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Abstract

The striatum of the brain coordinates motor function. Dopamine-related drugs may be therapeutic 

to patients with striatal neurodegeneration, such as Huntington's disease (HD) and Parkinson's 

disease (PD), but these drugs have unwanted side effects. In addition to stimulating the release of 

norepinephrine, amphetamines, which are used for narcolepsy and hyperactivity disorder (ADHD), 

trigger dopamine release in the striatum. The GTPase Ras homolog-enriched in the striatum 

(Rhes) inhibits dopaminergic signaling in the striatum, is implicated in HD, and has a role in 

striatal motor control. We found that the guanine nucleotide exchange factor (GEF) RasGRP1 

inhibited Rhes-mediated control of striatal motor activity in mice. RasGRP1 stabilized Rhes, 

increasing its synaptic accumulation in cultured striatal neurons.. Whereas partially Rhes-deficient 

(Rhes+/−) mice had an enhanced locomotor response to amphetamine, this phenotype was 

attenuated by coincident depletion of RasGRP1. By proteomic analysis of striatal lysates from 

Rhes-heterozygous mice with wild-type or partial or complete knockout of Rasgrp1, we identified 

a diverse set of Rhes-interacting proteins, the “Rhesactome,” and determined that RasGRP1 

**This manuscript has been accepted for publication in Science Signaling. This version has not undergone final editing. Please refer to 
the complete version of record at http://www.sciencesignaling.org/. The manuscript may not be reproduced or used in any manner that 
does not fall within the fair use provisions of the Copyright Act without the prior, written permission of AAAS.
*To whom the correspondence should be addressed: Srinivasa Subramaniam, Department of Neuroscience. The Scripps Research 
Institute, Jupiter, Florida 33458. USA Tel: 561-228-2104; Fax: 561-228-2107; ssubrama@scripps.edu. 

Author contributions: N.S. designed, performed behavioral, biochemical experiments and all related data analysis and contributed to 
the bioinformatics analysis. S. Swarnkar carried out overexpression studies. V.G performed cyclohexamide experiments and 
genotyping the mice. J.M. and L.M.B. contributed to amphetamine behavioral work, P.M.-A. C.S.-T. carried out LCMS/MS and data 
analysis, B.P performed bioinformatics and related data analysis. K.K. contributed to statistical analysis and its validation. S. 
Subramaniam conceptualized the project and co-designed the experiments, and wrote the papers with the input from the co-authors.

Data and materials availability: The complete data set from the analysis of the “Rhesactome” (raw files, identification data and data 
analysis files) is available in the PeptideAtlas repository (http://www.peptideatlas.org/PASS/PASS00940) that can be downloaded via 
ftp://PASS00940:TF4767qx@ftp.peptideatlas.org/ .

HHS Public Access
Author manuscript
Sci Signal. Author manuscript; available in PMC 2016 December 07.

Published in final edited form as:
Sci Signal. ; 9(454): ra111. doi:10.1126/scisignal.aaf6670.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.sciencesignaling.org/
http://www.peptideatlas.org/PASS/PASS00940
ftp://PASS00940:TF4767qx@ftp.peptideatlas.org/


affected the composition of the amphetamine-induced Rhesactome, which included PDE2A 

(phosphodiesterase 2A, a protein associated with major depressive disorder), LRRC7 (leucine-rich 

repeat-containing 7, a protein associated with PD and ADHD), and DLG2 (disks large homolog 2, 

a protein associated with chronic pain). Thus, this Rhes network provides insight into striatal 

effects of amphetamine and may aid the development of strategies to treat various neurological 

and psychological disorders associated with the striatal dysfunction.

INTRODUCTION

The striatum serves as a central hub to regulate the motor, psychiatric, and cognitive 

functions of the brain (1). Dopamine, produced mainly from projection neurons in the 

substantia nigra pars reticulata (SNc), is believed to exert its primary actions in the medium-

spiny neurons (MSNs) of the striatum by acting on dopamine receptors (2). Glutamate (Glu), 

produced from projection neurons in the cortex acts through ionotropic [N-Methyl-D-

aspartate (NMDA) or α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) 

receptors. In addition to these, there are abundant acetylcholine and serotonergic inputs to 

MSNs, but how these different receptors coordinate as a microcircuit in the striatum, and 

how they promote motor-signaling, remains less well understood (3, 4). Dysregulation of 

dopamine signaling promotes movement disorders, such as dystonia, Huntington's disease 

(HD) and Parkinson's disease (PD). Whereas HD motor symptoms, characterized by 

hyperkinetic movements, occur due to the degeneration of MSNs, PD motor symptoms, such 

as lack of initiation of movements occurs due to degeneration of SNc neurons. Agents that 

prevent the degeneration of these neurons are currently not available. Dopamine-related 

drugs such as tetrabenazine and L-DOPA reduce hyperkinetic movement in HD and correct 

the hypokinetic movements in PD, respectively. However, prolonged administration of these 

drugs may elicit abnormal motor side effects (5, 6). Therefore, there is an urgent need to 

understand the dopaminergic-signaling mechanisms within the striatum, not only from a 

basic biology point of view, but also to help refine therapeutic agents to treat movement 

disorders.

Rhes is a guanosine triphosphatase (GTPase) that is highly abundant in the MSNs of the 

striatum (7), and we have previously discovered that it has a small-ubiquitin-like modifier 

(SUMO) E3 ligase activity and plays a crucial role in the pathogenesis of HD in cell culture 

and in mouse models (8-11), a finding also supported by several independent studies 

(12-17). Moreover, we found that Rhes binds to and activates the mammalian target of 

rapamycin (mTOR), in a GTP-dependent manner, which plays a crucial role in the 

generation of L-DOPA-induced dyskinesia in a PD pre-clinical mouse model (18), a finding 

recently confirmed by another study (19). Rhes knockout (KO) mice are fertile and have no 

obvious gross phenotype; however, they do exhibit enhanced behavioral responses to 

psychostimulants and dopamine receptor ligands compared to wild-type mice (20-23). For 

example, Rhes KO mice exhibit greater locomotion compared to wild-type mice in response 

to the dopamine D1 agonists SKF8127 or amphetamine (20, 24) and an increased catalepsy 

in response to the dopamine D2 antagonist haloperidol (23). Despite these studies, the 

mechanism that enables Rhes to exert such inhibitory effects on dopaminergic signaling in 

the striatum is not yet clear.
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RAS guanyl releasing protein 1 (RasGRP1, also known as CalDAG-GEFII) is a guanine-

nucleotide exchange factor (GEF) for H-Ras that activates extracellular-signal regulated 

kinase (ERK) (25-27). The Graybiel group found that RasGRP1 is highly expressed in the 

striatum and is strongly upregulated in a dyskinesia model of PD (27, 28). RasGRP1 is also 

expressed in hematopoietic cells and has been implicated in leukemia and lupus (29-33). 

Here, using a hypothesis-driven as well as a genetic, behavioral, and high-throughput 

approach, we investigated the role of RasGRP1 in the striatum and found that RasGRP1 

interacts with Rhes to regulate striatal control of motor functions.

RESULTS

RasGRP1 interacts with Rhes in the striatum

To identify potential regulators of Rhes, we tested whether co-transfection of the striatal-

enriched GEF, His-tagged RasGRP1, together with myc-tagged Rhes, could alter the mTOR 

and MEK-ERK signaling pathway in mouse striatal neuronal cells and human embryonic 

kidney 293 (HEK293) cells. We found that expression of His-RasGRP1 and myc-Rhes 

together promoted activation of mTOR and MEK-ERK signaling, compared to expression of 

either alone, as measured by Western blotting analysis of the phosphorylation of S6 and 

ERK, respectively, both in murine striatal and HEK293 cells (Fig. 1A). The protein 

abundance of myc-Rhes in cells coexpressing His-RasGRP1 was several-fold higher than 

that in cells transfected with myc-Rhes alone, suggesting that RasGRP1 might 

physiologically regulate the protein abundance of Rhes. To test this, we carried out Western 

blotting analysis of endogenous Rhes protein in striatal tissue from Rasgrp1−/− mice. Rhes 

physiologically exist in three different forms, the native −32 kDa, or modified or 

alternatively spliced −39 or −47 kDa forms, as seen in previous reports (8, 11, 34, 35). We 

found that the Rhes abundance was −25% significantly reduced in Rasgrp1−/− mice striatum 

compared to wild-type mice (Fig. 1B). These Rhes bands were absent in Rhes−/− mice 

striatum, as expected (Fig. 1B). We further confirmed that the −47 kDa higher mobility band 

(Fig. 1B) was indeed Rhes protein by immunoprecipitation (IP) and liquid chromatography-

mass spectroscopy (LC-MS/MS) analyses (fig. S1). A further reduction of Rhes was not 

apparent in heterozygous mice, the Rhes+/−/Rasgrp1−/− (fig. S2), suggesting that RasGRP1 

partially controls the stability of endogenous Rhes at or above a certain critical abundance or 

at a particular intracellular location in the striatum.

To look into these possibilities, we investigated whether RasGRP1 alters the half-life of 

myc-Rhes, using cyclohexamide (CHX) chase experiment. To our surprise, myc-Rhes is a 

very stable protein and its half-life seems to be beyond the 32-hour window analyzed (fig. 

S3). Whereas myc-Rhes abundance was expectedly enhanced by His-RasGRP1 

coexpression, its abundance was not reduced even after 32 hours with CHX. However, that 

of endogenous Rheb, endogenous β-secretase (BACE1), and His-RasGRP1 were markedly 

reduced by half or more below that in the starting condition. This suggests that Rhes is a 

relatively stable protein, but the mechanisms involved are unclear. To test whether RasGRP1 

alters the intracellular localization of Rhes, we carried out a biochemical organelle 

separation, and found that myc-Rhes robustly accumulated in the membrane fraction in the 

presence of excess HisRasGRP1 (fig. S4AB). Next, we reasoned that RasGRP1 might 
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physiologically alter localization of Rhes in the striatum. Biochemical subcellular 

fractionation of striatal tissue revealed that Rhes protein abundance are reduced selectively 

in the synaptosomal fractions of the Rasgrp1−/− mice striatum, compared to wild-type mice 

(Fig. 1C). However, there were no significant changes in Rhes protein abundance in the 

cytosolic fractions between the genotypes. The abundance of PSD-95, a synaptic marker, 

was not different between the wild-type and Rasgrp1−/− mice.

Because RasGRP1 physiologically promotes the protein abundance and synaptic 

associations of Rhes, we then investigated whether they interact. In striatal brain lysate, the 

endogenous RasGRP1, but not DARPP-32, an abundant striatal protein, binds to GST-Rhes 

(Fig. 1D). mTOR, which we determined previously to interact with Rhes (18), also binds to 

GST-Rhes, as expected. To determine whether the interaction of RasGRP1 and Rhes can 

occur in the striatum, we performed an endogenous Co-IP experiment with Rhes IgG (8). 

First, we further validated whether the Rhes antibody works in IP using LC-MS/MS and 

Rhes−/− control. IP of endogenous Rhes from wild-type mice striatal lysate, using Rhes IgG, 

but not control IgG, revealed enrichment of the Rhes peptide in LC-MS/MS analysis (fig. 
S5). As expected, IP using Rhes IgG in Rhes−/− mice did not detect any Rhes peptide (fig. 
S5), suggesting that the Rhes IgG used in this study is very specific to Rhes. A Co-IP 

experiment using this validated Rhes IgG revealed a physiological interaction of endogenous 

Rhes with endogenous RasGRP1 in the striatum (Fig. 1E). We also confirmed that Rhes 

physiologically interacted with mTOR in the striatum (Fig. 1E). RasGRP1 interaction is 

dependent on Rhes Cys263, a potential farnesylation site, its mutation mislocalizes Rhes 

predominantly to the nucleus (8), and the interaction is greatly diminished by the consensus 

GTP/GDP binding mutants of Rhes (D143N, nucleotide free; G31V, GDP-bound; S33N, 

GDP-bound) (fig. S6). We found that this interaction is direct, as purified RasGRP1 bound 

to Rhes, independent of GTP in vitro (Fig. 1F). Domain-binding experiments demonstrated 

that the N-terminal sequence of GST-Rhes, spanning 1-135 amino acids, and the C-terminal 

141-266 amino acid sequence both bound strongly to His-RasGRP1 (Fig. 1, G and H). 

Previous studies showed the GEFs, such as SOS, C3G, CalDAG-GEF3, or RasGRP2, had no 

detectable GEF activity toward purified recombinant Rhes (36). Because we found a direct 

interaction between RasGRP1 and Rhes, we tested whether RasGRP1 can act as a GEF for 

Rhes and found that RasGRP1 significantly increased GTP loading, using a [35S]GTPγS 

filter-binding assay, an effect that is comparable to H-Ras (Fig. 1I). Altogether, these data 

suggest that (i) Rasgrp1 promotes the protein abundance of Rhes and its synaptic association 

in the striatum, and (ii) Rasgrp1 directly binds to Rhes in the striatum and acts like a GEF 

for recombinant Rhes.

RasGRP1 inhibits Rhes to promote amphetamine-induced motor activity

Having established that RasGRP1 biochemically interacts with and promotes the abundance 

of Rhes; we hypothesized that this strong biochemical association might have a functional 

relevance in regulating the striatal behaviors. To test this, we adopted an amphetamine-

induced behavioral activity model. The psychostimulant amphetamine acts at dopamine 

transporters to increase levels of extracellular dopamine, which acts on striatal post-synaptic 

dopamine receptors leading to stimulation of locomotor behaviors (37-43). Acute 

intraperitoneal (i.p) injection of amphetamine (2 mg/kg, at 10 μl/g, dissolved in 0.9% saline) 
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resulted in a robust increase of locomotor activity (distance traveled) and stereotypy 

(repeated beam breaks) in Rhes−/− but not wild-type mice (Fig. 2, A-D; n=4-6 mice/group, 

mixed sex ratio). Because 2 mg/kg i.p. injection of amphetamine did not elicit any response 

in wild-type mice, we increased the dose of amphetamine to 3 mg/kg in Rhes−/− mice, which 

produced greater locomotor activity and stereotypy response relative to wild-type controls, 

which showed a slight but significant increase in locomotion and a slight decrease in 

stereotypic behaviors (Fig. 2, E-H, n = 8/group, mixed sex ratio), consistent with a previous 

report (44). The basal (spontaneous) locomotor activity before amphetamine administration 

appeared similar in both wild-type and Rhes−/− mice (Fig. 2, A, B, E, and F).

To investigate whether—and if so, how—RasGRP1 influences Rhes in amphetamine-

induced behavioral activity, we bred single and double mutants of Rasgrp1 and Rhes, and 

found that they displayed differential effects on amphetamine-induced locomotion and 

stereotypy response. Whereas amphetamine injection into the peritoneum (3 mg/kg at 10 

μl/g) increased both locomotor activity and stereotypic behaviors in single knockout (KO) 

Rhes−/− mice (Fig. 2, A-G), it had differential motor behavioral effects in single KO 

Rasgrp1−/− mice. Locomotor activity in Rasgrp1−/− mice was similar to that in wild-type 

controls, and the emergence of stereotypic behaviors was delayed (~15 min after 

amphetamine injection) (Fig. 2, I-L; n=6-7 mice/group, mixed sex ratio). Double KO 

(Rhes−/−/Rasgrp1−/−) mice, however, showed significantly greater locomotor activity than 

single KO (Rhes−/−) mice and displayed stereotypic behaviors similar to that of the single 

KO Rhes−/− mice (Fig. 2, I-L; n=6-7 mice/group, mixed sex ratio). Together, these 

behavioral studies in homozygous KO mice suggest that (i) loss of Rhes increases 

amphetamine-induced motor behaviors, suggesting that Rhes acts as an inhibitor of 

amphetamine-induced motor behaviors; (ii) loss of RasGRP1 does not elicit any significant 

effect on amphetamine-induced motor behaviors; and (iii) loss of both RasGRP1 and Rhes 

exacerbates amphetamine-induced locomotion, suggesting these two protein interact to 

inhibit striatal motor functions.

Although a complete ablation of Rasgrp1 or Rhes offered important insights about their loss 

of a functional role in striatal motor behaviors, we reasoned that the heterozygous mutant 

mice with reduced (but not abolished) RasGRP1 or Rhes protein abundance could provide 

physiological information about how these proteins interact during amphetamine-induced 

behavior. Moreover, the use of heterozygous mice would potentially avoid the influence of 

any compensatory pathways in the observed phenotype. Therefore, we evaluated the effects 

of amphetamine (3 mg/kg at 10 μl/g) injected into the peritoneum of heterozygous mice 

(Rhes+/−/Rasgrp1+/+, Rhes+/−/Rasgrp1+/−, Rhes+/−/Rasgrp1−/−, n=6-8 mice/group, mixed sex 

ratio). Consistent with behavioral data in homozygous Rhes KO mice (Rhes−/−, Fig. 2, E-
H), we found that heterozygous Rhes mice (Rhes+/−/Rasgrp1+/+) are hyperactive in response 

to amphetamine (locomotion and stereotypic behaviors) compared to wild-type controls 

(Fig. 2, M-P). However, Rhes+/− mice that are also partially depleted of RasGRP1 (Rhes+/−/

Rasgrp1−/−), showed a strongly attenuated response to amphetamine-induced locomotion or 

stereotypic behaviors. Based on these data, we propose that decreasing the levels of 

RasGRP1 makes Rhes highly inhibitory, and therefore, the loss of RasGRP1 may have a 

dose-dependent effect on blocking amphetamine-induced motor behavior. Consistent with 
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this notion, although mice with homozygous deletion of RasGRP1 (Rhes+/−/Rasgrp1−/−) 

appeared to be phenotypically closer to wild-type littermate controls, mice with 

heterozygous deletion of RasGRP1 (Rhes+/−/Rasgrp1+/−) displayed a significantly higher 

sensitivity compared to wild-type controls, albeit less sensitively than Rhes+/−/Rasgrp1+/+ 

mice (Fig. 2, M-P). Together, these data suggest that Rhes physiologically inhibits motor 

activity, and that RasGRP1 exerts an inhibitory control over Rhes thus disinhibiting it from 

blocking motor behavior.

Amphetamine elicits a “Rhesactome,” a previously unknown Rhes protein network in the 
striatum

To study the potential neuronal mechanisms by which RasGRP1 and Rhes regulate 

amphetamine-induced motor behavior, we took unbiased systems biology approach. We 

hypothesized that Rhes-mediated inhibitory control over motor behavior in the striatum 

involves the formation of a dynamic protein complex network. To test this, we reasoned that 

capturing the in vivo protein interaction of Rhes during amphetamine injection would 

provide a better understanding of the mechanisms of how Rhes functions as a suppressor of 

drug-induced motor behavior in the striatum. To accomplish this, we injected amphetamine 

(3 mg/kg at 10 μl/g) into the peritoneum of wild-type mice, and after 15 minutes (at which 

time the mice reached maximum locomotion/stereotypy) the striatum was isolated and its 

protein lysates were subjected to IP using a relatively specific Rhes IgG (fig. S5) or control 

IgG, followed by LC-MS/MS analysis (fig. S7). To ensure high confidence in our 

interactome data, we used two types of controls in IP/LC-MS/MS analysis: i) control IgG-

incubated wild-type mice striatal lysate; and ii) Rhes IgG-incubated Rhes KO striatal lysate, 

to rule out the tendency of Rhes IgG to cross-react with “secondary” antigens (fig. S7). List 

of all proteins (log2 fold change) identified in control IgG IP LC-MS/MS in the wild-type 

mice striatum (Control 1) or Rhes IgG IP LCMS/MS in the Rhes−/− mice striatum (Control 

2), in amphetamine vs. saline conditions (3 mg/kg i.p. at 10 μl/g) is provided in the 

supplementary information (Data files S3 and S4). The specific Rhes interactors were 

derived from the subtraction of the IP/LC-MS/MS results from controls thus increasing the 

confidence of our interaction proteomics (the number of mice per IP per group is indicated 

in table S1). Scaffold peptide identifications carried at 1% FDR revealed 303 Rhes protein 

interactors in saline (basal) conditions and 351 interactors in amphetamine-treated 

conditions, collectively termed as “Rhesactome.” A Venn analysis revealed there were 282 

Rhes interacting proteins present in both conditions, 21 proteins were unique to basal 

condition and 69 proteins were unique to amphetamine condition (Fig. 3A). We further 

validated a few Rhes interactors (Syngap1, Rgs9, Kif5c) in an IP-Western blot assay (fig. 
S8). The individual role of the Rhes interactors (Fig. 3B) in Rhes-mediated striatal functions 

requires further exploration.

To further analyze, understand, and model the “Rhesactome” with respect to the 

amphetamine-induced behavioral response, we used ingenuity pathway analysis (IPA) and 

STRING interaction bioinformatics. IPA bioinformatics found that the “Rhesactome” 

consists of proteins associated with six major pathways and five biofunctions (Fig. 3C). 

While both saline and amphetamine conditions shared pathways belongs to EIF2 signaling, 

mTOR signaling, and eIF4 and p70S6K signaling, GNRH signaling was restricted to saline, 
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and whereas protein kinase A and clathrin-mediated endocytosis signaling was restricted to 

amphetamine condition. Similarly, while both conditions shared the proteins associated to 

biological functions such as cell death and survival (Fig. 3C), the proteins associated with 

RNA post-transcriptional modification was present only in amphetamine condition.

Using STRING database we curated the known and predicted protein interactions in 

“Rhesactome,” that are enriched in amphetamine, compared to saline, or present exclusively 

in amphetamine conditions (Fig. 3, D and E). Proteins involved in translation and pre-

mRNA processing are the two major categories that are enriched in amphetamine conditions 

(Fig. 3D), but for most other proteins that interacted with Rhes exclusively in amphetamine 

condition, the functional or physical interactions are currently unknown (Fig. 3E). This 

suggests that a certain set of new proteins associate with, and dissociate from, Rhes, only in 

amphetamine condition, that may have a major role in promoting the motor functions 

regulated by the striatum. Thus, by adopting an intended unbiased approach and stringent 

antibody and tissue controls, we discovered a highly specific striatal “Rhesactome” under 

basal and amphetamine conditions in the striatum. A complete list of the specific striatal 

proteins (log2 fold change) bound to Rhes in amphetamine compared to saline conditions 

from wild-type mice is provided in the supplementary information (Data file S1).

RasGRP1 promotes “Rhesactome” formation in the striatum

Because RasGRP1 controls the hyperactive phenotype in Rhes+/−/Rasgrp1+/+ mice (Fig. 2, 
M-P), we reasoned that the RasGRP1 might regulate the formation of the amphetamine-

induced “Rhesactome” in the striatum. To test this assumption, we performed IP/LC-MS/MS 

analysis of Rhes interactors from RasGRP1 intact mice (Rhes+/−/Rasgrp1+/+), and RasGRP1 

KO mice (Rhes+/−/Rasgrp1−/−) upon intraperitoneal injection of amphetamine (3 mg/kg at 

10 μl/g; the number of mice per IP per group is indicated in table S1). Proteomics analysis 

(at 1% FDR) identified 217 Rhes protein interactors in amphetamine-injected Rasgrp1 intact 

mice (Rhes+/−/Rasgrp1+/+) and only 145 interactors in the mice that lacked Rasgrp1 
(Rhes+/−/Rasgrp1−/−) (Fig. 4A). A Venn analysis revealed there were 103 Rhes interacting 

proteins present in both genotypes, 114 proteins were unique to Rhes+/−/Rasgrp1+/+ mice 

and 42 proteins were unique to Rhes+/−/Rasgrp1−/− mice (Fig. 4A). A selected list of Rhes 

interacting proteins (log2 fold change) (Fig 4B) shows (i) Rhes interacting proteins absent in 

Rhes+/−/Rasgrp1−/− mice striatum compared to Rhes+/−/Rasgrp1+/+; (ii) Rhes interacting 

proteins altered in Rhes+/−/Rasgrp1−/− mice striatum compared to Rhes+/−/ Rasgrp1+/+; and 

(iii) Rhes interacting proteins found only in Rhes+/−/Rasgrp1−/− mice striatum compared to 

Rhes+/−/Rasgrp1+/+. IPA bioinformatics found that the “Rhesactome” in both the genotypes 

consists of proteins associated with six major pathways and biological functions (Fig. 4C). 

While the “Rhesactome” of Rhes+/−/Rasgrp1+/+ consisted of proteins associated with IL-1 

signaling, adrenergic signaling, cell morphology and development, they were absent in the 

“Rhesactome” of Rhes+/−/Rasgrp1−/− mice striatum. Conversely, the “Rhesactome” of 

Rhes+/− /Rasgrp1−/− consisted of proteins implicated in cell junction, gene expression and 

translation but they were absent in the “Rhesactome” of Rhes+/−/Rasgrp1+/+ mice. This 

suggests that lack of RasGRP1 results in either absent or diminished formation of the 

“Rhesactome” in the striatum. Some of the previously documented or related Rhes or 

RasGRP1 interactors were found in “Rhesactome.” (table S2). A complete list of all the 
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Rhes interactors in Rhes+/−/Rasgrp1+/+ and Rhes+/−/Rasgrp1−/− mice striatum is indicated in 

the (Data file S2).

Overall, based on biochemical, genetic, and behavioral interactions of RasGRP1 and Rhes, 

as described above, we propose a model (Fig. 4D) wherein RasGRP1 exerts inhibitory 

control over Rhes through a “Rhesactome” that prevents Rhes from inhibiting amphetamine-

induced mechanisms underlying motor behavior (I). Thus haploinsufficiency or homozygous 

deletion of Rasgrp1 reduces its inhibition over Rhes, thereby enhancing the inhibitory 

activity of Rhes and suppressing the motor response to amphetamine (II and III). Overall 

RasGRP1 disinhibits Rhes to promote motor response to amphetamine through 

“Rhesactome” protein network in the striatum. Our observation of higher motor activity in 

double-knockout mice in response to amphetamine compared to either single knockout 

mouse lines suggests that RasGRP1 has additional (non-Rhes) targets that are yet to be 

discovered.

DISCUSSION

Despite many advances, the precise striatal signaling mechanisms that regulate motor 

functions remains less clear (45-47). Here, we found that RasGRP1-Rhes signaling circuitry 

modulates striatal motor functions. On the basis of the behavioral activity model of 

amphetamine, which increases extracellular dopamine at dopaminergic terminals and 

dendrites in the striatum (38, 48, 49), we predict that striatal Rhes physiologically inhibits 

dopaminergic signaling in the striatum. Our study is consistent with previous studies 

implying Rhes as an inhibitor of dopaminergic signaling in the striatum (20, 22, 50, 51) but 

which lacked clear mechanisms. We found that through modulating the “Rhesactome,” a 

dynamic Rhes-interaction signaling network in the striatum, RasGRP1 acts as a 

physiological inhibitor of Rhes to promote motor activity and response to amphetamine. Our 

model predicts that Rhes physiologically inhibits motor activity, and certain protein partners 

in the Rhesactome induced by amphetamine inhibits Rhes, thereby eliciting motor activity. 

Mechanistically, how or whether protein partners in the “Rhesactome” inhibits Rhes or vice-

versa, or whether these two possibilities are mutually inclusive, is unclear. Nevertheless, our 

“Rhesactome” reveals interesting binding-partners of Rhes. For example, PDE1B, SHANK3 

and FMR1 (Data file S1), which are implicated in regulating the hyperactive phenotype in 

response to amphetamine (52-54), in association with Rhes may regulate inhibitory motor 

control in the striatum. Based on the interaction data, we predict multiple mechanisms 

involved in Rhes-mediated inhibition. For example, it might involve the AKT pathway. 

Beaulieu and colleagues showed that amphetamine reduces AKT activation, which occurs 

through the formation of β-arrestin/protein phosphatase 2A/AKT complexes leading to the 

activation of motor activity (55, 56). Because Rhes can also regulate AKT (35, 57) and binds 

to arrestin (S-arrestin) and protein phosphatase (Ppp1cc) (Data file S1), the involvement of 

these proteins in Rhes–AKT signaling to inhibit motor function cannot be ruled out. Rhes 

can also diminish motor activity by enhancing the dopamine receptors internalization 

through clathrin-mediated endocytic pathway as it binds to the several components of this 

pathway, including clathrin, AP2S1, Rab11, Arf5, and PIP5k1c (58-60) (Data file S1). The 

detailed mechanisms herein remain to be determined.
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The striatum predominantly comprises dopamine D1 and D2 receptor positive MSN, which 

have multiple inputs and outputs, and their inherently complex interactions promote striatal 

behaviors, which includes cognitive and psychiatric functions. RasGRP1 and Rhes are 

present in both dopamine D1 and D2 receptor-positive MSN, and thus, we predict that the 

“Rhesactome” is downstream of dopamine D1 or D2 receptor signaling, comprised 

predominantly of postsynaptic, nuclear, and some pre-synaptic complexes. In addition to 

dopaminergic inputs from SNc, some major inputs include: GABAergic inputs from the 

globus pallidus, and glutamatergic inputs from corticostriatal and subthalamic nucleus. 

Whether or how RasGRP1 and Rhes signaling participate with this different striatal inputs is 

currently unknown. Because Rhes and RasGRP1 are also present to some extent in the 

cortex of the brain (24, 27), their involvement in cortical-striatal signaling is plausible.

This study raises another interesting question: What are the mechanisms by which RasGRP1 

mediate the “Rhesactome” formation in the striatum? Based on our biochemical data, we 

speculate that RasGRP1 promotes the synaptic accumulation of Rhes to facilitate the 

“Rhesactome” formation. Because Rhes is also localized to vesicles, the trans-Golgi and the 

nucleus (fig. S4C), the possibility of inhibitory action occurring through multiple locations, 

including transcriptional mechanisms (61) cannot be excluded. A major challenge is to 

address the striatal role of the components of the “Rhesactome.” Considering that Rhes is a 

physiological regulator of SUMOylation (9), which is known to regulate diverse molecular 

functions, such as localization, stability, gene transcription, and protein-protein interactions 

(62), it would be interesting to analyze what role SUMOylation plays in the formation of the 

“Rhesactome” and in motor behaviors.

What remains unknown at this point is how RasGRP1 modulates Rhes abundance. We 

speculate that both transcriptional and posttranscriptional mechanisms are involved. 

Feedback regulation via enhanced ERK or mTOR signaling, which are well-known 

regulators of transcription and translation, might increase the abundance of Rhes in the 

striatum. Considering Rhes protein abundance is enhanced predominantly at synaptic 

locations, we predict an intriguing possibility that RasGRP1 regulate local translation of 

Rhes mRNA at the synapse.

The significance of this study can also be applicable on many fronts. Inhibitory controls play 

a fundamental role in living organisms, and deficits in those control mechanisms promote 

impulsive actions, which are the hallmark of many striatal-associated diseases, such as HD, 

PD, attention deficit hyperactivity disorder, bipolar disorder, schizophrenia, and addiction 

behaviors (63-68). Moreover, some studies have shown a causal link for Rhes and RasGRP1 

in some of these disorders. For example, recent studies have suggested a genetic variation in 

the Rhes and Rasgrp1 gene as a contributory factor in a subgroup of schizophrenia and 

bipolar disorder, respectively (24, 69-71). Although the role of RasGRP1 in addiction 

behavior is unknown, Rhes regulates enhanced analgesia, diminished tolerance, and 

withdrawal from morphine (23). Similarly, there is a biochemical association of RasGRP1 

and Rhes in L-DOPA-induced dyskinesia (LID), an abnormal motor coordination due to 

deregulated striatal dopamine signaling, which affects a vast majority of PD patients under 

L-DOPA medication. Striatal signaling, including the ERK, mTORC1, and dopamine D1/D2 

receptor pathways, orchestrates LID (72). Earlier, we demonstrated that Rhes activates 
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mTORC1 signaling, and there is partial alleviation of LID in Rhes KO mice (18). The 

present study reveals that RasGRP1 and Rhes potentiate both ERK and mTORC1 signaling 

and that the mTOR pathway is one of the top pathways in the “Rhesactome”. Therefore, we 

predict that RasGRP1, the gene expression and protein abundance of which is upregulated 

during dopamine signaling in LID (28), together with Rhes, can potentiate the abnormal 

motor movements of LID in PD., In animal models of HD, Rhes promotes motor, 

psychiatric-like, and anatomical deficits (11, 23), but whether and how RasGRP1 

participates in HD remains to be determined.

The findings also have clinical implication for amphetamine-related therapy and disorders 

(73). Although amphetamine and related drugs are prescribed to treat children, adolescents, 

or adults diagnosed with narcolepsy and attention deficit disorders, it is a potent but 

dangerous psychostimulant with a high risk for abuse and addiction, placing it among one of 

the world's fastest growing illicit drugs (74, 75). Besides enhancing a complex dopaminergic 

signaling, how amphetamine-induced downstream signaling is orchestrated in the striatum 

requires more studies (76, 77). Chronic abuse of methamphetamine is associated with 

abnormally high striatal activity (measured by glucose metabolism) and an enlargement of 

striatal volume in the adult human (78), a phenomenon implicated as an adaptive response 

and/or a predisposing factor to amphetamine abuse (75). A recent genome-wide association 

study predicts that the single nucleotide polymorphisms might contribute to the differential 

sensitivity among individual human to amphetamine (79), suggesting that the mechanisms of 

amphetamine action are more complex than simply altering dopamine concentrations in the 

striatum. Amphetamine regulates expression of several genes, such as those, which encode 

brain-derived neurotrophic factor (BDNF), and the transcription factors c-Fos and Zif268, in 

the striatum (80-83). Pharmacological and genetic studies have revealed the role of 

dopamine- and glutamate-related signaling molecules in the amphetamine-induced 

behavioral response. For example, antagonists of dopamine receptors (D1R or D2R) or 

NMDA receptor, or a genetic deficiency in CAMKIIα, β-arrestin, GSK-3β, or the adenosine 

receptor, attenuate the amphetamine-induced response in mouse models, whereas an 

overexpression of dopamine transporter in the striatum or a deficiency in protein kinase A 

enhances the behavioral response to amphetamine (55, 56, 84-87). Many of these molecules 

are expressed in diverse areas of the brain (2, 88-91), and whether or how they regulate 

amphetamine signaling selectively in the striatum in association with “Rhesactome” remains 

to be determined. Such studies might provide deeper molecular insights into how striatal-

specific regulators modulate the therapeutic versus addictive properties of amphetamine.

In summary, using a combination of genetic, behavioral, and proteomics approaches we have 

demonstrated how two striatal-enriched proteins, RasGRP1 and Rhes, operate through a 

protein-protein interaction network – a “Rhesactome” – in the striatum during motor stimuli, 

which may have broader implications in neurological, psychiatric, and addictive disorders. 

Therefore, drugs that bind RasGRP1 and/or Rhes may have therapeutic benefits for the 

diseases that affect striatum.
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MATERIALS AND METHODS

Reagents, Plasmids, and Antibodies

Chemicals and reagents were mainly purchased from Sigma. Myc-tagged Rhes wild-type 

and S33N, D143N, and C263S, and all the other indicated Rhes deletion mutants expressing 

cDNA constructs were prepared as described previously (8, 18). His-tagged rat RasGRP1 

was a gift from Ann Graybiel (MIT). The myc-tagged RasGRP1 (pCMV-myc) and GST-

tagged (pGEX-6P2) RasGRP1 constructs were produced from a His-RasGRP1 construct. 

Antibodies for RasGRP1, GST-HRP, and Myc were obtained from Santa Cruz (SC8430, 

SC138, and SC40, respectively). His antibody was from Sigma (H1029). Antibodies for 

RasGRP1 (clone 10.1) and Rhes were obtained from Millipore (MABS146 and ABN31, 

respectively). Antibodies against mTOR (2972S), pS6K T389 (9234S), pS6 S235/236 

(4858S), p44/42 ERK1/2 T202/Y204 (9101S), S6K (9202S), S6 (2217S), ERK1/2 (4695P), 

EEA1 (3288S), Syntaxin 6 (2869S), Calnexin (2679S), and DARPP-32 (2302S) were from 

Cell Signaling Technology. Rgs-9 antibody was a gift from Kirill Martemyanov, kif5c 

antibody was from Sathya Puthanveettil, and syngap1 antibody was from Gavin Rumbaugh. 

Glutathione beads were from Amersham Biosciences and Protein G/Protein A agarose beads 

were obtained from Calbiochem. Nuclear/Cytosol Fractionation Kit was from BioVision Inc.

Cell Culture, and Transfections

Striatal neurons (from STHdhQ7/Q7 mice) or HEK293 cells were cultured in growth medium 

containing DMEM (Gibco 11965-092) with 10% FBS (fetal bovine serum), 1% pen strep, 

and 5 mM glutamine, essentially as described before (8, 10). Cells seeded in 3.5- or 6-cm 

plates were transfected 24 hours later with cDNA constructs using polyfect (Qiagen) as per 

the manufacturer's instructions.

Western blotting and Immunoprecipitation experiments

Western blotting and glutathione-binding experiments were followed as described previously 

(8, 98). Briefly, GST or GST-Rhes or GST-Rhes fragments or His-RasGRP1 or myc-Rhes (1 

μg each) were transfected in striatal or HEK293 cells, and, after 48 hr, cells were lysed in 

lysis/binding buffer (50 mM Tris, pH 8.0, 150 mM NaCl, 10%glycerol, 1.0% NP-40) with a 

protease inhibitor cocktail (Roche) and phosphatase inhibitor II (Sigma). For cyclohexamide 

(CHX) experiments, CHX (100μM) was added to striatal cells transfected with His-

RasGRP1 and myc-Rhes constructs for an indicated time points and lysed for Western 

blotting. For immunoprecipitation experiments, protein lysates were pretreated with 

glutathione beads for one hour, glutathione beads were added, and the lysates were then 

rotated in a cold room for at least 5 hours. The beads were washed 3 times in binding buffer 

without a protease inhibitor cocktail, the proteins were eluted with 2X LDS-loading buffer 

and separated on 4-12% Bis-Tris Gel (Invitrogen), and then transferred to PVDF membranes 

and probed with the indicated antibodies. HRP-conjugated secondary antibodies (Jackson 

Immuno Research, Inc.) were probed to detect bound primary IgG with a 

chemiluminescence imager (Alpha Innotech) using enhanced chemiluminescence (ECL), 

from WesternBright Quantum (Advansta). For detecting protein interactions in the striatum, 

the freshly prepared striatal lysates (1 mg/ml protein) were pre-cleared with glutathione 

beads and incubated with of GST or GST-Rhes recombinant protein (1 μg) together with 

Shahani et al. Page 11

Sci Signal. Author manuscript; available in PMC 2016 December 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



glutathione beads (60 μl bead slurry) in binding buffer, overnight, and proceeded to Western 

blotting as before (8, 99).

In vitro binding

For the in vitro binding assays, an equimolar concentration of recombinant purified GST or 

GST-tagged Rhes wild-type or Rhes S33N was incubated with RasGRP1-FL for 16 hr at 4°C 

with glutathione beads in binding buffer containing 50 mM Tris/HCl (pH 8.2), 1 mM 

dithiothreitol, 100 mM NaCl, and 1% NP-40, and RasGRP1 was detected through Western 

blotting with a RasGRP1 antibody.

Recombinant protein purification

GST-RasGRP1-FL, GST-Rhes-wild-type, GST-Rhes-S33N, and Rhes D143N (all in 

pGEX-6P2) proteins were expressed as described earlier (8, 9, 18). Briefly, an E. coli 
BL21DE3 strain expressing pGEX-6P2 constructs was grown in 15 ml culture overnight and 

was transferred to 500 ml culture and grown until the log-phase was reached (−3.5 hr). The 

constructs were then treated with isopropyl β-D-1-thiogalactopyranoside (500 μM) for 

another 3 hr at 37°C. Cells were lysed by sonication in a lysis buffer containing 50 mM 

Tris/HCl (pH 8.2), 1 mM dithiothreitol, 100 mM NaCl, 2 mM EDTA, and 1% NP40, with 

protease inhibitor cocktails. The supernatant was exposed to GSH beads for 12 hr, and the 

beads were washed three times with a lysis buffer for 30 min. The recombinant proteins 

were eluted after treating the GST-bound beads with precision protease (10 units/overnight 

incubation in 50 mM Tris, 2 mM EDTA, and 1 mM DTT with 1% NP-40). The proteins 

were dialyzed against 50 mM HEPES, 2 mM EDTA, and 1 mM DTT, to remove detergent. 

For the GEF assay, the proteins were used immediately or were stored in aliquots at −80°C 

until further use.

GEF assay

A GEF assay was performed with 40 pmoles of Rhes (wild-type or mutant) or HRas and 

RasGRP1-FL, essentially as described before (100). Purified small GTPase samples were 

loaded with 2 mM GDP in a loading buffer (10 mM Hepes, pH 7.4, 100 mM Nacl, 2 mM 

EDTA, 0.2 mM DTT, 10 mM GDP) in 50μl total volume for 15 min, and were then 

stabilized with 1 mM MgCl2 for 5 min. The exchange reaction was started with the addition 

of RasGRP1-FL in 50 μl of exchange buffer (10mM Hepes, pH 7.4, 100mM NaCl, 10mM 

MgCl2, 1mg/ml BSA, 0.2mM DTT, and 1mM GTP) and 10 μCi of GTP-γ-S35. After 8 min, 

the reaction mixture was loaded onto the PROTRAN filter BA85 (Whatman) connected to a 

vacuum pump (Hoefer Scientific Instruments). The filter was washed with 1 ml of washing 

buffer (10 mM Hepes, pH 7.4, 100mM NaCl, and 5mM Mgcl2). The radioactivity was 

quantified on a phosphoimager (Bio-RAD, Molecular Imager).

Biochemical organelle separation and synaptosomal preparation

Striatal cells grown in 10cm plates (two or three) were pooled together and washed with cold 

PBS and treated in a homogenization buffer (0.25 M sucrose; 10 mM Tris, pH 7.4; 2 mM 

Mg-acetate; 0.5 mM EDTA; and protease inhibitor complex). The cells were homogenized 

using a 26g syringe by aspirating the cell suspension 12 times on ice. Cell lysates were then 
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loaded onto the top of a discontinuous sucrose gradient consisting of the following: 1 ml 

0.25 M sucrose; 2 ml 0.5 M sucrose; 2 ml 0.8 M sucrose; 2.5 ml 1.16 M sucrose; 2.5 ml 1.3 

M sucrose; and 1.5 ml 2 M sucrose. All sucrose density preparations were made in a 

gradient buffer (10 mM Tris, pH 7.4, and 1 mM Mg-acetate). The gradient was then 

centrifuged at 39,000 rpm for 2.5 h at 4°C in a Beckman SW41Ti rotor (Beckman Coulter, 

Brea, CA). Twelve fractions (1 ml each) were gently collected from the top. Equal volumes 

from each fraction were used for Western blot analysis. Synaptosome extraction was 

performed using the Syn-PER Reagent (Thermo Fisher Scientific) and nuclear/cytosolic 

fractionation was carried out using the kit from Biovision following the manufacturer's 

protocol.

Generation of Rhes and RasGRP1 single- and double-mutant mice

Rhes mutant mice(Rasd2tm1Rdl) a targeted null/knockout used in our earlier studies (9, 11, 

101) were obtained from Alessandro Usiello (20). We backcrossed Rhes+/− with C57BL/6 

mice at least eight generations, and generated littermate wild-type controls and Rhes−/−, 

which are fertile, phenotypically appear normal, and have normal motor learning behaviors, 

as tested on the rotating rod, consistent with previous reports (9, 11, 15, 18, 20, 101). 

B6.129P3-Rasgrp1tm1Jstn/TbwnJ (102) mice were obtained from Jackson Laboratory (stock 

#022353) and are fertile, productive breeders; they have no gross abnormalities, which is 

consistent with previous reports (34, 102). Single- or double-mutant mice were obtained 

from harem breedings of double heterozygous Rhes+/−/Rasgrp1+/− crossed with Rhes+/−/
Rasgrp1+/−. This breeding scheme also resulted in several double/single het and homo 

combinations of mice (Rhes+/−/Rasgrp1+/−, Rhes+/+/Rasgrp1+/−, Rhes+/−/Rasgrp1+/+, 

Rhes−/−/Rasgrp1+/+, Rhes+/+/Rasgrp1−/−, Rhes−/−/Rasgrp1+/−, and Rhes+/−/Rasgrp1−/−). We 

adopted this commonly used breeding scheme to obtain single and double mutants and all 

the other respective groups. Mostly, we used heterozygous single- and double-mutant mice 

in this study to evaluate the potential dose-dependent and physiological effects of RasGRP1 

and Rhes on basic or amphetamine-induced motor functions. We have adopted the above 

breeding strategy, as well as a backcrossing strategy of Rhes−/−/Rasgrp1+/− x Rhes−/−/
Rasgrp1+/− and Rhes–/+/Rasgrp1−/− x Rhes–/+/Rasgrp1−/−–, and have obtained the required 

6-8 double-mutant animals required for this study. All mice were cared for in accordance to 

the guidelines set forth by the National Institutes of Health regarding the proper treatment 

and use of laboratory animals and with approval of Institutional Animal Care and Use 

Committee of The Scripps Research Institute.

Behavioral Assay

Approximately three-month-old male and female mice were used for behavioral analysis in 

open-field activity chambers (40 × 40 × 40 cm) equipped with photocells (beam spacing 

2.5cm) and locomotor activity and stereotypy counts were assessed on automated locomotor 

activity monitors using the VersaMax system software (Accuscan Instruments, Columbus, 

OH, USA). Mice were initially placed into the activity monitor chamber and allowed to 

habituate for 30 min, then were injected vehicle or with d-amphetamine (2 or 3mg/kg, i.p. at 

10μl/g, dissolved in 0.9% saline), returned to the chamber, and monitored for 60 min after 

injection. Locomotor activity was measured in five minutes bins and reported as total 
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distance traveled over time. Stereotypy measures are also recorded by the system and 

reported herein.

Immunoprecipitation (IP) and Liquid chromatography-tandem mass spectrometry (LC-
MS/MS)

Striatum was rapidly dissected out and homogenized in binding/lysis buffer (50 mM Tris, 

pH 7.4, 150 mM NaCl, 10% glycerol, 1.0% NP-40) with protease and phosphate inhibitors, 

followed by a brief sonication for 5 sec at 20% amplitude. Protein estimation was done using 

a BCA method and 1mg/ml concentration of protein lysates were pre-cleared with 50μl 

protein A/G beads for 1hr and the supernatant were incubated for 1hr at 4°C in Rhes IgG or 

control IgG then protein A/G beads were added and incubated overnight at 4°C. The number 

of mice used for each group per IP is provided in Table S2. The beads were washed five 

times with 1% NP-40 buffer (without protease/phosphatase inhibitor) and the protein 

samples were eluted with 30μl of 2X LDS containing + 1.5% β-mecaptoethanol. Protein 

samples were subjected to SDS-PAGE at 100 V for 18 min. The gel was Coomassie stained 

for 1 hour at room temperature with shaking, followed by destaining in water overnight. The 

gel bands were cut, in-gel treated with 10 mM DTT followed by 50 mM iodoacetamide, and 

subjected to trypsin digestion overnight. Prior to mass spectrometry analysis, the peptide 

pools were acidified, desalted through Zip-Tip C18 tip columns and dried down. Each 

sample was reconstructed in 100 μl of 0.1% formic acid 13μl were loaded into the system. 

Samples were analyzed by an Orbitrap Q Exactive or Orbitrap Fusion™ Tribrid™ Mass 

Spectrometer (Thermo Fisher Scientific), each one coupled to an EASY-nLC 1000 system. 

Peptides were concentrated and desalted on an RP pre-column (0.075 × 20 mm Acclaim 

PepMap 100 nano Viper, Thermo Fisher Scientific) and on-line eluted on an analytical RP 

column (0.075 × 250 mm Acclaim PepMap RLSC nano Viper, Thermo Fisher Scientific), 

operating at 300 nl/min using the following gradient: 5% B for 5 min, 5–40% B in 60 min, 

40–80% B in 10 sec, 80% B for 5 min, 80-5% B in 10 sec, and 5% B for 20 min [solvent A: 

0.1% formic acid (v/v); solvent B: 0.1% formic acid (v/v), 80% CH3CN (v/v) (Thermo 

Fisher Scientific)]. The mass spectrometers were operated in a data-dependent MS/MS mode 

using the 10 most intense precursor ions detected in a survey scan from 380 to 1,400 m/z 
performed at 120K resolution. Tandem MS was performed by HCD fragmentation with 

normalized collision energy (NCE) of 27.0% for the Q Exactive and 30.0% for the Fusion. 

Protein identification was carried out using Mascot 2.3.01 (Matrix Science, UK) and Sequest 

algorithms (Proteome Discoverer v1.4, Thermo Scientific), allowing Oxidation (Met) as 

variable modifications. Other settings included Carbamidomethylation of Cys as fixed 

modification, three missed cleavages, and mass tolerance of 10 and 20 ppm for precursor 

and fragment ions, respectively. MS/MS raw files were searched against a mouse database 

along with human keratins, and porcine trypsin. The false discovery rates (FDR) of peptide 

identifications were calculated were calculated from the search results against a reverse 

sequences database; 1% FDR was used as criterion for peptide identification (the list of the 

peptide identification is presented in Data files S1-S4). The complete data set from the 

analysis of the “Rhesactome” (raw files, identification data and data analysis files) is 

available in the PeptideAtlas repository (http://www.peptideatlas.org/PASS/PASS00940) that 

can be downloaded via ftp://PASS00940:TF4767qx@ftp.peptideatlas.org/ .The PD search 

result files (.msf) were uploaded into Scaffold 4.3.2 (Proteome Software Inc., USA) for data 
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analysis and label-free quantitation. The biological replicates were combined as MudPIT, 

and the precursor ion intensities were used to quantitate peptide and protein identifications 

using a label free approach using Scaffold Q+ (version Scaffold_4.6.2, Proteome Software 

Inc., Portland, OR).

Statistical Analysis

Data are presented as mean ± SD or ± SEM as indicated. All experiments were performed at 

least in triplicate and repeated twice at minimum. Statistical analysis was performed using 

the Student's t-test, one-way analysis of variance (ANOVA) followed by Tukey's multiple 

comparison post hoc test or two-way repeated measures (mixed model) ANOVA followed by 

a post hoc Bonferroni multiple comparison test (Graph Pad Prism 6.0) as indicated in the 

figure legends.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. RasGRP1 interacts with Rhes in the striatum
(A) Western blot analysis of the abundance of myc-tagged Rhes, phosphorylated and total 

S6, ERK, and other indicated proteins in cultured striatal neuronal cells (STHdhQ7/Q7) and 

HEK293 cells transfected with His-tagged RasGRP1. Right, quantification of Rhes in 

striatal cells. (B). Western blot analysis of Rhes (47kD, 39kD, and 32kD, arrowheads) in 

striatal lysates from wild-type and Rasgrp1−/− mice. (C). Cytoplasmic (cyto) and 

synaptosomal (synap) separation of Rhes from the striatum of wild-type and Rasgrp1−/− 

mice. Cytosolic (LDH) and synaptosomal (PSD-95) markers are indicated. (D) Western blot 
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analysis of GST-Rhes interaction with endogenous RasGRP1, mTOR or DARPP-32 in the 

striatal lysates. (E) Immunoprecipitation (IP) of Rhes with Rhes IgG or control IgG and 

Western blotting for endogenous mTOR or RasGRP1. (F) Western blotting to assess the 

interaction of purified RasGRP1 with wild-type or S33N mutant GST-Rhes in vitro. (G) 
Domain interaction of GST-Rhes wild-type or various Rhes fragments with overexpressed 

His-RasGRP1 in HEK293 cells. (H) Interaction model showing two-point interaction (N-

terminal and C-terminal E3 ligase domain) of Rhes with RasGRP1. (I) Radiolabelling filter-

binding GEF assay was performed using recombinant RasGRP1 and Rhes (wild-type, 

D143N) or H-Ras proteins. The amount of GTPγS-35 bound on membrane was imaged and 

signals were quantified. Data are means ± SEM, n=3-5 experiments. *p<0.05 and **p<0.01 

by a Student's t-test.

Shahani et al. Page 23

Sci Signal. Author manuscript; available in PMC 2016 December 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. RasGRP1 inhibits Rhes to promote motor behavior
(A-D) Motor behaviors in wild-type and Rhes−/− mice upon injection of 2mg/kg d-

amphetamine (i.p. at 10μl/g). n=6 wild-type (2 female), n=4 Rhes−/− mice (2 female). (A) 
Distance (cm) traveled per 5 min. F value for genotype: F(1,8)=56.27, p<0.0001; for time: 

F(17,136)=9.575, p<0.0001; and for time x genotype interaction: F(17,136)=9.564, p<0.0001. 

(B) Total distance (cm) traveled in 1 hour.****p<0.0001 by a Student's t-test. (C) Stereotypy 

count (repeated beam breaks) per 5 min. F values, listed as in (A): F(1,8)=33.93, p=0.0004; 

F(17,136)=4.869, p<0.0001; and F(17,136)=5.193, p<0.0001. (D) Total stereotypy count in 1 
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hour. ***p=0.0003 by a Student's t-test. (E-H) As in (A-D) in mice injected with d-

amphetamine (3mg/kg i.p. at 10μl/g); n=8 wild-type, n=8 Rhes−/− mice. F values, listed as in 

(A): for (E) F(1,14)=21.69, p=0.0004; F(17,238)=28.88, p<0.0001; and F(17,238)=9.496, 

p<0.0001; and for (G) F(1,14)=25.37, p=0.0002; and F(17,238)=3.939, p<0.0001; and 

F(17,136)=11.63, p<0.0001. (F) ***p=0.0003; (H) ***p=0.0001, by a Student's t-test. (I-L) 
As in (A-D) in wild-type, Rasgrp1−/−, Rhes−/−, Rhes−/−/Rasgrp1−/− mice upon injection of 

3mg/kg d-amphetamine (i.p. at 10μl/g); n=6 wild-type, n=7. Rasgrp1−/−, n=6 Rhes−/−, n=6 

Rhes−/−/Rasgrp1−/− mice. F values, listed as in (A): for (I) F(3,21)=30.13, p<0.0001; 

F(17,357)=65.94, p<0.0001; and F(51,357)=8.428, p<0.0001; and for (K) F(3,21)=11.63, 

p=0.0001; F(17,357)=8.980, p<0.0001;and F(51,357)=5.545, p<0.0001. P values were (J) 

*p=0.049, **p=0.0019; (L) *p=0.035; n.s., not significant. (M-P) As in (A-D) in wild-type, 

Rhes+/−/Rasgrp1+/+, Rhes+/−/Rasgrp1+/−, Rhes+/−/Rasgrp1−/− mice upon injection of 3mg/kg 

d-amphetamine (i.p. at 10μl/g); n=6 wild-type, n=8 Rhes+/−/Rasgrp1+/+, n=6 Rhes+/−/

Rasgrp1+/−, n=6 Rhes+/−/Rasgrp1−/− mice. F values, listed as in (A): (M) F(3,22)=7.591, 

p=0.0012; F(17,374)=22.11, p<0.0001; and F(51,374)=3.214, p<0.0001; and for (O) 

F(3,22)=11.34, p=0.0001; F(17,374)=10.48, p<0.0001; and F(51,374)=5.630, p<0.0001. P values 

were (N) **p=0.0027; (P) *p<0.026, ****p<0.0001. Data are mean ± SEM, n indicated in 

each panel's legend. F-values in (A, C, E, G, I, K, M, and O) were calculated by two-way 

repeated measures (mixed model) ANOVA followed by a post hoc Bonferroni multiple 

comparison tests. Two-way multiple comparisons were significant, but were not included in 

the figures to keep the presentation clean. P values in (J, L, N, and P) were calculated by 

one-way ANOVA followed by a post hoc Tukey's multiple comparison tests.
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Figure 3. Amphetamine induces protein complexes of Rhes (a “Rhesactome”) in the striatum
(A) Venn diagram of Rhes-interacting proteins “Rhesactome” in wild-type mice striatum in 

saline and amphetamine (3 mg/kg i.p. at 10 μl/g) conditions. (B) Log2 fold change in the 

abundance of the indicated proteins in Rhes immunoprecipitates from lysates from wild-type 

mice injected with amphetamine compared to those injected with saline. (C) Ingenuity 

pathway analysis of the “Rhesactome” in saline and amphetamine conditions in wild-type 

mice. (D and E) STRING-based bioinformatics curation of the Rhesactome protein 

complexes enriched upon amphetamine treatment, compared to saline (D), and protein 
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complexes exclusively present under amphetamine conditions (E). Data are representative of 

n=3 IP/LC-MS/MS experiments.
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Figure 4. RasGRP1 mediates “Rhesactome” formation in the striatum
(A) Venn diagram of Rhes-interacting proteins “Rhesactome” in Rhes+/−/ Rasgrp1+/+ and 

Rhes+/−/ Rasgrp1−/− mice striatum in amphetamine (3 mg/kg i.p. at 10 μl/g) condition. (B). 

Selected striatal interactors of Rhes (log2 fold change in response to amphetamine over 

saline) absent, altered or present in Rhes+/−/Rasgrp1−/− mice compared to Rhes+/−/

Rasgrp1+/+. (C) Ingenuity pathway analysis of the “Rhesactome” in amphetamine-njected 

Rhes+/−/ Rasgrp1+/+ and Rhes+/−/ Rasgrp1−/− mice. Data are representative of n=2 IP/LC-

MS/MS experiments. (D) Working Model, in which RasGRP1 exerts inhibitory control over 
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Rhes through a “Rhesactome” that prevents Rhes from inhibiting amphetamine-induced 

motor behavior (I). Genetic depletion of one copy or both copies of Rasgrp1 reduces its 

inhibitory control over Rhes, thus enhancing Rhes-mediated inhibition of amphetamine-

induced motor behavior (II), and complete genetic depletion of Rasgrp1 forms defective 

“Rhesactome” enabling the highly inhibitory activity of Rhes towards amphetamine-induced 

motor behavior (III).
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