta-predictor that approximates the likelihood of a long disordered region 

within its 61-residue window. The output of the prediction is presented by a score ranging from 0 

to 1 assigned to each residue which reflects its likelihood to adopt disordered conformation. The 

neutral probability score was set to 0.5. 

 

♦ Results 

Expression of RGS9-2 is co-induced with R7BP in late phase of neuronal differentiation. 

We started examining the mechanisms that set RGS9-2 expression level by analyzing the 

change in its protein levels during the postnatal development of the mouse striatum. Data 

presented in Figure 3.1A reveal that RGS9-2 undergoes a striking pattern of late onset expression 

induction. Being virtually absent in neonatal tissues until approximately day 6 of postnatal 

development its levels dramatically increase to reach peak levels in adult animals. Interestingly, 

R7BP, an interaction partner of RGS9-2 exhibited an identical level of change in expression. A 

similar developmental expression profile was also observed for PSD-95, a postsynaptic scaffold 

of mature synapses, while other signaling proteins such as a striatal specific regulator of 

dopamine signaling, DARPP-32 (165) and Figure 3.1A), and the close RGS9-2 homolog RGS7, 

exhibited only modest changes in expression levels.  

Co-immunoprecipitation experiments reveal that RGS9-2 forms a complex with R7BP as 

early as it becomes robustly detectable (around postnatal day 6), and that the extent of the 

complex formation is directly proportional to the increase in the protein levels of both proteins as 

the brain develops (Figure 3.1B).  Quantitative analysis of the protein expression kinetics 

indicates that both R7BP and RGS9-2 follow identical patterns of exponential increase in 

expression resulting in approximately 200-fold increase in levels from the moment they first 

become detectable (Figure 3.1C).  

Quantitative RT-PCR analysis revealed that at the mRNA level the expression kinetics of 

R7BP and RGS9-2 are substantially different (Figure 3.1D). The expression of both messages is 
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Figure 3.1:  Co-regulation of RGS9-2 and R7BP expression during differentiation of striatal neurons.  (A) 
Western blot analysis of change in protein expression level upon postnatal differentiation of striatum in Swiss-Webster 
mice. Striatal lysates (20 μg/lane) were analyzed for protein expression using specific antibodies.  (B) Time-course of 
RGS9-2 and R7BP expression and their complex formation at the protein level. RGS9-2 and R7BP were 
immunoprecipitated and subjected to Western blot analysis. Immunoprecipitation efficiency in the experiments was 
greater than 90%.  (C) Quantification of changes in levels of proteins from three separate groups analyzed as described 
in panel (B). Band densities were determined by ImageJ (NIH) software and used to determine changes in protein 
levels relative to day 1 as described in Materials and Methods.  (D) Quantitative analysis of R7BP and RGS9-2 
expression in development at mRNA level. Relative levels of RGS9-2 and R7BP mRNAs were measured by 
quantitative RT-PCR and normalized to the levels of β-actin mRNA amplified in parallel as an endogenous reference. 
Relative quantification algorithm was used where changes in amplification threshold were normalized to sample from 
postnatal day1. Data are averaged from three separate groups of animals. Insert shows gel electrophoresis of PCR 
products amplified from newborn (P1) or adult (P23) samples. No reverse transcriptase (-RT) or template (-RNA) was 
added in controls. Asterisks indicate statistically significant differences (P<0.05, t-test) between relative changes in 
R7BP and RGS9-2 mRNA. 
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very low in neonatal animals and their levels rise dramatically as animals develop. However, 

while R7BP mRNA essentially replicates exponential kinetics matching the change in its protein, 

the enrichment of RGS9-2 message stops much earlier. Even though the abundance of RGS9-2 

mRNA does not substantially change after day 10, its protein levels still increases approximately 

5- fold. In fact, the kinetics of RGS9-2 protein accumulation appear to follow the time course of 

R7BP mRNA synthesis, suggesting that the upregulation in RGS9-2 protein levels after day 10-

15 of postnatal development is determined by R7BP availability.  

 

RGS9-2 co-localizes with R7BP at postsynaptic sites of striatal neurons 

The correlation of RGS9-2/R7BP late expression onset with that of major postsynaptic density 

organizer PSD-95, taken together with previously reported enrichment of both R7BP and RGS9-2 

in postsynaptic densities (98) has prompted us to examine their fine subcellular localization at the 

ultrastructural level. We have first used a post-embedding immunogold labeling with specific 

antibodies against R7BP and RGS9-2. Although the post-embedding procedure is less sensitive 

and does not provide perfect ultrastructural preservation, it is the only suitable method for 

unequivocal localization of proteins at synaptic sites (see 166 for detailed discussion). Data 

presented in Figure 3.2 establishes that strong immuoreactivity for both R7BP and RGS9-2 is 

observed at postsynaptic densities of excitatory synapses where they are found to co-localize.  To 

reveal the overall pattern of RGS9-2 and R7BP localization in neurons we further used a more 

sensitive procedure of pre-embedding immuno-gold electron microscopy (Figure 3.3). This 

method reveals that in addition to postsynaptic densities both RGS9-2 and R7BP are also present 

at the extrasynaptic plasma membrane of dendritic shafts and spines with some immunoreactivity 

localizing to pre-synaptic sites.  Quantification of the data by counting immunogold particles 

(2,190 particles for RGS9-2 and 2,163 particles for R7BP) from 3 independent labeling 

experiments provided the following results:  1) 88% of RGS9-2 (1,752 particles) and 86% of 

R7BP (1,691 particles) was associated with plasma membrane while the remainder was found at 

intracellular membranes,  2) Immunoreactivity was predominantly found at postsynaptic sites  

(90.3% for RGS9-2 and 91.5% for R7BP) while only a small percentage localized presynaptically  

(9.7% for RGS9-2 and 8.5% for R7BP)  and 3) Postsynaptic immunoreactivity was largely found 

in two places: dendritic shafts (966 particles or 61% for RGS9-2 and 977 or  63% for R7BP) and 

spines (616 particles or 39% for RGS9-2 and 570 or 37% for R7BP).   
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Figure 3.2:  RGS9-2 and R7BP co-localize at postsynaptic densities of excitatory synapses. Electron micrographs 
of the striatum showing immunoreactivity for RGS9-2 and R7BP as detected using a post-embedding immunogold 
method. (A-C) Immunoparticles for RGS9-2 were found within the synaptic specialization of asymmetrical synapses 
(arrowheads). Gold particles were also observed at the extrasynaptic plasma membrane of spines (s) and to a lesser 
extent at presynaptic sites along the plasma membrane of axon terminals (b). (D-F) Similarly, immunoparticles for 
R7BP were found within the synaptic specialization of asymmetrical synapses (arrowheads). A few immunoparticles 
were also observed at the extrasynaptic plasma membrane of spines (s) and at presynaptic sites along the plasma 
membrane of axon terminals (b). (G-I) Double immunogold labelling showing co-localization of RGS9-2 (20 nm 
particles, arrowheads) and R7BP (10 nm particles, arrows) in individual synapses on spines (s) in the striatum. Scale 
bars: 0.2 μm. 
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Figure 3.3:  RGS9-2 and R7BP share the same subcellular localization in striatum. Electron micrographs of the 
striatum showing immunoreactivity for RGS9-2 (A-C) and R7BP (D-F), as detected using a pre-embedding 
immunogold method. (A-C) Immunoparticles for RGS9-2 were detected associated or close (arrows) to the 
extrasynaptic plasma membrane of dendritic shafts (Den) and dendritic spines (s) establishing excitatory asynapses 
with axon terminals (b). Some immunoparticles for RGS9-2 were also detected intracellularly (crossed arrows) 
associated with intracellular membranes of dendritic shafts and spines. To a lesser extent, RGS9-2 immunoparticles 
were detected at presynaptic sites associated with the plasma membrane of axon terminals (b) (arrowheads). (D-F) 
Immunoparticles for R7BP were detected associated or close (arrows) to the extrasynaptic plasma membrane of 
dendritic shafts (Den) and dendritic spines (s) establishing excitatory asynapses with axon terminals (b). 
Immunoparticles for R7BP were also detected intracellularly (crossed arrows) associated with intracellular membranes 
of dendritic shafts and spines. A few immunoparticles for R7BP were also detected at presynaptic sites associated with 
the plasma membrane of axon terminals (b) (arrowheads). 
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Knockout of R7BP results in a selective down-regulation of RGS9-2 expression and its 

subcellular mislocalization.  

In order to directly test a possibility that R7BP is involved in setting the expression level 

of RGS9-2 in vivo, we generated R7BP knockout mice (Figure 3.4A). Targeting of the R7BP 

locus was confirmed by PCR (Figure 3.4B) and the lack of R7BP expression was confirmed at 

both protein (Figure 3.4C) and mRNA (Figure 3.4D) levels. Heterozygous animals contained 

approximately half of the R7BP mRNA and protein, demonstrating that R7BP protein levels are 

limited by the abundance of its mRNA. Strikingly, elimination of R7BP resulted in severe down-

regulation of RGS9-2 protein (Figure 3.4C). Furthermore, reduction in R7BP levels in 

heterozygous mice also caused comparable reduction in the levels of RGS9-2. At the same time, 

both R7BP knockouts and heterozygous animals contained normal levels of RGS9-2 mRNA 

comparable to that of the wild-type littermates, indicating that elimination of R7BP did not affect 

the synthesis of the RGS9-2 message but rather destabilized the RGS9-2 protein by changing its 

susceptibility to proteolysis (50). Interestingly, knockout of R7BP did not have any statistically 

significant effect on the expression levels of RGS6, RGS7 or RGS11 (data not shown), which 

belong to the R7 family of RGS9-like proteins and were reported to form complexes with R7BP 

(76), (93). We have further investigated whether the observed reduction in RGS9-2 levels result 

from the inability of this protein to fold properly in the absence of its interaction with R7BP. This 

was done by monitoring RGS9-2 complex formation with its other binding partner, Gβ5, a 

process requiring appropriate post-translational processing of the complex. Data presented in 

Figure 3.4E reveal that RGS9-2 efficiently co-immunoprecipitated with Gβ5 when anti-Gβ5 

antibodies were used in the assay. Quantification of data from three independent experiments 

demonstrated that the ratio of RGS9-2 between wild-type and R7BP knockout samples remained 

unchanged before and after the immunoprecipitation (8.9±1.7 before IP and 9.7±1.8 after the IP)  

indicating that the extent of RGS9-2 association with Gβ5 in R7BP knockout is equal to that 

observed in wild-type mice. Since RGS9-2 complex formation with Gβ5 was previously shown to 

be sufficient for its functional activity (32, 33, 78) we conclude that the elimination of R7BP has 

reduced the lifetime of RGS9-2 Gβ5 complex in the cell rather than affected its folding and/or 

assembly. 
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Figure 3.4:  Knockout of R7BP selectively destabilizes RGS9-2 at post-transcriptional level.  (A) R7BP gene 
structure and strategy for targeting homologous recombination. Targeting construct contained neomycin resistance 
cassette (NeoR) flanked by short (SA) and long (LA) homology arms. The positions of primers used to confirm the 
replacement are shown as red arrows. (B) Confirmation of homologous recombination in genomic DNA isolated from 
the founder animal (KO) as compared to wild-type parental strain (WT) by PCR. (C) Western blot analysis of protein 
expression in the brains of wild type (+/+), heterozygous (+/-) and R7BP knockout (-/-) mice. The blot shows a 
representative experiment out of three conducted. (D) Analysis of R7BP and RGS9-2 transcript levels by quantitative 
RT-PCR. Total mRNA was isolated from striatal regions of adult mice, quantified by UV spectroscopy and equal 
amounts were subjected to Q-RT PCR amplification. Each experiment was conducted with samples isolated from two 
to three mice. Dashed line indicates the limiting level for mRNA detection. Error bars represent S.E.M.  (E) 
Immunoprecipitation of RGS9-2 Gβ5 complexes from wild-type and R7BP knockout striatal tissues. Extraction and 
immunoprecipitation with anti-Gβ5 antibody was conducted as described in Materials and Methods. 2 mg total protein 
was used in each immunoprecipitation experiment with 14 μg of anti-Gβ5 antibody. Equal protein amounts of whole 
cell extracts and volumes of the immunoprecipitation eluates were loaded in each well. The data are representative out 
of 3 experiments conducted.  (F) Subcellular fractionation of striatal neurons into synaptic- and plasma- membrane 
containing pellet (P) and supernatant (S) containing primarily cytosol and small microsomal membranes. Striatal 
regions of wild type (WT) and R7BP knockout (R7BP KO) mice were homogenized and subjected to one step 
centrifugation as described in Materials and Methods. Knockout samples were loaded at four time excess of total 
protein over wild-type samples.  (G) Pre-embedding (left) and post-embedding (right) immunogold EM analysis of 
RGS9-2 localization in striatum of R7BP knockout mice. Closed arrows indicate location of immunogold particles at 
intracellular sites, a predominant localization pattern of RGS9-2 in neurons of R7BP knockouts. 



 
 

 58

 The presence of low levels of RGS9-2 Gβ5 in R7BP knockouts also made it possible to 

address the question whether R7BP is important in driving the localization of RGS9-2 in vivo. We 

first addressed this question by performing subcellular fractionation of brain lysates into 

membrane containing pellet and cytosol containing supernatant (Figure 3.4F). We found that 

while in wild-type striatal neurons most of RGS9-2 was associated with membrane fraction, in 

the R7BP knockout neurons RGS9-2 is predominantly cytoplasmic. This observation was further 

confirmed by immunogold labeling of RGS9-2 in the striatum of R7BP knockout mice. Figure 

3.4G indicate that RGS9-2 immunoreactivity was never found in postsynaptic densities, but rather 

was predominantly located at various intracellular sites in the spines and cell bodies. Taken 

together, these results demonstrate that in addition to being essential for maintaining high 

expression levels of RGS9-2, R7BP is also responsible for the localization of RGS9-2 Gβ5 

complex to postsynaptic sites in native neurons.   

 

Overexpression of R7BP in vivo leads to selective up-regulation of RGS9-2 expression.  

We next directly tested whether the availability of R7BP limits the expression of RGS9-2 

and whether an increase in R7BP levels would be sufficient to augment RGS9-2 expression. To 

address this question we delivered an R7BP lentivirus (Figure 3.5A) into the striatum via 

stereotaxic injection (Figure 3.5B). Data presented in Figures 3.5C and 3.5D illustrate that we 

were able to achieve about 50% overexpression of R7BP. Importantly, elevation in R7BP levels 

resulted in marked increase in levels of RGS9-2 but not other R7 RGS proteins. Although no 

statistical significance was detected, it is curious that over-expression caused larger change in 

RGS9-2 levels as compared to R7BP (2-fold vs. 1.5-fold). This is likely explained by the lower 

levels of endogenous RGS9-2 as compared to R7BP, which is present in excess over RGS9-2 as it 

additionally forms complexes with other R7 family members.  

 

Selective degradation of RGS9-2 is mediated by its R7BP binding site. 

Knockout and overexpression data (Figures 3.4 and 3.5) argue that the effect of R7BP on 

protein expression level is specific for RGS9-2 among all other R7 RGS protein members that 

form complexes with R7BP. We therefore hypothesized that the selective regulation of RGS9-2 

expression by R7BP results from its higher susceptibility to degradation among the R7 family. 

We tested this hypothesis by comparing proteolytic degradation rates of RGS9-2 and RGS7, a 

representative R7 RGS protein that is not regulated in its expression by R7BP. To simplify the 
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Figure 3.5:  Lentivirus-mediated over-expression of R7BP in the striatum.  (A) Schematic representation of 
lentiviral constructs used for the expression experiments. Open reading frames for R7BP or LacZ were placed under the 
control of strong CMV promoter in the context of lentiviral packaging elements (LTR, Ψ and RRE).  (B) Strategy for 
the lentivirus mediated protein expression in vivo. Each side of the brain received four injections with either R7BP or 
control LacZ lentiviruses within the caudate/putamen region (CPu).  (C) Western blot analysis of protein expression in 
the CPu induced following lentiviral transduction.  (D) Quantification of Western blot data shown in panel (C) from 
three independent experiments. Band densities were determined by densitometry and used to calculate the ratio of band 
intensity between R7BP side to LacZ side. Asterisks mark statistically significant changes (p<0.01, t-test) in the levels 
of proteins as compared to changes in β-actin expression (last bar). Error bars are S.E.M. 



 
 

 60

analysis, we used the short isoform (RGS9-1) which is the closest in its amino-acid sequence to 

RGS7 yet has the same degradation rate as RGS9-2 (50). Pulse-chase metabolic labeling 

experiments (Figure 3.6A) reveal that in contrast to an unstable RGS9-1 Gβ5 complex (half-time 

to degradation 39.7±5 min) the complex of RGS7 with Gβ5 is about 10 times more stable (half-

time to degradation 462±75 min).  

Because protein modification by ubiquitination is a major cellular mechanism for selective 

targeting of proteins to degradation, we next checked whether RGS9-2 and RGS7 are 

differentially ubiquitinated. Figure 3.6B shows that without Gβ5, both RGS9-2 and RGS7 are 

heavily poly-ubiquitinated. However, co-expression with Gβ5 completely abolishes RGS7 

ubiquitination.  Yet Gβ5 only had a modest effect on the RGS9-2 ubiquitination, which was only 

significantly reduced in the presence of R7BP (Figure 3.6B). Ubiquitination of RGS7 when 

expressed alone was reported in the past (118) and its prevention by Gβ5 observed in our study 

correlates very well with the requirement of the entire R7 RGS family to be associated with Gβ5 

for their folding and stability (35, 73, 79). The inability of Gβ5 to fully prevent RGS9 

ubiquitination and decrease its degradation rate suggests a presence of secondary instability 

elements in this protein that are controlled by the association with R7BP. To identify such 

elements, we employed a chimeric mutagenesis approach exploiting the homologous nature of 

RGS9-1 and RGS7. We reciprocally replaced conserved domains between these proteins and 

analyzed the stability of the resulting chimeras in the pulse chase degradation assays in the 

presence of Gβ5 (Figure 3.6C). Quantification of the data shows that replacing the DEP domain 

of RGS9 with that of RGS7 partially rescues RGS9-1 instability, and an additional replacement of 

the R7H domain makes chimeric RGS9 Gβ5 in the absence of R7BP as stable as RGS7. 

Conversely, replacing either N-terminal DEP domain or DEP in combination with R7H in RGS7 

dramatically destabilized this protein. This result parallels with our previous study, where the 

binding site for R7BP in R7 RGS proteins was mapped to be formed by both DEP and R7H 

domains of R7 RGS proteins (50).  This suggests that R7BP exerts its degradation protective 

effects by masking the unique instability element(s) in RGS9-2 located within its R7BP binding 

site.   

Multiple determinants at the N-terminus target RGS9-2 to degradation by cysteine proteases.  

In order to gain insights into possible structural characteristics of the instability elements 

within DEP/R7H domain of RGS9-2 we performed a comparative sequence analysis between 

RGS7 and RGS9-2. First, RGS9-2 and RGS7 were analyzed for the presence of naturally 
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Figure 3.6:  Selective degradation of RGS9-2 Gβ5 in the absence of R7BP is determined by N-terminal 
instability elements.  (A) Pulse-chase metabolic labeling experiments comparing degradation rates of RGS7 and 
RGS9-1 in 293FT cells. The blot shows the time-course of 35S-Met/Cys dissipation from imunoprecipitated RGS 
proteins, quantified on a graph below. About 25% of recombinant proteins was recovered in the immunoprecipitation 
eluates.  (B) Detection of RGS protein modification with ubiquitin in transfected 293FT cells.  Upper panel: 
Ubiquitination of RGS7 or RGS9-2 in the presence or absence of Gβ5 and R7BP was detected by Western blotting 
with anti-ubiquitin antibodies following protein immunoprecipitation with specific anti-RGS antibodies (~25% 
immunoprecipitation efficiency). Lower panel:  Western blot detection of respective RGS protein from same 
immunoprecipitation fractions.  (C) Proteolytic stability of RGS7/RGS9 chimeras as determined by pulse-chase 
metabolic labeling experiments. Right panel shows quantification of protein half-life calculated from exponential fitting 
of degradation time course. Error bars are S.E.M.  
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disordered regions, predominantly unstructured segments within proteins or domains that are 

increasingly accepted to underlie much of the functional flexibility in proteins and serve as sites 

for posttranslational modifications and for association with interaction partners and ligands (167, 

168). We reasoned that a higher probability for the presence of these regions in RGS9-2 as 

compared to RGS7 might account for the observed differences in their proteolytic stability, for 

example, by providing recognition sites for cellular degradation machinery. Analysis of 

disordered prediction profiles shows that both RGS7 and RGS9 have a very similar pattern of 

distribution for local minimums and maximums of disorder scores along the DEP/R7H domains 

(Figure 3.7A). However, peak scores and the number of regions which exceeded the disorder 

threshold were significantly greater in RGS9-2.  

The second noticeable feature that distinguishes RGS9-2 is the high occurrence of so 

called ‘KFERQ-like’ motifs which are short (5-6 amino acid long) sequences that have the 

unusual combination of oppositely charged amino acids with hydrophobic residues and 

glutamates. Occurrence of these motifs in proteins is linked to their increased instability mainly 

by routing them to the lysosomal degradation pathway (169). The DEP/R7H domains of RGS9-2 

contain 6 KFERQ-like sequences, while in contrast, only 1 such motif is present in RGS7. 

Superimposing positions of the KFERQ-like motifs over the disorder prediction profiles reveal 

that most of these sequences in RGS9 are localized to disorder peaks (Figure 3.7A), while the 

only KFERQ motif present in RGS7 localized to a region of low disorder score.  

Our next step was to test whether the prediction of KFERQ lysosomal degradation 

targeting sequences in RGS9 would be consistent with the main pathway of its degradation in 

cells in the absence of R7BP. Culturing striatal slices in the presence of cysteine protease 

inhibitors (E64 and Leupeptin), which are the major destruction enzymes of lysosomes, potently 

prevent RGS9-2 degradation in R7BP knockout tissues (Figure 3.7B). In contrast, the specific 

proteasome inhibitor lactacystin had no effect on rescuing RGS9-2 levels. Furthermore, inhibitors 

had similar effects on the levels of the intact RGS9-2 R7BP complex in wild type slices 

suggesting that even in the presence of R7BP the regulation of RGS9-2 levels is dynamic. The 

effect is specific for RGS9-2 R7BP since it does not affect the levels of other R7 RGS proteins. 

These results suggest that the degradation of the RGS9-2 R7BP complex in native neurons is 

mainly controlled by cellular cysteine proteases (lysosomal pathway), rather than by proteasome. 
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Figure 3.7:  Degradation determinants and route of RGS9-2 proteolysis.  (A) Prediction of RGS9-2 instability 
elements. Upper panel: multiple sequence alignment of RGS9 and RGS7. Shaded areas indicate conserved regions, red 
boxes mark the positions of KFERQ-like sequences. Lower panel: prediction of naturally disordered regions in N-
terminal domains of RGS9 (black traces) and RGS7 (red traces) by PONDR-VSL1 algorithm. Positions of KFERQ-like 
motifs are marked by gray (RGS9) or pink (RGS7) bars.  (B) Effect of protein degradation inhibitors on RGS9-2 levels.  
Striatal slices from wild type or R7BP knock-out mice were cultured ex vivo for 5 hours in the presence or absence of 
indicated inhibitors after which protein levels were determined by Western blotting. Note that wild type and knockout 
blots were exposed for different times to reveal the extent of protein up-regulation by inhibitors rather than differences 
in RGS9-2 levels between knockout and wild type samples. 
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The stability of R7BP is reciprocally controlled by its association with R7 RGS proteins. 

Further, we observed that the inhibition of proteolysis in wild type slices led not only to 

RGS9-2 upregulation but also to an increase in R7BP levels (Figure 3.7B, lower panel). This 

suggested the possibility that R7BP could also be an unstable protein whose stability might be in 

turn controlled by protein-protein interactions. We first tested this possibility by analyzing the 

stability of R7BP in transfected cells. Co-transfection with either RGS9-2 Gβ5 or RGS7 Gβ5 

markedly increased the expression level of R7BP (Figure 3.8A). Pulse-chase degradation 

experiments (Figure 3.8B) revealed that like RGS9-2, R7BP is rapidly degraded (half-time to 

degradation is 114±18 min) but is greatly stabilized when co-expressed with an R7 RGS protein. 

In fact, no significant degradation of R7BP RGS7 Gβ5 complex was observed during the time 

course of an experiment (half time to degradation >48 hours). This observation predicts that 

interaction with R7 RGS proteins is essential for the stable expression of R7BP. Indeed, analysis 

of protein expression in Gβ5 knockout animals which lack all four R7 RGS proteins (79), no 

detectable R7BP could be found in the striatum (Figure 3.8C). Elimination of RGS9-2 from the 

striatum did not significantly affect the level of R7BP suggesting that in the absence of RGS9-2, 

R7BP is stabilized by association with other R7 family members which bind to this protein in the 

same striatal neurons. Interestingly, R7BP appears to be unique in its requirement of RGS protein 

association for stable expression since a homologous protein, R9AP, which serves to anchor 

RGS9-1 and RGS11 in the retina (170) have normal expression levels in the Gβ5 knockout. 
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Figure 3.8:  R7BP degradation is reciprocally regulated by complex formation with R7 RGS Gβ5 proteins.  (A) 
Co-transfection with RGS7 Gβ5 and RGS9-2 Gβ5 augment R7BP expression. 293FT cells were transfected with 
R7BP either alone (mock) or in combination with the indicated RGS construct and Gβ5.  Right panel shows 
quantification of changes in protein levels from three independent experiments. Asterisks indicate statistically 
significant differences in R7BP levels with and without co-expression with R7 RGS proteins (p<0.01, t-test).  (B) 
RGS7 Gβ5 slows down the rate of R7BP proteolysis as determined by pulse- chase degradation assays.  (C) Effect of 
Gβ5 knockout on the expression of R7BP and R9AP in striatum and retina. Tissue lysates containing equal protein 
concentrations were analyzed by Western blotting with the indicated antibodies. 
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♦ Discussion 

In this study we propose a mechanism for the regulation of the expression and 

localization of the key regulator of dopamine and opioid receptor signaling in the brain. In this 

mechanism, RGS9-2 expression level in the striatum is set by posttranslational regulation acting 

to rescue the protein from constitutive degradation. RGS9-2 belongs to the R7 RGS family, 

members of which have been found to form macromolecular complexes with two binding 

partners: Gβ5 and R7BP. Association with Gβ5 is required for the folding of all R7 RGS proteins 

which as a result, exist as constitutive RGS-Gβ5 heterodimers (35, 74, 79). In turn, association of 

RGS9-2 Gβ5 complex with R7BP was shown to increase the proteolytic stability of the complex 

(50). Here we used genetic knockout and overexpression strategies to demonstrate that unlike 

Gβ5, R7BP selectively regulates the expression levels of RGS9-2 but not other R7 RGS protein 

complexes in vivo.  We found that in the absence of R7BP, RGS9-2 is translated and forms 

complexes with Gβ5, but is destined to be quickly degraded by the cell’s proteolytic machinery. 

The binding site for R7BP in RGS9-2 contains specific instability elements that target it for 

proteolysis by cysteine proteases.  Binding of R7BP masks these degradation determinants and 

results in elevation of RGS9-2 expression. The instability elements are absent in other 

homologous R7 RGS proteins, allowing them to be stably expressed independently from R7BP 

association. Consequently, the expression level of the RGS9-2 Gβ5 signaling complex is 

determined by the availability of R7BP and is not dependent on the synthesis of RGS9-2 mRNA. 

Interestingly, a similar posttranslational mechanism also appears to regulate the expression of the 

short splice isoform, RGS9-1 whose levels in photoreceptors are determined by the R7BP 

homologue, R9AP (20, 107).   

Comparative bioinformatics analysis of RGS9-2 revealed a unique combination of 

sequence features in the R7BP binding site, DEP/R7H domain, that confer higher susceptibility to 

degradation. First, this region of RGS9-2 has a high probability of local disordered regions which 

are increasingly viewed as hot spots of posttranslational protein modification as well as sites for 

association with ligands and binding partners (167, 168, 171). Second, most of the RGS9-2 

regions with high disorder prediction also display unique composition of positively and 

negatively charged as well as hydrophobic residues in conjunction with glutamines known as 

KFERQ-like motifs.   Although DEP/R7H domains are conserved in R7 RGS proteins, this 

specific combination of determinants is a unique feature of RGS9-2.  Notably, KFERQ-like 

motifs were previously reported to target proteins to degradation mainly via the lysosomal 



 
 

 67

pathway (169, 172). Consistent with these reports, our data indicate that in the absence of R7BP, 

degradation of RGS9-2 in striatum is prevented by the inhibition of cysteine proteases of the 

lysosomes, but not by the specific inhibition of the proteasome. Although the present study does 

not unequivocally demonstrate how targeting of RGS9-2 for lysosomal degradation is 

accomplished, two possibilities emerged from our studies.  One possibility revealed by 

bioinformatics analysis was the presence of disordered regions within RGS9-2 correlating with 

KFREQ motifs, which could serves as chaperone mediated binding sites for entry into lysosomes 

(173).   Alternatively, another lysosomal targeting signal could be accomplished by ubiquitination 

within DEP/R7H disordered regions of RGS9-2, as recent data suggests that such regions could 

underlie ubiquitin attachment sites (171, 174).  Further, it is becoming increasingly accepted that 

protein ubiquitination is involved in targeting some proteins for lysosomal degradation rather than 

to the proteasome (175, 176). Although in this study we show that in transfected cells RGS9-2 

can be ubiquitinated, the importance of this modification for targeting RGS9-2 Gβ5 degradation 

in striatal neurons remains to be elucidated. 

The second main finding of this work is that the RGS9-2 Gβ5 R7BP complex shows 

striking developmental co-regulation. Both RGS9-2 and R7BP are virtually absent in the brains of 

neonatal mice and are rapidly induced at late stages of postnatal neuronal differentiation. Similar 

expression time course is observed for a few postsynaptic proteins that are involved in the 

elaboration of the synaptic organizing characteristic of differentiated neurons such as NR2A, 

PSD-95, and PSD-93 (177, 178). In contrast, many proteins such as DARPP-32, GluR1, SAP102 

that are involved in constitutive signaling at synapses are normally expressed from early 

embryonic stages and exhibit rather modest upregulation (177, 178). Provocatively, this suggests 

that the RGS9-2 R7BP complex is involved in setting signaling characteristics of the mature 

nervous system. Consistent with this idea, we found that both RGS9-2 and R7BP co-localize at 

postsynaptic densities of excitatory synapses. Importantly, this localization of the complex is 

mediated by R7BP, as RGS9-2 is completely absent from the postsynaptic densities of R7BP KO 

striatum. This result taken together with the importance of R7BP complex formation with RGS9-

2 for its stabilization, ensures this localization pattern for RGS9-2. In addition to localizing 

RGS9-2, R7BP may also be important for targeting other R7 RGS proteins such as RGS6, RGS7, 

RGS11, with which it associates, to postsynaptic sites upon nervous system development. 

The described posttranslational mechanism of RGS9-2 expression and localization 

regulation by R7BP has several implications. First, it suggests that RGS9-2 levels could be 

regulated by attenuation of the lysosomal degradation pathway, perhaps, as part of the cellular 
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response to receptor activation. Second, it suggests that changes in R7BP concentration provide a 

new regulatory input for modulating the sensitivity of dopamine and opioid receptor signaling set 

by RGS9-2. Third, the mechanism provides the specificity for the rapid alteration in 

concentration of one regulator amongst highly similar homologues.  Fourth, the mechanism 

ensures that at the postsynaptic density RGS9-2 Gβ5 functions only in complex with R7BP.  

Fifth, the elimination of R7BP in Gβ5 knockout mice indicates that R7BP is unlikely to have any 

independent signaling roles outside of its complex with R7 RGS proteins.  
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Neurotransmitter signaling via G protein coupled receptors is crucially controlled by 

Regulators of G Protein Signaling (RGS) proteins that shape the duration and extent of the 

cellular response. In the striatum, members of the R7 family of RGS proteins modulate signaling 

via D2 dopamine and μ-opioid receptors controlling reward processing and locomotor 

coordination. Recent findings have established that R7 RGS proteins function as macromolecular 

complexes with two subunits: G beta, type 5 (Gβ5) and R7 Binding Protein (R7BP). In this study 

we report that subunit composition of these complexes in striatum undergoes remodeling upon 

changes in neuronal activity. We found that under normal conditions two equally abundant 

striatal R7 RGS proteins, RGS9-2 and RGS7, are unequally coupled to the R7BP subunit which is 

present in complex predominantly with RGS9-2 rather than with RGS7. Changes in the neuronal 

excitability or oxygenation status resulting in extracellular calcium entry, uncouples RGS9-2 

from R7BP, triggering its selective degradation. Concurrently, released R7BP binds to mainly 

intracellular RGS7 and recruits it to the plasma membrane and the postsynaptic density. These 

observations introduce activity dependent remodeling of R7 RGS complexes as a new molecular 

plasticity mechanism in striatal neurons and suggest a general model for achieving rapid 

posttranslational subunit rearrangement in multi-subunit complexes.  

 

♦ Introduction 

Members of the Regulator of G protein Signaling (RGS) family are ubiquitous negative 

regulators of signal transmission via G protein coupled receptors (GPCR). RGS proteins act to 

limit the extent and duration of GPCR signaling by accelerating the GTP hydrolysis rate on the α 

subunits of heterotrimeric G proteins, thus promoting their inactivation (see 10, 149 for review). 

The action of RGS proteins is essential for normal functioning of a wide range of fundamental 

processes including cell division (179), neuronal excitability (180), photoreception (88), 

angiogenesis (181), vasoconstriction (182) and many others.  

R7 RGS subfamily is one out of six distinct groups of more than 30 diverse RGS proteins 

(10, 183). This subfamily is comprised of four proteins: RGS6, RGS7, RGS9 and RGS11 with 

similar multi-domain organization (10, 183) and predominant neuronal expression pattern (30). 

Studies in mice indicate that R7 RGS proteins crucially regulate several critical aspects of 
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nervous system function such as vision (148, 184), motor control (111, 135) and nociception (28, 

29, 141) placing a significant emphasis on the elucidation of their mechanisms. 

A unique property of R7 RGS proteins is their constitutive association with the type 5 G 

protein beta (Gβ5) subunit (46, 47). Binding to a G protein gamma-like domain (GGL) in the core 

of R7 RGS proteins (185), Gβ5 is tightly integrated into the structure of the RGS molecule (48). 

The ability to form complexes with Gβ5 was shown to be essential for folding and stability of R7 

RGS proteins (32, 35) and knockout of Gβ5 in mice results in complete abrogation of expression 

of all four R7 RGS proteins (79). More recent studies revealed that, in addition to Gβ5, R7 RGS 

proteins bind to a two-member family of SNARE-like membrane proteins: R7 family Binding 

Protein (R7BP) (76, 93) and RGS9 Anchor Protein (R9AP) (91, 170) which interact with the 

DEP/R7H domain of the RGS proteins and constitute the third subunit in the complex. 

The role of R7BP/R9AP proteins is perhaps best studied for the R7 RGS subfamily 

member, RGS9. This RGS protein exists in two splice variants exhibiting very restricted and non-

overlapping expression pattern (52, 186). The short splice isoform, RGS9-1 is expressed 

exclusively in photoreceptors (88) where it sets the timing of phototransduction cascade recovery 

from the light excitation (125). The long splice isoform is mostly found in the striatum region of 

the brain (54, 57, 186) and regulates the duration of the G protein signaling through D2 dopamine 

(27, 111) and μ-opioid receptors (28, 131). Accordingly, knockout of RGS9 in mice results not 

only in deficits in light adaptation (13) but also affects striatal control of movement and reward 

(27, 28, 111, 135). We have previously shown that both R9AP and R7BP play crucial roles for 

both targeting and expression of RGS9 splice isoforms. While retina specific R9AP delivers 

RGS9-1 to the specific subcellular compartment, the outer segment of photoreceptors (89), R7BP 

is indispensable for targeting RGS9-2 to the postsynaptic densities of striatal neurons (92). 

Furthermore, knockout of either R9AP (107) or R7BP (92) leads to severe down-regulation in 

RGS9 protein levels in retina and striatum, respectively. It has been proposed that exposure of 

specific degradation determinants normally shielded by R7BP/R9AP tag RGS9 Gβ5 to 

degradation by cellular cysteine proteases, and that balance of RGS9 Gβ5 association with 

R7BP/R9AP sets its expression levels in vivo (20, 92, 107).  

Striatal neurons contain multiple R7 RGS proteins that bind to R7BP, however only 

RGS9-2 requires R7BP for its expression (50, 92). In turn, R7BP itself is an unstable protein and 

is eliminated upon ablation of all R7 RGS proteins (92, 100).  Interestingly, knockout of only 

RGS9 does not affect the stability of R7BP (92) suggesting that multiple striatal R7 RGS Gβ5 

complexes are pivoted by R7BP to allow several possibilities for subunit composition.  
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The goal of the present study was to investigate the principles and factors that regulate 

coupling of R7 RGS Gβ5 complexes to R7BP in striatal neurons. We report that in the striatum, 

R7BP mainly exist in complex with two RGS complexes: RGS9-2 Gβ5 and RGS7 Gβ5. 

However, despite the equimolar amounts of these RGS proteins in striatal neurons, R7BP is 

coupled preferentially to RGS9-2 Gβ5, whereas the majority of RGS7 Gβ5 is free from R7BP 

due to its substantially lower binding affinity. As a result, RGS9-2 Gβ5 complex is targeted by 

R7BP to the plasma membrane while RGS7 Gβ5 is predominantly found at the intracellular sites. 

Strikingly, we find that this background complex composition undergoes dramatic remodeling 

upon which R7BP re-couples to RGS7 to recruit it to the plasma membrane and the postsynaptic 

density. This remodeling involves selective proteolytic degradation of RGS9-2 during which it 

uncouples from R7BP. We report that RGS9-2 degradation is controlled by signaling pathways 

that mediate synaptic activity and oxygen sensing, converging at an elevation of intracellular 

Ca2+ via extracellular Ca2+ entry. These findings suggest a novel plasticity mechanism for 

dynamically regulating subunit composition for major G protein signaling regulators in striatum 

depending on changes in synaptic activity.  

♦ Materials and Methods 

Antibodies, recombinant proteins and DNA constructs - Generation of sheep anti-R7BP NT (76), 

and sheep anti-RGS9-2 CT (76) has been described previously. Rabbit anti-RGS7 (7RC1), rabbit 

anti-R7BP (TRS) and anti-Gβ5 (SGS) were generous gifts from Dr. William Simonds 

(NIDDKD/NIH).  All custom generated antibodies were tested for the specificity to ensure that 

(1) they recognize single major band in brain extracts corresponding to size of detection subject, 

(2) their immunoreactivity is blocked by peptide containing specific epitope sequence and (3) 

antibodies efficiently performed in immunoprecipitation reactions and the identity of precipitated 

band was confirmed by mass-spectrometry. Recombinant his-tagged and GST-tagged R7BP were 

expressed in E.coli and affinity purified on Ni-NTA beads (Qiagen) as previously described (50, 

76). RGS7 and RGS9-2 were expressed in Sf-9 insect cells together with Gβ5 via baculoviral 

mediated delivery and recombinant complexes were purified by Ni-NTA chromatography 

utilizing his-tag present at the N-termini of RGS proteins as described (76). Protein concentration 

was determined by BCA kit (Pierce) and adjusted to reflect protein purity (ranging between 55% 

and 90%) determined by densitometry of Coomasie stained gels. 

Urea-treated bovine rod outer segment membranes (uROS) were obtained as described (187). The 

plasmid encoding His6-Gαo1 was a gift from Dr. N.O. Artemyev; the plasmid encoding His6-Gαi1 
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was a gift from Dr. N.P. Skiba; both recombinant proteins were purified from E. coli as described 

(188). Gαt and Gβ1γ1 subunits were purified from bovine retinas as described (189). 

Preparation of brain extracts, immunoprecipitation, and Western blotting - Cellular lysates were 

prepared by homogenizing brain tissue by sonicating in immunoprecipitation (IP) buffer 

composed of PBS (pH=7.4, Fisher) supplemented with an additional 150 mM NaCl, 1% Triton X-

100 and Complete protease inhibitors (Roche), followed by 15 minute centrifugation at 14,000 x 

g. The resulting extract was used for protein concentration determination by BCA assay (Pierce, 

Rockford, IL). This Triton X-100 extraction procedure yields >90% extraction efficiency of 

proteins under investigation and was followed for both direct immunoblot and 

immunoprecipitation experiments. Immunoprecipitation of R7BP was performed using 3 µg of 

sheep anti-R7BP NT antibody, 10 µl of protein G beads (GE Healthcare, Little Chalfont, UK), 

added to the extracts. The mixtures were incubated for 1 h, washed three times with IP buffer, and 

proteins bound to the beads were eluted with SDS sample buffer. Samples were resolved on SDS-

PAGE gel, transferred onto PVDF membrane and subjected to Western blot analysis using HRP 

conjugated secondary antibodies and ECL West Pico (Pierce) detection system.  Western blots 

that were quantified, were subjected to analysis of specific bands performed on an Odyssey 

Infrared Imaging System (LI-COR Biosciences) according to the manufacturer's protocols using 

IRDye 680 and IRDye 800 labeled secondary antibodies. 

Cell Culture and Transfections - 293FT cells were obtained from Invitrogen and cultured at 37 °C 

and 5% CO2 in DMEM supplemented with 100 units/ml of penicillin, and 100 µg/ml of 

streptomycin, 10% fetal bovine serum, 4 mM L-glutamine, and 1 mM sodium pyruvate.  Cells 

were transfected at ~70% confluency, using Lipofectamine LTX reagent (Invitrogen) according to 

the manufacturer's protocol. The ratio of Lipofectamine to DNA used was 6.25 µl : 2.5 µg per 10 

cm2 of cell surface.  A constant level of R7BP-pcDNA3.1 (0.2 μg) vector was co-transfected with 

an excess of Gβ5-pcDNA3.1 (1.2 μg), variable RGS7-pcDNA3.1 and RGS9-2-pcDNA3.1, 

balanced with empty pcDNA3.1 vector.  The quantity of RGS7-pcDNA3.1 (1 μg) and RGS9-2-

pcDNA3.1 (0.2 μg) vector necessary to establish a 1:1 protein expression level was determined 

by comparing to recombinant protein standard curves.   The cells were grown for 36–48 h post-

transfection prior to collection. 

GST Pulldown Assays - The assays were performed by preparing cellular lysates in Triton X-

100/PBS buffer (1x PBS, 150 mM NaCl, 1% Triton X-100, protease inhibitors), clarified by 

centrifugation at 14,000 x g for 15 minutes. Concentration of Triton X-100 in lysate was then 

reduced to 0.2% with binding buffer (1x PBS, 150 mM NaCl, protease inhibitors) prior to the 
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addition of purified recombinant R7BP-GST fusion proteins (175 pmol) attached to 10 µl of 

glutathione agarose beads (GE Healthcare).  Samples were incubated on rocker for 3 hr at 4 °C, 

and the beads were subsequently washed with binding buffer three times.  The proteins were 

eluted in SDS sample buffer, and RGS proteins retained by the beads were detected by Western 

blotting with specific antibodies. 

Surface Plasmon Resonance Spectroscopy - The specific interaction between recombinant R7BP 

and RGS9-2 Gβ5, and between R7BP and RGS7 Gβ5 was analyzed using a BIAcore Processing 

Unit (BIAcore 1000) at 23-25°C.  R7BP was covalently coupled to CM5 chip flow cells 

(BIAcore) using an Amine Coupling Kit (BIAcore) according to the manufacturer's instructions.  

R7BP (30 μl) was flowed across the flow cell at a concentration of 10 μg/ml in 10 mM 

ammonium acetate pH=6.0 at a rate of 5 μl/min, resulting in a net increase of 1500-3000 

resonance units (RU) after immobilization.  A control flow cell surface was reacted with the 

amine coupling reagents in the absence of R7BP.  RGS protein of several concentrations in HBS 

buffer (10 mM HEPES pH=7.4, 150 mM NaCl, 3.4 mM EDTA, and 0.005% Surfactant p20) was 

injected over the control and immobilized R7BP flow cell surfaces at a flow rate of 10 µL/min, 

and the resonance changes were recorded with BIACORE 1000 Control Software v2.1. Changes 

in surface refraction were recorded for 1 minute during protein binding and dissociation. The 

response from the R7BP surface, which was in the 25% - 35% range of the RU response observed 

in the R7BP cell, was subtracted from that of the control, and the dissociation constants (KD) were 

determined using BIAevaluation v3.0.2 software.  R7BP surfaces were removed of RGS protein 

and regenerated by running 100 µL of 10 mM NaOH through the flow cell at 100 µl/min.   

Coronal brain slice preparation and pharmacological treatments - The whole brain from 1-2 

month old C57BL/6 mice was quickly removed and placed in an ice-cold slicing solution 

containing 85mM NaCl, 2.5mM KCl, 4 mM MgCl2, 1 mM NaH2PO4, 25 mM NaHCO3, 25 mM 

glucose, and 75 mM sucrose (all from Sigma, St. Louis, MO) pH=7.4. When indicated the media 

was continuously bubbled with 95% O2-5% CO2.  Coronal slices were prepared 300 μm in 

thickness using a Vibratome 3000 Plus sectioning system (Vibratome, St Louis, MO).  Slices 

were then cut sagittally down the midline, with striatal tissue being isolated from one side and 

directly frozen in liquid N2.  The contralateral half slice was subsequently placed into artificial 

CSF (ACSF; in mM: 119 NaCl, 2.5 KCl, 1 NaH2PO4, 26.5 NaHCO3, 1.3 MgSO4, 2.5 CaCl2, and 

11 glucose) with the indicated pharmacological agent, brought to 37ºC, and continuously bubbled 

with 95% O2-5% CO2.  30 mM KCl treatments were performed by concurrently reducing the 

ACSF NaCl concentration to 91.5 mM.  (+)-Bicuculline was purchased from Ascent Scientific 
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(Weston-Super-Mare, UK), Nimodipine and Phorbol 12-myristate 13-acetate (PMA) from Sigma.  

Striatal tissue was isolated from the slice after one hour of culturing and frozen in liquid N2 prior 

to protein extraction and western blot analysis. 

Immuno electron microscopy - Electron microscopic examination of immunoreactivity for RGS9-

2, R7BP and RGS7 in the striatum of WT and RGS9-2 KO mice was performed as described 

previously using either pre-embedding or post-embedding immunogold methods (92, 162). 

Briefly, brains were perfused with 4% paraformaldehyde, 0.05% glutaraldehyde and 15% (v/v) 

saturated picric acid in 0.1 M phosphate buffer.  For pre-embedding immunogold labeling, brain 

sections (50-70 μm) were cut on a Vibratome and processed for immunohistochemical detection 

of RGS9-2 and/or R7BP using HRP and silver-enhanced immunogold techniques. For post-

embedding immunogold labeling, ultrathin sections (70–90 nm) from three Lowicryl-embedded 

blocks slices were cut on an Ultramicrotome and processed for immunohistochemical detection of 

RGS9-2 and/or R7BP. The specificity of RGS7 antibodies (7RC1) for electron microscopy 

conditions was confirmed by staining the striatal regions of Gb5 knockout mice and observing 

marked down-regulation of characteristic staining as the levels of RGS7 in these mice are 

severely reduced (data not shown).    

 

♦ Results 

R7BP RGS complexes in the striatum are remodeled upon induced degradation of RGS9-2 - We 

have previously shown that RGS9-2 Gβ5 complexes are proteolytically labile and rapidly 

degrade when not bound to R7BP. Furthermore, we hypothesized that the concentration of RGS9-

2 Gβ5 in vivo may be quickly regulated by dynamically changing RGS9-2 Gβ5 association with 

R7BP. To investigate whether levels of RGS9-2 Gβ5 is subject to these posttranslational 

alterations, we studied modulation of RGS9-2 expression in cultured striatal slices. Data 

presented in Figure 4.1A illustrate that upon culturing a 300 μm thick coronal slice through the 

striatum, RGS9-2 protein levels rapidly decline, reaching ~30% of initial amount in only 3 hours 

in culture. During this time-frame, the levels of other investigated signaling proteins including the 

RGS9-2 homolog, RGS7 were unaffected, suggesting a selective nature of this modulation. 

Inclusion of the cysteine protease inhibitor E64 into the culture medium, which was previously 

shown to be effective for its prevention of RGS9-2 Gβ5 degradation, completely blocked its 

decay, indicating for the proteolytic mechanism of the effect (Figure 4.1B).      
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Figure 4.1:  R7BP recouples to RGS7 upon induced degradation of RGS9-2.  (A) Culturing striatal slices results in 
overt RGS9-2 degradation. 300 μm coronal sections were prepared and cut in half down the midline.  One side of the 
section served as control, with striatal tissue isolated and directly frozen in liquid nitrogen.  The contra-lateral section 
was subsequently cultured for 0, 60, or 180 minutes in ACSF prior to analysis.  Subsequently, tissue was lysed and 
subjected to Western blot analysis using anti-RGS9-2 antibodies (left panels) or antibodies against striatally enriched 
signaling proteins (right panels). Protein bands were quantified by densitometry and resulting values were plotted as a 
function of time.  (B) Degradation of RGS9-2 in slices is prevented by the inhibitor of cysteine proteases, E64. 1% 
Triton X-100 lysates were obtained from striatal slices (300 μm) cultured for 3 hours in the absence or presence of 50 
μM E64 and analyzed for the expression of RGS9-2, RGS7 and R7BP by Western blotting. (C) Western blot Analysis 
of proteins immunoprecipitated by 5 μg of sheep anti-R7BP from extracts  
in panel B. (D) Quantitative analysis of protein band density in panel C. RGS9-2 and RGS7 band densities from 3 
independent experiments were obtained by ImageJ software and normalized against R7BP content. Error bars 
represent S.E.M. values.  (E) Pull-down binding assay between immobilized recombinant GST-R7BP and native RGS 
proteins. Extracts obtained from slices either immediately frozen or cultured in the presence of E64 inhibitor were 
applied to GST-R7BP beads. After washing, bound proteins were eluted with the SDS-PAGE sample buffer and 
detected by Western blotting.  
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Because it was previously found that stable expression of RGS9-2 Gβ5 in vivo requires 

its binding to R7BP, we next investigated whether degradation of RGS9-2 Gβ5 upon culturing 

could be explained by the loss of its association with R7BP. In these experiments, R7BP was 

immunoprecipitated from the striatal slices cultured in the presence of E64 inhibitor, and co-

precipitating proteins were analyzed by Western blotting. Data presented in Figure 4.1C reveal 

two key observations. First, the amount of RGS9-2 co-precipitating with R7BP markedly drops 

after culturing slices for 3 hours despite similar levels of RGS9-2 protein present in the total 

lysates before and after culturing in the presence of protease inhibitor. Second, culturing striatal 

slices substantially increases the amount of RGS7 co-precipitating with R7BP, despite the lack of 

modulation in its expression level. Indeed, quantitative analysis of data from three independent 

experiments (Figure 4.1D) indicates that while RGS9-2 R7BP complex formation is decreased 

approximately 5-fold, the extent of RGS7 R7BP association is increased by a comparable factor. 

These observations suggest that R7BP remains competent for binding R7 RGS proteins 

and switching of its binding from RGS9-2 to RGS7 is likely induced by the changes affecting 

RGS proteins during culturing. In order to determine which RGS protein is responsible for the 

observed remodeling we conducted a pull-down assay where we studied the ability of 

recombinant R7BP immobilized on the beads to capture RGS7 and RGS9-2 from striatal slices 

prepared before and after culturing. As evident from Figure 4.1E, R7BP was able to efficiently 

pull-down both RGS9-2 and RGS7 from uncultured tissue. However, after culturing, R7BP 

completely lost the ability to retain RGS9-2 while still effectively pulling down RGS7. This 

suggests that degradation of RGS9-2 in culture and subsequent upregulation of RGS7-R7BP 

complexes is induced by changes in RGS9-2 protein, leading to its uncoupling from R7BP and 

subsequent targeting for degradation.    

Quantitative analysis of R7 RGS Gβ5 R7BP complex compositions in the striatum - Observation 

of R7BP complex remodeling in slices, and previous reports that R7BP is capable of forming 

complexes with all R7 RGS proteins, have prompted us to investigate the composition and 

stoichiometry of R7BP complexes with R7 RGS Gβ5 in the striatum. We have 

immunoprecipitated R7BP from striatal lysates and determined the amount of co-precipitating R7 

RGS proteins by quantitative Western blotting using recombinant protein standards for each 

individual R7 RGS protein (Figure 4.2A). Plotting the densities of protein standards against their 

concentration resulted in linear relationship (data not shown) which was used to determine the 

concentration of proteins in the lysates from values of their band densities. Out of 4 RGS proteins 

reported to interact with R7BP, RGS7 and RGS9-2 were found to be predominant binding 
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Figure 4.2:  RGS9-2 is the primary R7 RGS protein in complex with R7BP in the striatum.  (A) Quantification of 
proteins co-immunoprecipitating with R7BP. Fresh striatal tissue was lysed in 1% Triton extracts and incubated with 5 
μg of sheep anti-R7BP antibody. Eluates were loaded on 4-20% PAGE adjacent to recombinant protein standards 
containing 50, 100, 250, and 500 fmoles of indicated RGS proteins. Upon incubation with IR-dye conjugated secondary 
antibodies images were scanned on Odyssey infrared imager. Band densities were quantified using Odyssey 2.0 
software. Calibration curve was plotted from densities of recombinant protein standards. The linear range, typically 
extending throughout the calibration standard concentrations, was used to determine RGS protein content in striatal 
extracts obtained from 3 separate mice.  (B) Quantification of the total levels of R7BP complex components in 
striatum.  20 μg of total protein from each out of three lysates was loaded next to recombinant protein standard of 20, 
50, 100, 150, 200 fmol for RGS7, RGS9-2 and R7BP or 40, 100, 200, 300, 400 fmol for Gβ5.Note that the range of 
protein standards is different from that used in the experiment presented in panel A. Error bars are S.E.M 
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partners of R7BP. Furthermore, RGS9-2 R7BP complexes were approximately 5 times more 

abundant as compared to RGS7 R7BP. Neither RGS6 nor RGS11 were present in R7BP 

immunoprecipitate fractions in appreciable quantities indicating that their association with R7BP 

and/or abundance in the striatum is substantially lower than that of RGS9-2 and RGS7.  

We have next measured the absolute amounts of RGS7 and RGS9-2 as well as their 

binding partners Gβ5 and R7BP in mouse striatum using quantitative Western blotting with 

recombinant protein standards. Data presented in Figure 4.2B illustrate that RGS9-2, RGS7 and 

R7BP are present in near stochiometric amounts (~4 fmol per mg of total striatal protein). At the 

same time Gβ5 was twice more abundant (~8 fmol per mg) in a close agreement with the 

requirement of its 1:1 association with both RGS9-2 and RGS7 and the fact that other R7 RGS 

proteins were found to be considerably less abundant in the striatum (Figure 4.2A). These data 

indicate that despite the equimolar concentration of RGS9-2 Gβ5 and RGS7 Gβ5 in the striatum, 

R7BP is coupled predominantly to RGS9-2. 

RGS9-2 and RGS7 co-localize in the same neurons of mouse striatum – Given equal 

amounts of RGS9-2 and RGS7 in the striatum, the disproportionate association of R7BP 

preferentially with RGS9-2 called for an examination of interaction partner co-localization across 

striatal neurons. We used double labeling techniques at the electron microscopic level, combining  

pre-embedding immunogold with HRP detection, to study co-localization of RGS7, R7BP and 

RGS9-2 in three different double-labeling experiments (Figure 4.3). Consistent with previous 

reports we have found that RGS9-2 is localized in essentially all striatal neurons where it co-

localized with R7BP (27, 92, 111).  As reported earlier, we found that RGS9-2 R7BP complexes 

were predominantly found on the plasma membrane of dendritic spines and shafts. Most of the 

RGS7 immunoreactivity was found to localize in the cells positive for RGS9-2 and R7BP (Figure 

4.3). Similarly to RGS9-2 and R7BP, RGS7 antibodies strongly labeled dendritic but not axonal 

compartments suggesting its compartmentalization in striatal neurons. These data indicate that 

RGS9-2, R7BP and RGS7 extensively overlap in their expression in the same striatal neurons and 

their subcellular compartments.     

Recombinant R7BP has higher affinity for RGS9-2 Gβ5 over RGS7 Gβ5 – In search for 

the mechanisms behind the preferential complex formation of R7BP with RGS9-2, we have 

compared the binding affinities of R7BP to RGS9-2 Gβ5 and RGS7 Gβ5 using purified 

recombinant proteins. Association of proteins was monitored by surface plasmon resonance 

technology using BiaCore 1000 instrument. Recombinant R7BP was immobilized on the surface 

of CM5 chip which was exposed to either RGS9-2 Gβ5 or RGS7 Gβ5 complexes in solution.  
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Figure 4.3:  RGS9-2, RGS7 and R7BP co-localise in the same cell type and subcellular compartment in the mice 
striatum.  Electron micrographs showing double labelling for RGS9, RGS7 and R7BP in the mice striatum, as revealed 
using pre-embedding techniques. (A-B) Double labelling approach showing co-localisation for RGS9-2 and RGS7. The 
peroxidase reaction product (HRP) indicating RGS9 immunoreactivity filled dendritic shafts (Den) and spines (s), 
whereas immunoparticles (RGS7 immunoreactivity) were mainly located along the extrasynaptic plasma membrane 
(e.g. arrows) and at intracellular sites (e.g. crossed arrows). (C-D) Double labelling approach showing co-localization 
for RGS9-2 and R7BP. The peroxidase reaction product (HRP) indicating RGS9 immunoreactivity filled dendritic 
shafts (Den) and spines(s), whereas immunoparticles (R7BP immunoreactivity) were mainly located along the 
extrasynaptic plasma membrane (e.g. arrows) and at intracellular sites (e.g. crossed arrows). (E-F) Double labelling 
approach showing colocalisation for RGS7 and R7BP. The peroxidase reaction product (HRP) indicating RGS7 
immunoreactivity filled dendritic shafts (Den) and spines (s), whereas immunoparticles (R7BP immunoreactivity) were 
mainly located along the extrasynaptic plasma membrane (e.g. arrows) and at intracellular sites (e.g. crossed arrows).  
b, axon terminal. Scale bar: A-F, 0.5 μm. 
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Performing protein-protein interaction measurements over a range of analyte concentrations have 

yielded consistent differences in the binding constants (Figure 4.4A). The affinity of R7BP for the 

RGS9-2 Gβ5 (KD=1.1 ± 0.4 nM) complex was approximately ten-fold higher than for RGS7 Gβ5 

(KD=12.7 ± 2.6 nM). We have further determined whether RGS9-2 Gβ5 and RGS7 Gβ5 can 

simultaneously interact with R7BP using competition binding experiments. We incubated GST 

tagged R7BP with a fixed concentration of RGS7 Gβ5, and an increasing concentration gradient 

of RGS9-2 Gβ5. Following pull-down with the glutathione agarose beads, the amounts of 

retained RGS7 and RGS9-2 were determined. Data in Figure 4.4B demonstrates that increasing 

concentrations of RGS9-2 Gβ5 result in elevation in its binding to R7BP concomitant with the 

decreased association between RGS7 Gβ5 and R7BP. This result indicates that RGS9-2 and 

RGS7 compete for R7BP association binding to the same or overlapping determinants, yet with 

different affinities.  

Modulation of R7BP R7 RGS complex composition in transfected cells  – Significantly 

different affinities of R7BP for RGS7 Gβ5 and RGS9-2 Gβ5 has prompted us to analyze how 

decrease in individual RGS protein concentration affect the composition of the whole complex. 

We have addressed this issue by modeling competitive association of R7BP with RGS9-2 Gβ5 

and RGS7 Gβ5 in transfected HEK 293FT cells which do not express R7BP, Gβ5, RGS7, or 

RGS9-2 endogenously (Figure 4.5).  

Using transient transfection, we delivered a fixed amount of R7BP and Gβ5 message, and 

either a fixed amount of RGS9-2 and variable amounts of RGS7, or a fixed amount of RGS7 and 

variable amounts of RGS9-2. The amount of Gβ5 construct was kept in six fold excess to ensure 

that RGS proteins at all concentrations are not competing for Gβ5. Further, by using quantitative 

Western blotting with recombinant standards and native striatal extracts we confirmed that RGS7 

and RGS9-2 were present in equimolar concentrations when equal amounts of their expression 

constructs were delivered into cells (data not shown). Cellular extracts containing variable 

amounts of RGS7 or RGS9-2 were subjected to immunoprecipitation with anti-R7BP antibodies 

and changes in amounts of each precipitated protein were determined by Western blotting. Data 

presented in Figure 4.5A reveal that RGS9-2 in complex with R7BP is minimally affected by 

changes in concentration of RGS7, which can only decrease the abundance of RGS9-2 R7BP 

complexes by 20% upon reaching equimolar concentration with RGS9-2. In agreement with this 

estimation, the reciprocal experiment (Figure 4.5B) shows that at an equal stochiometric ratio of 

RGS proteins, as much as 80% of RGS9-2 is complexed with R7BP. However, unlike the model 
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Figure 4.4:  RGS9-2 Gβ5 has higher affinity for R7BP over RGS7 Gβ5 and competes for its binding.  (A) 
Surface plasmon resonance analysis of R7BP association with RGS7 Gβ5 and RGS9-2 Gβ5 performed on Biacore 
1000 instrument. Purified recombinant R7BP was immobilized on the surface of CM5 chip and exposed to varying 
concentrations of RGS7 Gβ5 (25, 50, 65, 80, 100 nM) or RGS9-2 (10, 25, 50, 65, 80 nM). Analyte solutions were 
injected at a 10 μl/min rate for 1 minute, and analyzed for RGS R7BP association rates, as was dissociation rates 
during the first minute after RGS solution injection stopped.  Each plotted curve is representative of duplicate 
repetition.  KD values were calculated using BiaCore Evaluation software and were:  1.1 nM + 0.4 nM (S.D.) for R7BP 
binding to RGS9-2 Gβ5 and 12.7 nM + 2.6 nM for R7BP interaction with RGS7 Gβ5.  (B) RGS7 Gβ5 and RGS9-
2 Gβ5 compete for binding to R7BP. 16 nM of immobilized GST-R7BP bait was incubated with a fixed concentration 
of RGS7 Gβ5 (55 nM) and varying concentration of RGS9-2 Gβ5 (0, 16, 32, 95, 320, 475, and 800nM). Beads were 
washed and bound proteins were analyzed by Western blotting. Right panel represents quantification of the protein 
densities normalized to maximal binding in the absence of RGS Gβ5 and plotted as a function of RGS Gβ5 
concentration. 
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Figure 4.5:  Modeling of competitive association of R7BP with RGS9-2 Gβ5 and RGS7 Gβ5 complexes in 
transfected cells.  (A) HEK 293FT cells were transfected with equal and amounts of R7BP and RGS9-2 expression 
constructs (0.2 μg) and varying amounts of RGS7 plasmid. Six fold excess of Gβ5 expression construct was used (1.2 
μg) to ensure that its concentration does not limit RGS protein expression.  Actual levels of expressed RGS proteins 
(left panels) were determined by quantitative infrared Western blotting. The equality of RGS9-2 and RGS7 protein 
levels at the maximal concentration of RGS7 construct was verified by comparing band densities to recombinant 
protein standards and brain extracts (not shown). Cells were lysed in 1% Triton and incubated with 3 μg of sheep anti-
R7BP antibody. Eluates were subjected to SDS-PAGE separation followed by Western blot analysis using specific and 
IR-conjugated secondary antibodies (right panels).  Images were scanned on Odyssey infrared imager and band 
densities were quantified using Odyssey 2.0 software. The density of RGS9-2 bands were normalized against that of 
R7BP and used to define Y-axis with 100% reflecting maximum band density in the absence of RGS7. The ratios of 
actual RGS7 and RGS9-2 band densities present in total lysates before immunoprecipitation (left panels) were used to 
define X-axis.  (B) Inverse experiment was performed with constant RGS7 expression construct and varying RGS9-2 
amounts. Protein levels in inputs and immunoprecepitation eluates were determined exactly as described for panel A. 
The experiments shown on both panels are representative out of at least three conducted yielding similar results. 
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with variable RGS7, modulation of RGS9-2 concentration appears to markedly affect the extent 

of RGS7 coupling to R7BP. This indicates that while change in RGS7 expression minimally 

affects the balance in RGS9-2 R7BP complexes, changes in RGS9-2 levels cause proportionate 

rebalancing of R7BP coupling to RGS7. 

Elimination of RGS9-2 leads to the R7BP mediated recruitment of RGS7 to the plasma 

membrane - Modeling of the complex formation in transfected cells makes a prediction that 

reduction of RGS9-2 in the striatum would entail upregulation in RGS7 R7BP complex 

formation. In order to investigate if this is the case, we have compared RGS7 coupling to R7BP 

between striatal regions of wild type and RGS9 -/- mice in which the expression of RGS9-2 was 

ablated by gene targeting. The results of the immunoprecipitation experiment presented in Figure 

4.6 illustrate marked enhancement of RGS7-R7BP association in the absence of RGS9-2 

providing further evidence that changes in RGS9-2 expression cause remodeling of R7BP 

containing complexes.  

To begin to analyze the consequences of this remodeling we have examined whether loss 

of RGS9 affected localization of RGS7 in the striatal neurons. Immunogold labeling indicate that 

in wild type neurons most of the dendritic RGS7 is found at intracellular sites (Figure 4.7A,B) 

and almost none of it is detected within the postsynaptic density (Figure 4.7C). Quantitative 

analysis of 1781 gold particles revealed 1478 (83%) of them at the intracellular sites and only 303 

(17%) at the plasma membrane. Since nearly all of the R7BP was previously found associated 

with the plasma membrane compartment this distribution is in the close agreement with ~ 20% 

fraction of RGS7 associated with R7BP in wild type striatums (Figure 4.2). In contrast, in striatal 

neurons of RGS9 knockout mice only 22% (374 particles) were found at intracellular sites and 

78% (1322 particles) residing at the plasma membrane (Figure 4.7D,E) and postsynaptic densities 

(Figure 4.7F). No significant change in RGS7 localization was observed in the striatal neurons of 

R7BP knockout mice (Figure 4.7 G,H). This result is consistent with the small extent of RGS7 

association with R7BP in the presence of RGS9-2 and suggests that it is the physical association 

with vacant R7BP rather than changes in the G protein signaling resulting from RGS9 elimination 

that are responsible for the recruitment of RGS7 to the postsynaptic plasma membrane 

compartments.   

    Multiple signaling pathways regulate RGS9-2 degradation in striatal neurons - Since 

RGS9-2 protein levels is the determining factor for remodeling R7 RGS complexes, we 

investigated signaling mechanisms that are involved in regulation of RGS9-2 posttranslational 

stability. Observation that RGS9-2 undergoes spontaneous degradation upon acute culturing of 
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Figure 4.6:  Complexes of RGS7 with R7BP are upregulated in striatums of RGS9 knockout mice.  Striatal 
regions were dissected from C57BL/6 wild-type (WT), RGS9 knock-out (RGS9 -/-), and R7BP knock-out (R7BP -/-) 
mice, lysed in 1% Triton and used to determine total protein concentration. 20 μg aliquots of each lysate were separated 
on SDS-PAGE and analyzed by Western blotting (left panels, “input”).. Equal amounts of lysates were subjected to 
immunoprecipitation with 5 μg of sheep anti-R7BP antibody. Immunoprecipitated proteins were analyzed by Western 
blotting. The experiment shown is representative of 3 conducted and yielding similar results.   
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Figure 4.7:  Loss of RGS9-2 but not R7BP induces changes in RGS7 localization in striatal neurons. Electron 
micrographs showing immunoreactivity for RGS7 in wild type (WT), RGS9 knockout (RGS9 KO) and R7BP knockout 
(R7BP KO) mice in the striatum, as revealed using pre-embedding (A, B, D, E, G, H) and post-embedding (C, F) 
immunogold techniques. Using the pre-embedding immunogold method, immunoparticles for RGS7 in wild type 
neurons (A,B) were mainly located at intracellular sites (e.g. crossed arrows), associated with intracellular membranes 
within dendritic shafts (Den) and spines (s) establishing excitatory synapses with axon terminals (b). In less proportion, 
immunoparticles for RGS7 were also detected along the plasma memebrane (e.g. arrows). Using the post-embedding 
immunogold method (panel C), immunoparticles for RGS7 in wild type neurons were mainly located at intracellular 
sites (e.g. crossed arrows) and occasionally along the postsynaptic density of excitatory synapses (e.g. arrowheads). 
Using the pre-embedding immunogold method, immunoparticles for RGS7 in RGS9 KO neurons (D, E) were mainly 
located along the plasma membrane (e.g. arrows) of dendritic shafts (Den) and spines (s) establishing excitatory 
synapses with axon terminals (b). In less proportion, immunoparticles for RGS7 were also detected at intracellular sites 
(e.g. crossed arrows), associated with intracellular membranes. Using the post-embedding immunogold method (F), 
immunoparticles for RGS7 in the RGS9 KO were mainly located along the postsynaptic density of excitatory synapses 
(e.g. arrowheads) and occasionally at intracellular sites (e.g. crossed arrows). RGS7 immunoreactivity in R7BP KO 
neurons (G, H) replicated the pattern observed in wild-type samples. That is, immunoparticles for RGS7 in the R7BP 
KO were mainly located along the plasma membrane (e.g. arrows) of dendritic shafts (Den) and spines (s), establishing 
excitatory synapses with axon terminals (b). In less proportion, immunoparticles for RGS7 were also detected at 
intracellular sites (e.g. crossed arrows), associated with intracellular membranes. Scale bar: A,B,D,E,G, H - 0.5 μm; 
C,F - 0.2 μm. 
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striatal slices under standard conditions has prompted us to modify culturing conditions in order 

to minimize RGS9-2 loss. We found that saturating media with 95% oxygen was very effective 

for maintaining RGS9-2 stability, reducing the rate of its degradation to only 10% per hour 

(Figure 4.8A). Therefore we used the culturing system with constant oxygenation for subsequent 

pharmacological manipulations.  

We reasoned that increased degradation rate of RGS9-2 protein upon culturing could be 

caused by uncontrollable neuronal activity exacerbated by insufficient oxygenation. Indeed, 

stimulating neuronal firing by either application of 30 mM KCl, which induces membrane 

depolarization, or 50 μM bicuculline, which inhibits inhibitory GABA transmission and thus 

indirectly stimulating synaptic transmission, caused marked RGS9-2 destabilization, essentially 

abrogating a protective effect of high oxygen concentration (Figure 4.8B). Because rise in the 

intracellular calcium concentration is the hallmark of increased neuronal activity we next 

investigated whether RGS9-2 instability could be mediated by the calcium entry. Preventing 

extracellular calcium entry by removing it from the medium completely blocked not only 

depolarization-induced but also residual spontaneous RGS9-2 degradation. Blocking a major 

class of voltage gated calcium channels (L-type VGCC) by specific inhibitor nimodipine, also 

abolished depolarization induced RGS9-2 loss suggesting that rise in the intracellular calcium 

entering through plasma membrane calcium channels is the major signaling event that triggers 

RGS9-2 degradation. Finally, we found that activation of Protein Kinase C (PKC), a major 

downstream effector influenced by calcium entry directly enhances RGS9-2 loss, indicating that 

PKC plays a critical role in controlling RGS9-2 stability. 
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Figure 4.8:  Oxygenation status, neuronal activity and extra-cellular calcium entry regulates RGS9-2 protein 
levels.  (A) Overt RGS9-2 degradation upon striatal slice culturing can be slowed down by increasing oxygenation. 
Coronal brain slices were prepared and cut in half down the midline.  One side of the section served as control, with 
striatal tissue isolated and directly frozen in liquid nitrogen.  The contra-lateral section was subsequently cultured for 
60 minutes in ACSF at atmospheric oxygen levels, 5% CO2 (Low O2), or ACSF bubbled with 95% O2, 5% CO2 (High 
O2) prior to analysis.  Subsequently, tissue was lysed in 1% Triton, and equal amounts of lysates were subjected to 
Western blot analysis using RGS9-2 specific antibody.  Upon incubation with IR-dye conjugated secondary antibodies 
images were scanned on Odyssey infrared imager. Band densities were quantified using Odyssey 2.0 software, and 
cultured tissue RGS9-2 % loss was calculated as compared to uncultured tissue control band density (n = 8-12).  (B) 
Neuronal depolarization initiates RGS9-2 loss in an extra-cellular calcium dependent fashion.  All striatal coronal 
sections were prepared similarly as in panel A and cultured for 60 minutes in ACSF with the indicated media 
modification or pharmacological treatment, and actively bubbled with 95% O2, 5% CO2.  Western blot analysis and 
RGS9-2 % loss quantitation was performed as in (A) and plotted as cumulative results (n = 8-12).  
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♦ Discussion 
The main finding of this study is that complexes of neuronal R7 RGS proteins with their 

subunits R7BP and Gβ5 undergo remodeling of their composition in response to changes in 

neuronal signaling. Striatal neurons express equal amounts of two R7 RGS proteins: RGS9-2 and 

RGS7 both forming equimolar complexes with Gβ5 subunit. The third subunit in the complex, 

R7BP, is unequally distributed and forms preferential complexes with RGS9-2 owning to the 

order of magnitude higher affinity over RGS7 (Figure 4.7). An intrinsic proteolytic instability of 

RGS9-2 Gβ5 in the absence of R7BP binding further shifts this balance, driving virtually all 

RGS9-2 Gβ5 to be present as a ternary complex with R7BP, while largely leaving RGS7 a dimer 

with only Gβ5. Remarkably, this equilibrium undergoes dramatic re-arrangement when R7BP 

uncouples from RGS9-2 Gβ5 complex, targeting RGS9-2 for degradation and funneling R7BP 

into complex formation with RGS7 Gβ5, generating nascent RGS7 Gβ5 R7BP trimer (Figure 

4.9). R7BP, because of its proteolytically labile nature, requires association with R7 RGS proteins 

to maintain stable expression (92, 100), which further ensures high efficiency of this complex 

remodeling process. Indeed, while completely absent in striatums of Gβ5 knockouts lacking both 

RGS7 and RGS9-2 (92), the levels of R7BP are not altered upon RGS9-2 elimination ((92) and 

Figure 4.5) providing further support to the large extent of R7BP switching from RGS9-2 to 

RGS7.  

Changes in subunit composition of the macromolecular complexes is a fundamental 

mechanism that underscores the plasticity of many biological processes including chromatin 

remodeling (190), immune cell differentiation (191), proteasome mediated protein degradation 

(192), synaptic activity (193-195), gene transcription (196) and many others. While the 

tremendous significance of this organizational flexibility is undoubted much remains to be 

learned about their underlying mechanisms. In our study, we describe a mechanism for rapid 

posttranslational changes in subunit composition of G protein signaling regulators which could 

serve as a general model for understanding remodeling principles of many complexes build from 

proteolytically labile components. In a proposed three way equilibrium model, a stable protein 

complex of three unstable subunits (ABC) donates one of the subunits (A) to the alternatively 

configured stable dimer (DC) while the remaining unstable components (BC) undergo selective 

degradation. These events allow for the rapid shift in subunit composition from the basal state of 

ABC to a new ADC state in a conditional dependent manner, and could be easily reversed by 

events that promote stabilization of BC subunits thus providing a point for regulatory input. 
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Figure 4.9:  Proposed model for activity-dependent regulation of R7 RGS subunit composition. Under basal 
conditions, striatal neurons contain RGS9-2 Gβ5 R7BP trimer located at the postsynaptic sites and RGS7 Gβ5 dimer 
located intracellularly. Several signaling events can trigger RGS9-2 uncoupling from R7BP targeting RGS9-2 Gβ5 
complex for degradation. Released R7BP becomes available for RGS7 Gβ5 binding resulting in production of 
RGS7 Gβ5 R7BP trimer which undergoes targeting to the postsynaptic density. This process is sensitive to 
oxygenation status, level of neuronal excitability, and is regulated by changes in calcium influx and PKC activation. 
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Our results indicate that remodeling of trimeric R7 RGS complexes is triggered by 

changes that affect binding of RGS9-2 Gβ5 to R7BP. More specifically, we found that it is 

RGS9-2 that is modified in a way which renders it unable to associate with R7BP, targeting it for 

degradation. Although, the molecular identity of the modification(s) remains unknown at the 

moment, several changes in neuronal signaling status appear to specifically modulate RGS9-

2 R7BP coupling and resultant RGS9-2 degradation. Our pharmacological data argue for the 

involvement of at least two major mechanisms: oxygen sensing and synaptic activity along 

voltage gated Ca2+ channels –– PKC axis.  The disruption in cellular Ca2+ homeostasis appears to 

be the common element unifying both mechanisms. Indeed, changes in neuronal signaling and 

excitotoxicity is a well documented occurrence that accompanies hypoxia/ischemia in the brain 

(197). One of the major mechanisms contributing to neuronal excitotoxicity associated with 

increased neuronal excitability under hypoxic stress, is calcium dysregulation. Hypoxic stress 

leads to elevated Ca2+ influx, release from intracellular Ca2+ stores, and generalized disruption in 

Ca2+ buffering, resulting in constant activation of tightly regulated signaling molecules (i.e. PKC) 

which can ultimately culminate in neuronal injury and subsequent long-term disabilities for stroke 

victims (198, 199). However, it is also possible that oxygen sensing and changes in neuronal 

excitability are separate mechanisms that converge only at the level of modulating RGS9-2 R7BP 

coupling. In any case, our findings strongly suggest that changes in R7 RGS complex 

composition is another molecular hallmark of changes induced by oxygen deprivation and 

excessive synaptic activity. 

It is interesting to consider the observed degradation-triggered remodeling in the context 

of the recent finding that R7BP RGS9-2 complexes are enriched in postsynaptic densities of 

excitatory striatal synapses (92).    Formidable body of evidence implicates dynamic regulation of 

postsynaptic density components as a central mechanism underlying plasticity of synaptic 

communication between neurons (reviewed in 200). Studies in mice have shown that both 

elimination and overexpression of RGS9-2 affect the sensitivity of the μ-opioid and D2 dopamine 

receptor signaling and influence movement control and reward processing, two highly adaptable 

functions of the striatum. Here, we report that fluctuations in RGS9-2 levels result in an 

unexpected molecular consequence: change in the targeting of RGS7 Gβ5 R7BP GAP complex 

to the postsynaptic density. It is tempting to speculate that these changes in subunit composition 

and localization of the major G protein signaling regulator in the region underlie activity 

dependent modulation of the opioid and dopamine systems in striatal neurons and thus could be 

viewed as a molecular substrate of synaptic plasticity. Indeed, levels of RGS9-2 expression has 
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been reported to be sensitive to a number of manipulations that alter opioid and dopamine 

signaling in the region (27, 28, 138, 161) and are therefore expected to cause remodeling of RGS 

complexes. In this light, it appears noteworthy that major determinants of various forms of 

neuronal plasticity such as Ca2+ influx (201) and oxygen deprivation (202) also regulate 

homeostasis of R7 RGS complexes. Furthermore, alterations in the activity of proteolytic 

machinery have been implicated as the earliest and most rapid mechanism utilized in neurons as a 

part of the biochemical and structural remodeling that occurs in response to changes in synaptic 

activity. Both the ubiquitin-proteasome system (203) and lysosomal autophagy (204) pathways 

have been shown to play a key role in the rapid synaptic remodeling that is observed with 

ischemic tolerance. A connection to the lysosomal degradation mechanisms is particularly 

intriguing because degradation of RGS9-2 Gβ5 dissociated from R7BP was shown to be 

mediated by cysteine proteases, major proteolytic enzymes of the lysosomes (92).  

Finally, we would like to discuss potential consequences of the described R7 RGS 

complex remodeling on striatal signaling the extreme case of which is observed in RGS9 

knockout mice where all of R7BP is re-coupled to RGS7. First, re-localization of RGS7 to the 

postsynaptic sites is expected to reduce its regulatory influence on the G proteins located at the 

intracellular sites.  Secondly, binding of R7BP to RGS7 Gβ5 has been shown to negatively affect 

the capacity of the RGS7 Gβ5 dimer to dampen Gαq mediated signaling (82) suggesting that the 

remodeling would also lead to an enhancement in Gαq signaling events.  Third, it has been 

demonstrated that RGS9-2 and RGS7 proteins differ in their substrate selectivity for members of 

the Gi/o family of proteins with RGS9 being more potent than RGS7 in regulating GTPase 

activity of Gαi (34). This is expected to lead to the selective reduction in regulation of the Gαi 

mediated signaling pathways at the postsynaptic density. Taken together, the R7 RGS complex 

remodeling upon decrease in RGS9-2 concentration suggests that global changes in G protein 

inactivation specificity would occur, rather than a simple decrease in RGS9-2 specific GAP 

activity in the striatum. These global changes in signaling events may in fact play in RGS9 

knockout mice, where increased behavioral responses to the stimulation of  μ-opioid and D2 

dopamine receptors (27, 28, 205) might stem from the global remodeling rather than  simple loss 

of RGS9-2’s GAP activity. This model and its role in the sensitization of μ-opioid and D2 

dopamine receptors observed in RGS9-2 knockout mice therefore requires further investigation.  

It is clear however, that changes in multiple signaling pathways beyond that normally controlled 

by RGS9-2 alone occurs upon its elimination, providing additional complexity to the molecular 
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mechanisms that determine basal ganglia responses to the action of psycostimulants and addictive 

drugs. 
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In the striatum, signaling via G protein-coupled dopamine receptors mediates motor and 

reward behavior, and underlies the effects of addictive drugs. The extent of receptor responses is 

determined by RGS9-2 Gβ5 complexes, a striatally-enriched regulator that limits the lifetime of 

activated G proteins. Recent studies suggest that the function of RGS9-2 Gβ5 is controlled by the 

association with an additional subunit, R7BP, making elucidation of its contribution to striatal 

signaling essential for understanding molecular mechanisms of behaviors mediated by the 

striatum.  

In this study we report that elimination of R7BP in mice results in motor coordination 

deficits and greater locomotor response to morphine administration consistent with the essential 

role played by R7BP in maintaining RGS9-2 expression in the striatum. However, in contrast to 

previously reported observations with RGS9-2 knockouts, mice lacking R7BP do not exhibit 

higher sensitivity to locomotor-stimulating effects of cocaine. Using a striatum-specific 

knockdown approach, we demonstrate that the sensitivity of motor stimulation to cocaine is 

instead dependent on RGS7, whose complex formation with R7BP is dictated by RGS9-2 

expression. These results indicate that dopamine signaling in the striatum is controlled by 

concerted interplay between two RGS proteins, RGS7 and RGS9-2, which are balanced by a 

common subunit, R7BP.  

♦ Introduction 

Dopamine signaling in the striatum plays an essential role in controlling movement and 

reward processing (206, 207). Dopamine acts on two classes of G protein coupled receptors 

(GPCR) which are differentially expressed in distinct populations of striatal neurons. While Golf-

coupled D1 receptors are mainly expressed on striatonigral (“direct”) medium spiny neurons, Gi/o-

coupled D2 receptors are enriched in striatopallidal (“indirect”) neurons (reviewed in (208). It is 

commonly accepted that balancing of signaling via these dopamine receptors is essential for the 

striatal control of movement and reward (209, 210). At a molecular level, the extent of dopamine 

action is controlled both pre-synaptically via regulating the rate of the dopamine release and re-

uptake, and post-synaptically by regulating the lifetime of receptor activity. Both of these 

mechanisms contribute essentially to normal dopamine signaling homeostasis (5) and their 

dysregulation has been implicated in a range of disorders including Parkinson’s and Huntington’s 

diseases, schizophrenia and drug addiction (211, 212).  
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Regulator of G protein Signaling (RGS) proteins are powerful negative regulators of 

GPCR responses that act to accelerate the inactivation of G protein α subunits, thereby 

controlling the duration of receptor signaling (23, 149). A member of the RGS family, RGS9-2, is 

selectively enriched in the striatum where it has been linked to the regulation of D2 receptor 

activity (27, 111, 137). Mice lacking RGS9-2 develop motor coordination deficits (135) and show 

enhanced locomotor responses to the administration of psychostimulants and opioids (27, 28, 

111). Furthermore, inactivation of RGS9-2 in mice (111) has been reported to exacerbate the 

development of haloperidol-induced tardive dyskinesia, whereas its over-expression in rats and 

primates (136) substantially reduced L-dopa induced involuntary movements in Parkinsonian 

models. Together, these and other observations (see (213) for a comprehensive review) firmly 

establish RGS9-2 in the control of striatal dopamine signaling. However, details linking these 

behavioral observations to RGS9-2 function at the molecular level have been very limited.  

RGS9-2 forms as a constitutive complex with the type 5 G protein β subunit (Gβ5) 

(reviewed in 73), and knockout of Gβ5 in mice leads to the elimination of detectable RGS9-2 

(79). More recently, a third subunit in the complex was identified, the membrane anchor R7 

Binding Protein (R7BP) (76, 93) which further controls the proteolytic stability of RGS9-2 Gβ5 

complex and targets it to postsynaptic sites (92). In addition to RGS9-2, both Gβ5 and R7BP in 

the striatum form complexes with another equally abundant RGS9-2-like protein, RGS7 (214). 

RGS9-2 Gβ5 and RGS7 Gβ5 are coupled to R7BP in a dynamic fashion and changes in RGS9-2 

levels (e.g. as seen in RGS9 knockout mice) dramatically affect RGS7 Gβ5 localization. The 

behavioral implications of this complexity in subunit organization of RGS complexes are 

unknown however, largely due to the lack of functional understanding of the role of R7BP and 

RGS7 in the basal ganglia.   

In this study, we report that elimination of R7BP results in motor coordination deficits 

and increase in sensitivity to locomotor-stimulating effects of morphine, consistent with the 

essential role of R7BP in maintaining RGS9-2 expression in the striatum. However, in contrast to 

previously reported observations with RGS9-2 knockouts, the motor responses of mice lacking 

R7BP to acute or chronic administration of cocaine were indistinguishable from their wild-type 

littermates. Using a striatum-specific knockdown approach, we demonstrate that the sensitivity of 

locomotor responses to cocaine is instead dependent on the expression of RGS7. These results 

suggest that dopamine signaling in the striatum is controlled by concerted interplay between two 

RGS proteins, RGS7 and RGS9-2, and balanced by a common subunit, R7BP.   
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♦ Materials and Methods 

Animals 

All studies were carried out in accordance with the National Institute of Health guidelines and 

were granted formal approval by the Institutional Animal Care and Use Committee of the 

University of Minnesota. The generation of R7BP knockouts (R7BP-/-) was described earlier (92). 

The line was out-bred onto the C57BL/6J background for 5 generations. All animals used for 

comparison of R7BP-/- and R7BP+/+ genotypes were littermates derived from heterozygous 

breeding pairs. Viral rescue studies were done with R7BP-/- mice derived from homozygous 

R7BP-/- breeding pairs. Striatal knockdown studies for RGS7 were done with C57BL/6J mice 

purchased from Charles River and bred in house. Mice were housed in groups on a 12h light/dark 

cycle with food and water available ad libitum. Only males 2-4 month of age were used.      

 

Accelerating rotarod test  

Motor coordination was measured by performance on an accelerating rotarod device equipped 

with drums sized for mice (IITC Life Science). Littermate mice were habituated in the test room 

for an hour before the testing. Three trials were performed per day over 3 days for a total of nine 

trials for each animal. After placing a mouse on the rod, it was accelerated from 4 to 27 rpm in 5 

min. The endurance of mice on the rotarod was measured by time to fall to the floor of the 

apparatus, or to turn around one full revolution while hanging onto the drum.  

 

Open field locomotor activity test 

Littermate mice were habituated to the test room environment for 1 h before testing. Activity 

studies were performed in Plexiglas chamber (ENV-515; 170 W×170 L ×120 H; Med Associates, 

Inc., St. Albans, VT, USA) as described previously (215). Briefly, a mouse was placed in the 

center of the open field arena and allowed to freely move for 60 or 180 min while being tracked 

by an automated tracking system consisting of three 16 beam infrared arrays, the data from which 

were analyzed by Open Field Activity software (Med Associates, Inc.). Infrared beam break data 

was collected in 5 min bins and used to extract ambulatory activity (crossing 4 beams within 500 

ms), and distance traveled.  Beam break activity in the absence of consecutive crossing of beams 

was defined as steretotypic movements. Thigmotaxis (wall hugging) for each subject was 

determined by dividing the distance traveled in the 7.5-cm wide perimeter of the environment by 

the total distance traveled during the 180-min session. The number of entries in the central area of 

the open field (total area minus outer perimeter) was also measured. In studies measuring the 
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dose-dependence effects of the drugs on the locomotor activity, mice were injected 

subcutaneously with saline or increasing doses of morphine or cocaine (1 mg/kg, 5 mg/kg, 10 

mg/kg, and 20 mg/kg) freshly dissolved in saline with a 3-d interval between the injections. For 

cocaine sensitization studies, mice were injected intraperitonealy daily: first with saline for three 

days, followed by 10 mg/kg cocaine for 5 consecutive days. Animal activity was measured 

immediately upon the injection and recorded for 60 (cocaine) or 180 (morphine) min.    

 

RNA Interference and generation of recombinant lentiviruses 

RGS7 expression was down-regulated by short interfering RNA duplexes similarly as described 

before for R7BP (50). Target regions in RGS7 were identified and miR RNAi sequences were 

designed by BLOCK-iT RNAi Designer Program (Invitrogen).  RNAi molecules were generated 

by targeting the 427-447 coding region of the RGS7 gene (RNAi 427, sequence 

CTAGAGCTAGCAGATTATGAA).  Synthetic double stranded oligonucleotides corresponding 

to the designed RNAi was cloned into the pcDNA6.2GW/EmGFP vector in the middle of the 

micro RNA 155 (miR155) sequence supplied as a part of the BLOCK-iT Lentiviral Pol II miR 

RNAi expression system kit (Invitrogen). In the pcDNA6.2GW/EmGFP vector, the chimeric 

miR155-RGS7 sequence is located under the control of the cytomegalovirus promoter co-

cistronically with EmGFP. Upon processing in the cells by the endogenous machinery, the 

construct is used to produce anti-RGS7 RNA duplex (miRNA-αRGS7). The control construct 

(miRNA-CTR) was created by cloning a scrambled sequence AAATGTACTGCGCGTGGAGAC 

into the miR155 environment identically as described for miRNA-αRGS7. The expression 

cassette was transferred to the lentiviral shuttle vector pLenti6/V5-DEST vector (Invitrogen) by 

Gateway recombination following the kit instructions.  

For the generation of infectious lentiviral particles, pLenti6/V5-DEST vectors containing 

miRNA-αRGS7 or miRNA-CTR cassettes were co-transfected with the packaging plasmid 

mixture (kindly provided by Prof. Didier Trono of the Universite de Geneve): pRSV-Rev, 

pMDLg/pRRE, and pMD2.G into 293T cells using Lipofectamine 2000 (Invitrogen). Fifteen T75 

flasks were used to produce each batch of lentivirus. Virus containing media was collected 60–65 

h after transfection, filtered through a 0.45-µm filter (Millipore), and viral particles were enriched 

by passing through a 500 kDa MidiKros hollow fiber column (Spectrum Labs) until the retentate 

volume was reduced to approximately 20-25 ml of media. Viral particles were further 

concentrated as described (156) with some modifications. Virus-containing supernatants were 

carefully loaded on 60% OptiPrep (Sigma) cushion (150–200 µl) in 30-ml conical-bottomed 
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polyallomer centrifuge tubes (Beckman) and centrifuged at 20,000 x g for 2.5 h at 4 °C using a 

swinging bucket rotor SW-28 (Beckman). The medium just above the media/OptiPrep interface 

was carefully removed and discarded. The residual medium containing OptiPrep and viruses (

200 µl each tube) were resuspended by gentle pipetting, aliquoted and stored at -80 °C until use.   

Infectious titers of viruses were determined by Lenti-X qRT-PCR Titration Kit 

(Clontech). Our preparations of concentrated lentiviral stocks consistently yielded titers of 1-3 x 

1012 viral copies/ml.  The titers of all viral stocks were equalized by adjusting the concentration of 

viral particles to 1 x 1012/ml.  

 

Cell culture and gene transfer 

293T cells were obtained from ATCC and cultured at 37°C and 5% CO2 in DMEM supplemented 

with antibiotics, 10% fetal bovine serum, 1 mM sodium pyruvate, and 1X non-essential amino 

acids (Invitrogen). Cells were transfected at 70% confluency, using Lipofectamine 2000 

(Invitrogen) according to the manufacturer's protocol. The ratio of Lipofectamine to DNA used 

was 4 µl:2.5 µg/4 cm2 of cell surface. The cells were grown for 24–48 h post-transfection, washed 

with PBS, lysed in SDS sample buffer (62 mM Tris, 10% glycerol, 2%SDS, 5% β-

mercaptoethanol) and analyzed by 4–20% PAGE (Cambrex).   

Primary cultures of striatal neurons were essentially prepared as described previously 

(50).  The cultures were transduced by lentiviral constructs on day 4 in vitro by adding specified 

amounts of high-titer lentiviral stocks and the media was substituted on day 7.  On day 14, cells 

were washed with PBS, and lysed in SDS sample buffer.  

 

Preparation of striatal tissue extracts, immunoprecipitation, and Western blotting   

The whole brain from 25 day old C57/BL6 mice was quickly removed and placed in an ice-cold 

slicing solution containing 85mM NaCl, 2.5mM KCl, 4mM MgCl2, 1mM NaH2PO4, 25mM 

NaHCO3, 25mM glucose, and 75mM sucrose (all from Sigma, St. Louis, MO) pH=7.4. Coronal 

slices were prepared 300 μm in thickness using a Vibratome 3000 Plus sectioning system 

(Vibratome, St Louis, MO). Striatal tissue was then isolated corresponding to viral type injection 

and directly frozen in liquid N2. Cellular lysates were prepared by homogenizing the isolated 

striatal tissue by sonication in immunoprecipitation (IP) buffer (1X PBS, 150 mM NaCl, 1% 

Triton X-100, Complete (Roche) protease inhibitors) followed by 15 minute centrifugation at 

14,000 x g. The resulting extract was used for protein concentration determination by BCA assay 

(Pierce, Rockford, IL). Immunoprecipitation of R7BP was performed using 2 µg of sheep anti-
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R7BP NT antibody, 10 µl of protein G beads (GE Healthcare, Little Chalfont, UK), added to the 

extracts. The mixtures were incubated for 1 hour, washed three times with IP buffer, and proteins 

bound to the beads were eluted with SDS sample buffer. Samples were resolved on SDS-PAGE 

gel, transferred onto PVDF membrane and subjected to Western blot analysis using HRP 

conjugated secondary antibodies and ECL West Pico (Pierce) detection system.   

Analysis was performed using sheep anti-RGS9-2 CT (76), rabbit anti-RGS7 (7RC1), rabbit anti-

R7BP antibodies (generously provided by William Simonds, National Institute of Diabetes and 

Digestive and Kidney Diseases, National Institutes of Health), and mouse monoclonal anti-β-

actin (clone AC-15) antibodies purchased from Sigma.  

 

Immunohistochemistry 

Immunohistochemical detection of R7BP protein in striatal sections was performed following 

transcardiac perfusion of mice with 4% paraformaldehyde in 0.1 M sodium phosphate buffer 

(pH=7.4). Brains were cryoprotected with 30% sucrose in PBS for 2 days at 4ºC, and embedded 

in Tissue-Tek OCT compound (Sakura Finetek).  Embedded brains were frozen on dry ice, and 

40 micrometer frozen sections were obtained by cryostat (Leica). Sections were blocked in PT1 

(PBS with 0.1% Triton X-100 and 10% goat serum) for 1 hour and incubated with 1:500 dilution 

of primary rabbit anti-R7BP (TRS) antibody (generously provided by William Simonds, National 

Institute of Diabetes and Digestive and Kidney Diseases, National Institutes of Health) in PT2 

(PBS with 0.1% Triton X-100 and 2% goat serum) for 1 hour, washed four times for 5 minutes in 

PT2, and incubated with fluorophore-conjugated secondary antibodies (goat anti-rabbit Alexa 

546, 1:1000) in PT2 for 1 h. Sections were washed three times for 5 minutes in PT2 and mounted 

in Mounting Medium (Pierce). Images were taken by an Olympus Fluoview 1000 confocal 

microscope.  

 

Stereotaxic injections 

The development of the method for the regional delivery of substances to the brains of embryonic 

and neonatal mice is described in detail in a separate publication (Davidson et. al, Brain Research, 

in press). Briefly, five-day-old mice were anaesthetized with ice-induced hypothermia, and 

concentrated lentivirus at a titer of 1x1012 copies/ml was bilaterally injected into the striatum at 

four depth locations per hemisphere with the tip of the microinjection pipette  advanced to the 

deepest (ventral) position for the first injection; additional injections were made every 0.3 mm 

while withdrawing the injection needle. The coordinates for each bilateral injection from Bregma 
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were: anterior 0.35 mm, mediolateral 1.75 mm, at dorsoventral depths of 3.1, 2.8, 2.5, and 

2.2 mm. For animals used for behavior analysis, 90 nl of virus was injected at each depth point 

and the same virus was delivered bilaterally. For verification of protein expression or knockdown, 

600 nL of virus was used at each depth point and each animal received both control and 

experimental viruses on different sides. We used an electrode manipulator stand with a 3-axis 

manipulator and an attached microinjection unit (Model 1449 Electrode Manipulator Stand, 

Model 1460-61 Electrode Manipulator, and Model 5000 Microinjection Unit; David Kopf 

Instruments, Tejunga, CA). A 5 μL manual syringe (Model 95, Hamilton, Reno, NV) was fitted 

to the Microinjection Unit. Pipette tips were pulled from thin walled borosilicate glass capillary 

tubes (with filament) with an outer diameter of 1.0 mm and inner diameter of 0.76 mm. Pipettes 

were backfilled with light mineral oil and then forward filled with concentrated lentiviruses or 4% 

Fluorogold (Fluorochrome, LLC, Denver, CO) for visualization of injection site.  All injections 

were done with the aid of a dissecting microscope.  Anatomical borders in the perinatal mouse 

brain were determined with the assistance of the Atlas of the Developing Mouse Brain (216).  

 

Statistical analysis  

Data were analyzed by statistics suite of SigmaPlot v. 11 software package. Two-way analysis of 

variance (ANOVA) was conducted on all of the experimental data using genotype and session 

number as grouping factors. Dunnet’s and Tukey’s posthoc tests were employed for individual 

pair wise comparisons. Biochemical data were evaluated by Student’s t-test. All data are reported 

as means with SEM values.   
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♦ Results 

Knockout of R7BP does not alter basal behavioral responses of mice. 

Mice with constitutive disruption of the R7BP gene (R7BP-/-) were born in accordance to 

normal Mendelian inheritance patterns, had overall appearance indistinguishable from their wild-

type littermates, were fertile, and exhibited normal development. By age 2-4 months, adult R7BP-

/- mice reach normal body weights (27.21±0.96 g male and 21.56±0.62 g female) compared to 

their wild-type R7BP+/+ littermates (27.12±0.96 g male and 21.54±0.47 g female).  Analysis of 

R7BP-/- behavior in the open field test revealed normal baseline ambulatory activities both in 

terms of total distance traveled during the assay (Figure 5.1B) and average movement velocities 

(Figure 5.1C). As compared to their wild-type littermates, R7BP-/- mice exhibited the same level 

of heightened exploratory behavior when introduced into the novel environment of the chamber. 

Both genotypes also showed indistinguishable habituation behavior, reducing their locomotor 

activities 5-6 fold during the first two hours (Figure 5.1A). Similarly, R7BP-/- mice were 

indistinguishable from their wild-type littermates for their repetitive (Figure 5.1 D, E) and 

anxiety-related (Figure 5.1 F, G) behaviors.  In summary, these experiments demonstrate overall 

preservation of basal behavioral responses in R7BP-/- mice.    

Loss of R7BP in the striatum leads to motor coordination deficits. 

Consistent with the severe reduction in the levels of RGS9-2 in the striatum upon the loss 

of R7BP (92), evaluation of R7BP-/- mice in the accelerated rotarod test revealed their substantial 

deficiencies in gross motor coordination (Figure 5.2). Indeed, during three days of training, 

R7BP-/- mice showed consistently lower performance reflected by the shorter durations of 

balancing on the rotating drum (Figure 5.2A). Analysis of the data by two-way ANOVA 

indicated statistically significant effects of genotype (Figure 5.2B; F(1,180)=23.955,p<0.001) and 

trial number (not shown; F(8,180)=20.601, p<0.001). Post-hoc pair-wise comparison of animals 

grouped by trial day (Figure 5.2C) showed that while prominent upon later trials, the genotype 

differences in animal performance upon initial trials was absent, suggesting that slower rates of 

motor learning might underlie deficiencies of R7BP-/- mice in the rotarod test.  

Similar motor coordination deficits are also observed upon elimination of R7BP’s 

binding partner, RGS9-2 (135), which is selectively enriched in the striatum (reviewed by (213). 

Because R7BP was reported to be broadly expressed in the central nervous system, including 

regions outside of the striatum (76, 100) that are also implicated in controlling motor coordination  
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Figure 5.1:  Baseline behavioral characteristics are unaltered upon the genetic elimination of R7BP.  R7BP 
knockout (R7BP-/-) mice (n = 9) and Wild-type (R7BP+/+, WT) litter mates (n = 5) were placed in locomotor open field 
test chamber for 3 h and analyzed for the behavioral traits. (A) Distance traveled per 5 min interval was plotted over the 
3 h evaluation period, or used to calculate cumulative total distance traveled (B). Quantification and one-way ANOVA 
reveals that travel velocity (C), stereotypy counts (D), vertical jumps (E), thigmotaxis (F), and central zone entries (G) 
between R7BP-/- and R7BP+/+ littermates were all statistically insignificant. 
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Figure 5.2:  R7BP-/- mice show deficits in motor coordination.  (A) R7BP-/- mice (n = 14) and WT (n = 8) were 
analyzed using an accelerated rotarod test over the course of 3 trials/d, for 3 d totaling 9 trials. A two-way ANOVA 
(trial by genotype) revealed a significant effect of genotype (F(1,180) = 23.96, p < 0.001), and a significant effect of trial 
(F(8,180) = 20.601, p < 0.001).  (B) Calculated mean latencies to fall off the rotarod across all trials were 178 ± 8 
(R7BP+/+) and 130 ± 6 (R7BP-/-).   (C) The mean latency to fall off the rotarod for the 3 trials for each day revealed a 
significant difference between genotypes on days 2 (p<0.01) and 3 (p<0.05).  
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(e.g. cerebellum), we next addressed the specific contribution of striatal R7BP to the observed 

phenotype. This was achieved by selective expression of R7BP in the dorsal striatum of R7BP-/- 

mice by lentiviral gene transfer in neonatal mice. Before proceeding with the lentiviral 

manipulations in multiple mice to be used for behavioral experiment, control experiments 

evaluating the efficiency of the approach have been conducted with a few animals. Following 

confirmation of selective targeting of the striatal regions in neonatal mice by Fluorogold 

injections, test R7BP-/- mice received unilateral injections of lentiviral particles driving the 

expression of R7BP into the dorsal striatum (Figure 5.3A). The contra-lateral sides of the same 

animals were injected with the control virus expressing the unrelated LacZ gene. When mice 

reached maturity, their striatal regions within the injection plane were collected and analyzed for 

the expression of proteins of interest. Data presented in Figure 5.3B revealed significant 

restoration of R7BP expression in R7BP-/- mice driven by lentiviral gene transfer. Consistent with 

earlier findings (50, 92), lentiviral expression of R7BP resulted in the selective up-regulation of 

the RGS9-2, but not RGS7 levels presumably due to the increased proteolytic protection of the 

complex. Furthermore, lentiviral expressed R7BP co-precipitated with RGS9-2, and to a lesser 

extent with RGS7, an indication of its functional status.   

Having confirmed the effectiveness of the manipulations, for subsequent behavioral 

studies neonatal mice were injected bilaterally (Figure 5.3A). The mice were tested two months 

after the injection at which point the expression of R7BP in the striatum was verified 

immunohistochemically (Figure 5.3C). Data presented in Figure 5.3D and Figure 5.3E illustrate 

that selective restoration of R7BP expression in the striatum leads to a substantial improvement of 

mouse performance in the rotarod test. Two-way ANOVA analysis (trial by virus) revealed a 

significant increase in fall latencies upon R7BP restoration into the striatum (F(1,125) = 16.41, p < 

0.001), and a significant effect of trial (F(8,125) = 9.62, p < 0.001) These data suggest that the 

motor coordination deficits observed in R7BP knockout mice are likely explained by the de-

regulation of RGS9-2 function in the striatum.  

 

Elimination of R7BP does not alter locomotor responses to cocaine administration  

In addition to motor coordination deficits, mice lacking RGS9-2 have been reported to 

develop hypersensitivity to the administration of drugs that increase synaptic dopamine 

concentration such as amphetamine, cocaine and morphine (27, 28, 111). We have therefore 

evaluated how elimination of R7BP affects locomotor responses of mice to psychostimulant 

administration. Both R7BP-/- and R7BP+/+ littermates demonstrated progressively greater 
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Figure 5.3:  Lentiviral expression of R7BP in dorsal striatum improves the performance of R7BP-/- in rotarod 
task. (A) Strategy for lentivirus mediated protein expression in vivo.  Shown schematic illustrates location of lentiviral 
construct (R7BP or LacZ) unilateral injection sites at 4 depth points (3.1, 2.8, 2.5, and 2.2 mm) of 5-day old R7BP-/- 
mice.  Each side of the brain received four 600 nL injections with either R7BP or control LacZ lentivirus within the 
striatum.  (B) Verification of lentiviral mediated R7BP expression in adult R7BP-/- mice.  Left, at post natal day 25, 
brains were sectioned at 300 μm thickness, and LacZ/R7BP lentivirus injected striatum was isolated.  Tissue sections 
were solubilized with 1% Triton X-100 containing buffer, lysates containing 10 μg of total protein were separated on 
12.5% PAGE, and subjected to Western blotting with the indicated antibodies. Shown is maximal expression of R7BP 
detected within the isolated sections. Maximal R7BP mediated lentiviral expression in R7BP-/- mice was estimated to 
be ~30% of the corresponding levels in R7BP+/+ mice using quantitative densitometry analysis with ImageJ software 
package. Right, Western blot analysis of proteins immunoprecipitated from the total lysates by 2 μg of anti-R7BP 
antibodies. (C) Verification of R7BP expression around injection sites by immunostaining with anti-R7BP antibodies. 
R7BP-/- mice were injected with 90 nL of R7BP expressing lentivirus at each injection site, and sacrificed at 10-weeks. 
1-2 injection sites in a 40 μm brain slice were typically observed in one plane, with 2 injection sites shown.  (D) 
Performance of R7BP-/- mice bilaterally injected with either R7BP (n = 9) or LacZ (n = 5) expressing lentiviruses (90 
nL per injections site) in rotarod test. ANOVA analysis revealed a significant increase in fall latencies upon R7BP 
restoration into the striatum (F(1,125) = 16.41, p < 0.001) as well as a significant effect of trial (F(8,125) = 9.62, p < 0.001) 
(E). Mean latency to fall off the rotarod across all trials. Values are: 106 ± 11 seconds for LacZ injected mice and 153 ± 
9 seconds for mice injected with R7BP expressing virus.           
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 responses to increasing doses of cocaine (Figure 5.4A; F(4,80)=23.128, p<0.001). However, no 

statistically significant differences in locomotor activities were observed between genotypes at 

any concentration of the tested drug (two way ANOVA: F(1,80)=3.248, p=0.075). Similarly, 

repetitive administration of the same cocaine concentration caused pronounced sensitization of 

mice to the drug, yet no differences in the extent of the responses were observed (Figure 5.4B). 

Two-way ANOVA revealed that a significant effect of trial number (F(7,211)=13.382, p<0.001) 

with no effect of genotype (F(1,211)=0.3023, p=0.858). Because morphine, in addition to increasing 

dopamine levels via pre-synaptic mechanisms, can also affect signaling in striatal neurons 

directly by acting at μ-opioid receptors (reviewed in (217), we have additionally compared 

locomotor responses of mice to morphine (Figure 5.5). R7BP-/- mice robustly responded to the 

administration of 5 mg/kg of morphine, a dose that failed to elicit a response in wild- type 

littermates. A significant difference in sensitivity remained apparent at the higher dose of 10 

mg/kg, while no differences was observed at the maximal concentration used (20 mg/kg). These 

data suggest that like RGS9-2 deficient mice, R7BP-/- mice show increased sensitivity to the 

administration of morphine, however unlike RGS9-/- mice, R7BP-/- mice do not have altered 

responses to the locomotor stimulating effects of cocaine.  

 

Striatal RGS7 plays an essential role in controlling cocaine locomotor sensitization  

Since RGS9 deficient mice demonstrate increased cocaine sensitivity (27), the lack of the effect 

of R7BP ablation observed in this study is unexpected since the levels of RGS9 in striatum of 

R7BP-/- mice are severely reduced and mice exhibit similar coordination deficits in rotarod test. 

However, in addition to RGS9-2, striatal R7BP also binds to RGS7, and the abundance of RGS7-

R7BP complexes is determined by RGS9-2 concentration (214). This prompted us to evaluate the 

contribution of striatal RGS7 to determining the sensitivity of cocaine action on locomotor 

activity. Our strategy was to analyze behavioral responses of mice with selective reduction in 

RGS7 expression in the striatum. We first screened for synthetic micro-RNA constructs identified 

sequences that could effectively knock down RGS7 expression in transfected cell lines, and the 

construct that showed the highest efficiency (miR-427) was used to generate a recombinant 

lentivirus.  As with the lentiviral rescue of R7BP, effectiveness of RGS7 knockdown virus was 

also tested at the in vivo level (Figure 5.6A, B). Given the large volume of the dorsal striatum and 

the expected confinement of knockdown effectiveness limited to the population of neurons 

around the site of injection, test experiments were performed with a larger amount of the viruses 

than normally used for the behavioral experiments (~6-fold increase). Furthermore, for the 
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Figure 5.4:  Locomotor stimulatory effects of cocaine administration are unaltered in R7BP-/- mice. (A) 
Locomotor activities of R7BP-/- (n=12) and their wild-type litermates (n= 6) in response to increasing dozes of cocaine 
administration. Mice were injected with saline or cocaine (1, 5, 10, 20 mg/kg) and their locomotor activity was 
measured for one hour. A two-way ANOVA (dose by genotype) revealed a significant effect of dose (F(4,80)=23.128, 
p<0.001) but no effect of genotype (F(1,80)=3.248, p=0.075). (B) Locomotor sensitization to repeated cocaine 
administration. Mice of both genotypes (n=18 for R7BP-/- and n=11 for R7BP+/+) were given daily injections of saline 
for 3 days (S1-3), followed by 5 daily injections of 10 mg/kg cocaine (C1-C5).  A two-way ANOVA (day by genotype) 
revealed a significant effect of trial number (F(7,211) = 13.38, p < 0.001) as both groups demonstrated higher locomotor 
activity with each additional cocaine injection (i.e., sensitization). However, there was no statistical difference between 
genotypes (F(1,211) = 0.30, p = 0.86). 
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Figure 5.5:  Increased sensitivity of R7BP-/- mice to locomotor stimulating effects of morphine.  Mice of both 
genotypes (n = 9 for R7BP-/- and n = 5 for R7BP+/+) were injected with increasing doses of morphine (1, 5, 10, 20 
mg/kg) and their locomotor activities were measured for 3 hours following the administration. Total distance traveled 
in locomotor chambers was plotted as bar graphs. A two-way ANOVA (dose x genotype) revealed both a significant 
effect of dose (F(4,60) = 71.99, p < 0.001), and a significant effect of genotype (F(1,60) = 14.37, p < 0.001). 
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 subsequent biochemical analysis, sections located only around the plane of viral injections were 

selected. As demonstrated in Figure 5.6A, unilateral injection of test mice with lentivirus 

targeting RGS7 resulted in approximately 35% down-regulation of RGS7 as compared to its 

expression in the contra-lateral side that received control virus (Figure 5.6A). Importantly, 

knockdown of RGS7 did not affect the expression of RGS9-2, R7BP (Figure 5.6A), or their 

complex formation as evidenced by co-immunoprecipitation experiments (Figure 5.6B). It is 

likely that the biochemical measures reflect an aggregate change in RGS7 concentration in the 

region. Based on the immunohistochemical data of the lentiviral mediated expression of R7BP 

(Figure 5.3C) we expect uneven changes in RGS7 concentration across the striatum where areas 

of high knockdown efficiency are intermingled with areas of intact RGS7 expression. Therefore, 

behavioral alterations caused by this genetic manipulation are likely to stem from the effects on 

the select striatal circuitries rather than global change in the function of the entire striatum.  

When injected bilaterally into mouse striatum, virus targeting RGS7, but not control 

virus, led to a dramatic increase in the sensitivity of the mice to the locomotor-sensitizing action 

of cocaine (Figure 5.6C). At the same time, no difference in the baseline (saline-injected) 

locomotion was recorded between animal groups. A two-way ANOVA analysis revealed a 

significant effect of trial (F(7,128) = 13.48, p < 0.001) as both groups demonstrated higher 

locomotor activity with each additional cocaine injection (i.e., sensitization) and a significant 

effect of genotype (F(1,125) = 28.67, p < 0.001). Evaluation of mice in the rotarod task revealed that 

knockdown of RGS7 did not negatively affect motor learning behavior (Figure 5.6D). The mean 

latency ± S.E.M. to fall off the rotarod across all trials were 175±6.5 (Control KD) and 194±5.8 

(RGS7 KD). Overall, these results suggest that RGS7 expression level in the striatum 

substantially contribute to determining the sensitivity of the reinforcing effects of cocaine. 
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Figure 5.6:  Knockdown of RGS7 in the striatum potentiates locomotor sensitization to cocaine. (A) Verification 
of lentivirus-mediated RGS7 knockdown in wild-type mice.  Wild-type C57BL/6J mice at postnatal day 5 were 
unilaterally injected (600 nL per injection site) with either miR-CTR control knockdown lentivirus or miR-αRGS7 
knockdown lentivirus into the striatum similarly as illustrated in Figure 5.3A. At post natal day 25, brains were 
sectioned at 300 μm thickness, and miR-αRGS7/miR-CTR lentivirus injected striatum was isolated.  Tissue sections 
were solubilized with 1% Triton X-100 containing IP buffer, 10 μg of total extracted protein was separated on 12.5% 
PAGE, and subjected to Western blot analysis with the indicated antibodies.  Shown is a representative maximal effect 
of RGS7 knockdown from one 300 μm section.  Quantification of protein change shown below was performed from 
three maximal RGS7 knockdown sections per brain, with two mice analyzed. Image analysis was performed by 
densitometry quantification using ImageJ software package. Analysis of the data by Student’s t-test, revealed a 
statistically significant difference between relative changes in RGS7 protein compared to β-actin (***, p < 0.001), and 
no difference (p>>0.05) in relative changes between RGS9-2 and R7BP protein compared to β-actin. (B) Western blot 
analysis of proteins immunoprecipitation by 2 μg of anti-R7BP antibody from the total lysates shown in panel (A).  
Densitometry quantification of proteins present in immunoprecipitated fractions are presented below. (C) Knockdown 
of RGS7 potentiates sensitization to cocaine.  Wild-type mice were bilaterally injected with either RGS7 knockdown 
(RGS7 KD) lentivirus (n = 10) or control knockdown (Control KD) lentivirus (n = 8) with 90 nL per injections site.  At 
8-weeks of age, animals were given daily injections of saline for 3 days (S1-3), followed by 5 daily injections of 10 
mg/kg cocaine (C1-5).  A two-way ANOVA (day by genotype) revealed a significant effect of day (F(7,128) = 13.48, p < 
0.001) as both groups demonstrated higher locomotor activity with each additional cocaine injection (i.e. sensitization).  
Injection of RGS7 KD viruse produced higher responses compared to the injection with control virus (F(1,125) = 28.67, p 
< 0.001) and a higher degree of sensitization as indicated by a statistically significant interaction between day and virus 
(F(7,128) = 2.42, p = 0.023). (D) RGS7 knockdown does not hamper motor learning performance as tested by rotarod 
test. A two-way ANOVA (trial by genotype) followed by Tukey’s test revealed a significant improvement in rotarod 
performance with RGS7 knockdown virus within the first 2 trials (p < 0.05), but no significant difference between the 
two viruses for the remaining trials. 
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♦ Discussion 

In this study, we describe an underlining complexity governing the regulation of 

dopamine-mediated signaling in the striatum by macromolecular complexes of two members of G 

protein signaling regulators: RGS7 and RGS9-2.  Previous studies have established an essential 

role of RGS9-2 as a negative regulator of D2 and μ-opioid receptor function by demonstrating 

that its elimination in mice leads to: (i) enhanced locomotor activity and reward behavior in 

response to drugs such as cocaine (27, 111), and morphine (28, 110), (ii) motor 

coordination/learning deficits (135), and (iii) an increased susceptibility to antipsychotic- (111) 

and L-DOPA- (136) induced tardive dyskinesia. Recent studies suggest that RGS9-2 does not 

function by itself but rather acts as a part of a macromolecular complex with its two subunits: 

Gβ5 and membrane anchor R7BP (see 213, 218, 219 for recent reviews). Association with both 

Gβ5 and R7BP is important for controlling proteolytic stability of RGS9-2 (50, 79) and hence 

determines its expression levels in the striatum (92). Binding to R7BP is also required for 

targeting of RGS9-2 to plasma membrane and postsynaptic density compartments of striatal 

neurons (92). In striatal neurons, R7BP is associated not only with RGS9-2 but also with a second 

RGS protein, RGS7. Furthermore, the extent of RGS7-R7BP coupling was found to be dictated 

by RGS9-2 concentration as both RGS proteins compete for R7BP binding (214).  

By characterizing R7BP-/- mice in this study, we sought to establish the physiological role 

of R7BP and its constituent RGS complexes in regulation of behaviors controlled by striatal 

signaling. We utilized behavioral paradigms of motor coordination/learning and locomotor 

responses to opiate and dopamine receptor stimulation that have proven to be useful for 

delineating RGS9-2 functions in the past. We found that mice lacking R7BP exhibit deficits in 

motor coordination similar to that previously reported for RGS9-/- mice (135), consistent with the 

dramatic reduction in the levels of RGS9-2 observed upon the elimination of R7BP (92). Since 

lentivirus-mediated restoration of R7BP specifically in the striatum was accompanied by partial 

rescue of RGS9-2 expression and led to a considerable improvement of mouse performance in 

rotarod task, we conclude that normal motor coordination requires concerted contributions of 

striatal RGS9-2 and R7BP.  

Interestingly, we find that deficits in motor coordination of R7BP-/- mice are not apparent 

upon initial trials but become pronounced when animals undergo several training sessions. Since 

cortico-striatal circuitry is becoming increasingly accepted as a substrate that mediates motor 

learning (220-222), these observations suggest that RGS9-2 R7BP complexes play an important 
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role in striatum-mediated motor learning. Similar, although more pronounced, deficits in striatal 

motor learning are observed upon elimination of NMDA receptor R1 subunit specifically in 

RGS9-2 expressing neurons (223) and upon perturbation of molecules known to modulate 

NMDAR function in the striatum such as Cdk5 (224) and PKA (225). Furthermore, motor 

coordination deficits are observed in several mouse models with altered dopamine signaling 

including knockout of the dopamine transporter (226), along with D1 (227) and D2 (228) receptor 

knockouts. Given that dopamine-mediated control of glutamate responses through NMDA 

receptors is altered in RGS9-/- mice (111) and that RGS9-2 has been found to be localized in the 

postsynaptic densities of spines (92) where it could physically interact with NMDA receptors via 

α-actinin 2 adapter (113), it seems plausible to suggest that RGS9-2 R7BP complexes are 

involved in modulation of dopamine signaling to the NMDAR that controls motor learning in the 

striatum.    

Evaluation of R7BP-/- mice for their locomotor responses to opioids and cocaine have 

revealed striking differences that help dissect the underlying complexity of G protein signaling in 

the striatum. We found that while elimination of R7BP resulted in a predicted increase in the 

sensitivity of mice to the locomotor effects of morphine (28, 110), their responses to cocaine 

administration remained unaltered, contrary to what is expected based on the severe reduction in 

RGS9-2 levels in R7BP-/- mice (92) and reports that RGS9-2 acts as a negative regulator of the 

D2 receptor signaling (27). The insights provided by these observations are two-fold. First, they 

suggest that the increased sensitivity to opioids and psychostimulants previously reported for 

RGS9-/- mice likely involves simultaneous alteration of μ-opioid and D2 dopamine receptor 

signaling regulation that appears to be differentially controlled by distinct R7BP-RGS complexes 

in the striatum. Second, they indicate that regulation of dopamine signaling sensitivity is dictated 

not merely by RGS9-2 concentrations but rather involves three-way balancing between RGS9-2, 

RGS7 and R7BP. Indeed, consistent with this idea, we find that manipulation of RGS7 levels in 

the striatum leads to profound changes in the locomotor responses of mice to cocaine 

administration. We have recently reported that both RGS9-2 and RGS7 are equally abundant in 

the striatum, yet they are unequally coupled to R7BP (214). While a high percentage of RGS9-2 

(~80%) is coupled to R7BP, only ~ 20% of RGS7 exists in such complexes. Further, we have 

found that a decrease in RGS9-2 concentration triggers remodeling of these complexes, which 

enhances RGS7 coupling to R7BP. The extreme case of such remodeling is observed in RGS9-/- 

mice where in the absence of RGS9-2, most of the striatal RGS7 is bound to R7BP, leading to a 

substantial change in its subcellular localization. Therefore, enhanced cocaine sensitivity reported 
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for RGS9-/- mice might involve alteration of RGS7 function and thus must be considered when 

interpreting molecular mechanisms underlying sensitivity to cocaine action.  

How can an increase in RGS7-R7BP coupling and decrease in RGS7 levels both lead to 

the same outcome of increased locomotor stimulation by cocaine? Mechanistically, we think this 

can be explained by the fact that both RNAi manipulation and increased coupling to R7BP 

observed in RGS9-/- mice leads to the reduction of free RGS7. At this time, the signaling 

pathways regulated by RGS7 in the striatum are unknown and it appears possible that alteration 

of its function could affect the sensitivity of psychostimulant action by modulating GPCRs 

distinct from the ones controlled by RGS9-2. Furthermore, the effects of R7BP on the ability of 

R7 RGS proteins to regulate GPCR signaling are far from being understood, and it is possible that 

R7BP might regulate RGS9-2 and RGS7 function very differently. It is equally possible that 

R7BP exerts differential effects on the same RGS protein depending on the specific GPCR 

involved. Indeed, R7BP has been shown to stimulate the activity of RGS7 on Gi/o-coupled 

muscarinic M2 receptor (93, 99) but was also found to inhibit the regulation of the Gq-coupled 

muscarinic M3 receptor (82). Finally, GAP activities of RGS9-2 and RGS7 differ in their 

potencies towards individual members of the Gi/o class of G proteins (34), and changes in RGS 

protein recruitment to postsynaptic sites is expected to alter both the extent and selectivity of 

GPCR regulation in the region. Therefore, future studies will need to establish GPCR specificity 

of RGS7 and RGS9-2 action in the striatum as well as the contribution of R7BP in establishing 

this selectivity.  

In summary, the results presented in this study for the first time implicates RGS7 in 

controlling the sensitivity of cocaine induced locomotor sensitization, describes the role of R7BP 

in controlling striatal motor functions, and provides evidence implicating interactions between 

two RGS proteins in control of dopamine signaling in the striatum.   
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Thesis Synopsis 

G protein-coupled receptor (GPCR) signaling pathways mediate the transmission of 

signals from the extracellular environment to the generation of cellular responses, a process that 

is critically important for neurons and neurotransmitter action. The ability to promptly respond to 

rapidly changing stimulation requires timely inactivation of G proteins, a process controlled by a 

family of specialized proteins known as regulators of G protein signaling (RGS). The R7 group of 

RGS proteins (R7 RGS) has received special attention due to their pivotal roles in the regulation 

of a range of crucial neuronal processes such as vision, motor control, reward behavior and 

nociception in mammals. Four proteins in this group: RGS6, RGS7, RGS9 and RGS11 share a 

common molecular organization of three modules: (i) the catalytic RGS domain, (ii) a GGL 

domain that recruits Gβ5, an outlying member of the G protein beta subunit family, and (iii) a 

DEP/DHEX domain that mediates interactions with the membrane anchor protein R7BP (R7 

family Binding Protein). 

One member of the R7 RGS family, RGS9-2 has been previously implicated as an 

essential modulator of signaling through neuronal dopamine and opioid G protein coupled 

receptors. These studies have shown that the abundance of RGS9-2 alters the sensitivity of these 

signaling pathways, which play a critical role in controlling the locomotor and reward systems in 

the striatal region of the brain.  RGS9-2 is specifically expressed in striatal neurons where it 

forms complexes with R7BP, which ultimately affects several critical properties of RGS9-2.  

First, it is this interaction with R7BP which is necessary for determining the subcellular targeting 

of RGS9-2, as in native neurons these complexes are found on the plasma membrane and in the 

specialized neuronal compartment of excitatory synapses, the postsynaptic density.  Upon the 

elimination of R7BP this localization patterning of RGS9-2 is lost.  Secondly, R7BP plays an 

important role in determining the proteolytic stability of RGS9-2. We have found that 

manipulation of R7BP expression levels both in striatal cultures and in vivo, correlates with a 

respective change in RGS9-2 expression. R7BP mediated alteration in RGS9-2 post-translational 

stability was implicated as the mechanism of action, as measurements of RGS9-2 degradation 

kinetics in cells indicates that R7BP markedly reduces the rate of RGS9-2 proteolysis. Analysis 

of the  molecular determinants that mediate R7BP RGS9-2 binding to result in this proteolytic 

protection mechanism, have identified that the binding site for R7BP in RGS proteins is formed 

by pairing of the DEP domain with the R7H domain (a domain of previously unknown function) 
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which interact with the four putative alpha helices of R7BP’s core. Further, we found that RGS9-

2 possesses specific degradation determinants not found in other R7 RGS proteins, which target it 

for constitutive destruction by lysosomal cysteine proteases, and that shielding of these 

determinants by R7BP controls RGS9-2 expression. These findings provide a mechanism for the 

selective regulation of RGS9-2 expression levels in striatal neurons amongst other R7 RGS 

proteins, allowing for the potential modulation of specific GPCR pathways controlled by RGS9-

2.  This mechanism is perhaps best observed during ontogenetic development, as changes in 

R7BP mRNA ultimately determine the  expression of RGS9-2 Gβ5 R7BP complexes at 

postsynaptic sites in unison with increased signaling demands at mature synapses.  

Since RGS9-2 is selectively dependent on R7BP for its localization and proteolytic 

stability, and other striatal R7 RGS proteins appear to be unaffected by manipulations in R7BP 

expression, we decided to further characterize how these R7 RGS containing complexes are 

organized.   We found that under normal conditions two equally abundant striatal R7 RGS 

proteins, RGS9-2 and RGS7, are unequally coupled to the R7BP subunit which is present in 

complex predominantly with RGS9-2 rather than with RGS7.  However, upon changes in 

neuronal activity the subunit composition of these complexes in the striatum undergoes rapid and 

extensive remodeling.  Changes in the neuronal excitability or oxygenation status resulting in 

extracellular calcium entry, uncouples RGS9-2 from R7BP, triggering its selective degradation. 

Concurrently, released R7BP binds to mainly intracellular RGS7 and recruits it to the plasma 

membrane and the postsynaptic density. These observations introduce activity dependent 

remodeling of R7 RGS complexes as a new molecular plasticity mechanism in striatal neurons 

and suggest a general model for achieving rapid posttranslational subunit rearrangement in multi-

subunit complexes.  

This remodeling process is best observed upon the genetic elimination of RGS9, which 

drives all available R7BP towards complex formation with RGS7.  Thus, by eliminating RGS9, 

not only is RGS9 controlled GPCR signaling pathways affected, but those controlled by RGS7 as 

well.  Considering reports using RGS9 knockout mice that have implicated the role of RGS9-2 in 

controlling G protein-coupled dopamine and opioid receptors that mediate motor and reward 

behavior, the question arises as to the role of modulation of RGS7 function in controlling these 

behaviors.  We addressed this question by analyzing R7BP knockout mice against the striatal 

mediated behaviors observed in RGS9 knockouts, namely motor coordination deficits, increased 

sensitivity to μ-opioid receptor stimulation, and enhanced locomotor affects upon the delivery of 

psychostimulants such as cocaine.  Since the function of RGS9-2 is controlled by its association 
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with R7BP, we would predict that the elimination of R7BP would lead to similar alterations in 

striatal physiology for RGS9 controlled pathways.  While at the same time, RGS7 would be 

largely unaffected by the elimination of R7BP, thus RGS7 controlled pathways would predictably 

remain unaltered.   Using this rationale, we report that elimination of R7BP in mice results in 

motor coordination deficits and greater locomotor response to morphine administration consistent 

with the essential role of RGS9 in controlling these behaviors and the critical role played by 

R7BP in maintaining RGS9-2 expression in the striatum. However, in contrast to previously 

reported observations with RGS9-2 knockouts, mice lacking R7BP do not exhibit higher 

sensitivity to locomotor-stimulating effects of cocaine, suggesting a role for RGS7 in controlling 

dopamine sensitivity.  Using a striatum-specific knockdown approach, we demonstrate that the 

sensitivity of motor stimulation to cocaine is indeed dependent on RGS7 function. These results 

indicate that dopamine signaling in the striatum is controlled by concerted interplay between two 

RGS proteins, RGS7 and RGS9-2, which are balanced by a common subunit, R7BP.  Thus, the 

molecular mechanisms controlling the extent of RGS9-2 coupling to R7BP can have a two-fold 

effect on R7 RGS proteins function: 1) Determining the expression level of RGS9-2 and 

subsequent control of RGS9-2 controlled pathways, and 2) Determining the extent of 

RGS7 R7BP coupling and the extent of RGS7 trafficking to plasma membrane and post-synaptic 

density sites.   

To fully understand these observations, the future directions of this work requires a 

greater understanding of the specificity of the GPCR pathways that R7 RGS proteins control, and 

the role of R7BP in determining this specificity.  It is clear however, that this study reveals an 

underlining complexity that needs to be considered when manipulating the protein expression 

level of one member of macro-molecular complexes.  The homologous protein family and their 

respective complex components as a whole can be subsequently affected, leading to alterations in 

their function as well as that of the intended target.  Therefore, the work presented in this 

dissertation serves as a reminder to the importance of why interpretation of genetic knockout data 

needs to be considered in this context. 
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