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ABSTRACT  

The human angiotensin II type 1 r eceptor (AT1R) is a member of the G protein-

coupled re ceptor (G PCR) sup erfamily a nd re presents a n important t arget for 

cardiovascular th erapeutic int ervention.  A gonist-activation of the A T1R i nduces β-

arrestin-dependent end ocytosis t o ea rly endosomes where t he r eceptor r esides a s a 

protein c omplex with the R ab G TPase R ab5.  I n t he p resent s tudy, w e exa mined 

whether o ther Rab G TPase that r egulate r eceptor tr afficking thr ough endosomal 

compartments also bind to the AT1R.  We find that Rab4, Rab7 and Rab11 all bind to 

the la st 10  am ino a cid res idues of t he AT 1R c arboxyl-terminal t ail.  Rab 11 binds 

AT1R m ore effectively t han Rab5, whereas R ab4 binds les s ef fectively than Rab5.  

Alanine s canning m utagenesis r eveals t hat proline 3 54 a nd cysteine 35 5 contribute 

Rab pr otein binding a nd m utation o f the se r esidues do es not af fect G  pr otein 

coupling.  We find that the Rab GTPases each compete with one another for receptor 

binding an d that a lthough Ra b4 interacts poorly with th e A T1R, it  e ffectively 

displaces R ab11 f rom the  r eceptor.  In co ntrast, Rab11 o verexpression do es no t 

prevent Ra b4 binding to  the  A T1R.  Ov erexpression of wild-type R ab4, but  n ot 

Rab11, f acilitates A T1R de phosphorylation, a nd a constitutively act ive Ra b4-Q67L 

mutant re duces AT 1R de sensitization a nd promotes A T1R r esensitization.  T aken 

together, our data indicates that multiple RabGTPases bind to a motif localized to the 

distal e nd o f the  A T1R tail  and that incr eased R ab4 a ctivity m ay co ntribute to  the  

regulation AT1R desensitization and dephosphorylation.  
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INTRODUCTION 

The angiotensin II type 1 r eceptor (AT1R) is a member of the G protein-coupled 

receptor ( GPCR) sup erfamily, t he l argest fa mily o f i ntegral me mbrane re ceptors a nd 

represents a n important pharmacological t arget f or d rug therapy i n h ypertension 

(Hoffman and Lefkowitz, 1996).  The AT1R is coupled through Gαq/11 to the activation of 

phospholipase C β r esulting i n the f ormation o f d iacylglycerol and inositol 1, 4,5 

trisphosphate leading to the release of intracellular calcium stores and the act ivation of 

protein kinase C.  A gonist act ivation o f the  A T1R a lso r esults i n th e a ttenuation of 

receptor signalling as the consequence of receptor phosphorylation by G protein-coupled 

receptor kinases ( GRKs) and protein kinase C .  A gonist ac tivation and GRK-mediated 

phosphorylation of the AT1R facilitates the recruitment of the cytosolic adaptor protein, 

β-arrestin, w hich f unctions to s terically unco uple the  A T1R f rom the  he terotrimeric G 

protein an d tar gets the AT1R f or clat hrin-mediated e ndocytosis ( Benovic e t al ., 1987; 

Freedman et  a l., 199 5; F erguson et  al., 1995; F erguson et  a l., 199 6; O pperman et a l., 

1996; Krupnick and Benovic, 1998; Ferguson, 2001; Ferguson, 2007). Once internalized, 

GPCRs m ay be  either s equestered in e arly e ndosomes, de phosphorylated a nd r ecycled 

back to the plasma membrane or targeted to lysosomes for degradation (Ferguson, 2001; 

Gáborik and Hunyady, 2004; Seachrist and Ferguson, 2003).  In the case of the AT1R, the 

receptor is i nternalized as a  co mplex with β-arrestin a nd is  r etained in  t he e arly 

endosomal compartment and is not readily dephosphorylated (Anborgh et al., 2000).  

The Rab subfamily of small Ras-like GTPases regulate the intracellular trafficking 

of proteins between intracellular compartments through their ability to regulate vesicular 

targeting, docking a nd f usion ( Seachrist a nd F erguson, 2 003; G áborik and H unyady, 

2004).  Rab protein function is in turn tightly regulated at the level of protein expression, 
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localization, m embrane as sociation, and activation.  D ifferent Rab is oforms re gulate 

different as pects o f in tracellular tr afficking s uch as internalization ( Rab5), r ecycling 

(Rab4 an d Ra b11) a nd de gradation (Rab7) an d dif ferent GPCRs a re known to 

preferentially traffic through certain Rab pathways (Seachrist et al., 2000; Hunyady et al., 

2002; Seachrist et al., 2002; Dale et al., 2004; Hamelin et al., 2005; Holmes et al., 2006; 

Wang et  a l., 20 08; L i et  a l., 20 08; Parent et  a l., 2009). F or e xample, R ab5a has been 

shown to interact with the AT1AR carboxyl-terminal tail and retain the receptor in Rab5a-

positive early endosomes.  Nev ertheless, overexpression of ei ther Rab7 or constitutively 

active Rab11 can redistribute AT1R into either Rab7-positive late endosomes or Rab11-

positive r ecycling e ndosomes, r espectively ( Seachrist e t al., 2000; D ale e t al ., 2 004).  

Additionally, a lthough AT 1R is  not readily dephosophorylated and e fficiently recycled, 

there i s evi dence t o su ggest th at the r eceptor c an b e r ecycled vi a both s low ( Rab11-

mediated) and rapid (Rab4-mediated) pathways (Hunyady et al ., 2002; Li et al ., 2008).  

Rab binding to a GPCR is not unique to the AT1R, as Rab11 has been shown to bind to 

the β2-adrenergic r eceptor ( β2AR), t hromboxane A 2 r eceptor an d prostacyclin r eceptor 

(Seachrist et  a l., 20 02; Ha melin et  a l., 20 05; Pa rent et  a l., 2009; Reid et  a l., 2 010).  

Emerging evidence suggests that Rab interactions with these GPCRs are also critical for 

regulating b oth th e t rafficking a nd ac tivity of  t hese r eceptors.  For example, p revious 

studies with the β2AR have shown that the transit of the receptor from the Rab5-positive 

early endosome to  the  Rab 4-positive r ecycling e ndosome is  r equired f or the  

dephosphorylation of the receptor (Seachrist et al., 2000). 

 In t he present s tudy, w e h ave i nvestigated w hether oth er R ab G TPases ( Rab4, 

Rab7 and Rab11) can interact with AT1R carboxyl-terminal tail and compete with Rab5 
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for bind ing.  W e report he re that R ab4, R ab5, R ab7 a nd R ab11 e ach c ompete f or an 

overlapping site in the last 10 amino acid residues of the AT1R carboxyl-terminal tail and 

that proline residue 354 and cysteine residue 355 represent important amino acid residues 

involved in Rab protein binding.  Moreo ver, we find that overexpression of ei ther wild-

type o r co nstitutively activ e Ra b4, but not Rab11, pr omotes A T1R de phosphorylation.  

The overexpression of a constitutively active Rab4 mutant also results in reduced AT1R 

desensitization and promotes AT1R resensitization.  Taken together, our data indicate that 

multiple Rab G TPases are able to associate with their cargo and t hat the activity of the 

AT1R m ay b e r egulated b y t he i nteraction of di fferent R ab G TPases a t t he c arboxyl-

terminal Rab binding site. 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on October 13, 2010 as DOI: 10.1124/mol.110.068379

 at A
SPE

T
 Journals on A

pril 17, 2024
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #68379

 7

MATERIALS AND METHODS 

Materials: 

 my

o-(3H)Inositol and ( 32P)orthophosphate were a cquired from Pe rkinElmer Life Sc iences 

(Waltham, MA).  Dow ex 1-X8 (formate form) re sin 200–400 mesh was purchased from 

BioRad (Mississauga, ON).  Rab bit anti-GST, -Rab4 (sc-26562), -Rab5a (sc-312) and -

Rab11 ( sc-309) an tibodies w ere pur chased f rom S anta Cruz Bio tech ( Santa Cr uz, CA) 

and goat anti-GST as  well as  ECL Western blotting detection reagents were purchased 

from GE He althcare (Oa kville, On tario, C anada). Horse radish peroxidase-conjugated 

anti-rabbit and anti-goat IgG s econdary antibody was from B ioRad (Mississauga, ON).  

QuikChangeTM site-directed mutagenesis kit was from Stratagene (La Jolla, CA).  Rabbit 

anti-FLAG anti body, M 2 a nti-FLAG ag arose and all other bio chemical r eagents w ere 

purchased from Sigma-Aldrich (St. Louis, MO). 

 

DNA Construction: An AT1R mutants lacking the distal 10 amino acids (AT1R-C1) was 

generated us ing t he Q uikChangeTM S ite-directed m utagenesis k it ( Stratagene) to 

introduce a  stop c odon after res idue 319  in th e A T1R c arboxyl-terminal tail. 

Subsequently, pr imers were de signed f or m utagenesis s uch t hat am ino aci d r esidues 

within the last 10 amino acid residues of t he AT1R tail were mutated in pairs to alanine 

residues using the QuikChange Site-directed mutagenesis kit.  

 

Cell Culture: Human e mbryonic ki dney ( HEK) 293 ce lls were m aintained in E agle's 

minimal e ssential m edium s upplemented w ith 1 0% ( v/v) he at inactivated f etal bo vine 

serum (Invitrogen, Burlington, ON) and 50 µg/ml gentamicin.  Ce lls seeded in 1 00 mm 
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dishes w ere tr ansfected us ing a m odified calcium phosphate m ethod as  de scribed 

previously (Ferguson a nd Caron, 2 004).  F ollowing tr ansfection ( 18 h), the ce lls were 

incubated w ith fre sh me dium a nd a llowed t o re cover for 2 4 h rs for c o-

immunoprecipitation studies.  Otherwise, they were allowed to recover for 6-8 hrs and re-

seeded i nto in to 24-well d ishes an d th en grow n a n add itional 18 h rs prior to 

experimentation. 

 

Co-Immunoprecipitation: HEK 293 cells were transiently transfected with FLAG-tagged 

AT1R and either GST-tagged Rab4, Rab4-Q67L, Rab4-S22N, Rab5, Rab7, Rab7-Q67L, 

Rab7-N125I, Rab 11, Rab11-Q70L o r Ra b11-S25N.  F ollowing tr ansfection, t he ce lls 

were incubated for 20 m inutes in H epes balanced salt solution (HBSS) at 37°C with or 

without 100 nM AngII.  T he cells were then placed on ice, washed two times with ice-

cold phosphate-buffered sa line (PBS) and lysed with cold-lysis buffer (50 mM T ris, pH 

8.0, 150 mM NaCl, 0.1% Triton X-100) containing protease inhibitors (1 mM AEBSF, 10 

μg/ml leupeptin, and 5 μg/ml aprotinin).  The lysates were placed on a rocking platform 

for 15 min a t 4°C and centrifuged at 15000 x  g  f or 1 5 m in a t 4°C to p ellet ins oluble 

material.  Cleared supernatant containing 250 µg protein were incubated with 25 µL of 

FLAG M 2-affinity b eads (Si gma) for 1 h rot ating a t 4°C t o i mmunoprecipitate FL AG-

AT1R. Following incubation, the beads were washed twice with l ysis buf fer and twice 

with P BS, a nd proteins w ere s olubilized in a 3X  S DS s ample buf fer co ntaining 2-

mercaptoethanol ( BME).  S amples w ere s eparated by  S DS-PAGE, tr ansferred to  a  

nitrocellulose m embrane a nd immuno-blotted to  identify co -immunoprecipitated G ST-

tagged Rab proteins using a primary polyclonal rabbit or goat anti-GST antibody (1:1000 
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dilution, S anta Cr uz, G E H ealthcare) f ollowed by  a ho rseradish peroxidase-conjugated 

secondary a nti-rabbit an tibody (1 :10000, Bi oRad) or s econdary a nti-goat (1 :2500, 

BioRad). Receptor and Rab protein expression was determined by immunoblotting 10 μg 

of pr otein f rom each ce ll lysate us ed f or im munoprecipitation.  P roteins w ere de tected 

using chemiluminescence with the ECL kit from GE Healthcare.  

 

Whole cell phosphorylation:  AT1R pho sphorylation w as m easured as  de scribed 

previously (A nborgh e t al ., 2 000).  H EK 293 cells were tr ansiently tr ansfected w ith 

FLAG-AT1R a long w ith ei ther pE GFP (c ontrol), GF P-tagged R ab4, Rab4Q67L, 

Rab4S22N, R ab5, R ab5-S34N, Ra b5-Q79L, Rab11, R ab11Q70L or Rab11S25N. 

Seventy-two hours post transfection cells were rinsed twice and incubated at 37°C for one 

hour in phosphate-free HBSS (5 mM NaHCO3, 20 mM HEPES, 11 mM glucose, 116 mM 

NaCl, 4.7 mM KCl, 1.2 mM MgSO4, 2.5 mM CaCl2, pH 7.4).  Cells were then incubated 

at 37°C for one hour in 100 µCi/mL [32P]orthophosphate, and treated for 10 min with and 

without 1 00 nM A ngII, r insed a nd a llowed to  r ecover at 37 °C f or 0, 20 o r 40  m in in 

phosphate-free HBSS.  Ce lls were placed o n ice  a nd l ysates were co llected in the  

presence o f pr otease in hibitors ( 0.1 m M P MSF, 1 0 μg/ml leupeptin, an d 5 μg/ml 

aprotinin) a nd phosphatase-inhibitors ( 10mM N aF and 10 mM N a4P2O7) an d in cubated 

with M2 anti-FLAG affinity agarose for 2-3 hours to immunoprecipitate receptor protein.  

Beads were washed a nd bound p roteins were s olubilized i n SDS-PAGE s ample b uffer. 

Equal am ounts o f r eceptor pr otein, as  determined by pr otein m easurement a nd f low 

cytometry were separated by SDS-PAGE and r eceptor phosphorylation was determined 

via autoradiography at -80°C.  
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Measurement of inositol phosphate formation: D esensitization o f AT1R s ignalling of  

inositol ph osphate w as m easured as described previously (O livares-Reyes et  a l., 200 1) 

with some modifications.  HEK 293 cells were transiently transfected with the cDNAs as 

described.  F ourty-eight ho urs post-transfection ce lls w ere incu bated o vernight i n 

inositol-free DMEM with 100  µCi/mL myo-(3H)Inositol.  Ce lls were washed twice and 

incubated f or o ne ho ur i n w arm H BSS the n pr eincubated f or 3 m in at 37°C in e ither 

HBSS (lacking LiCl) alone or with 100 nM AngII (desensitizing stimulus). After a br ief 

acid wash (50 mM glycine, 150 mM NaCl, pH 3.0), cells were washed twice and w ere 

then incubated with either 10 mM LiCl alone or 10 mM LiCl with 100 nM AngII for 10 

min.  T he r esensitization o f A T1R-mediated IP fo rmation w as asse ssed i n t he same  

fashion e xcept tha t de sensitized ce lls were all owed to  re cover for 30 m in pr ior to  the  

second incubation with either 10 mM LiCl alone or 10 mM LiCl with 100 nM AngII for 

10 min. Cells were placed on ice and the reaction was stopped with 500 µL of perchloric 

acid and was neutralized with 400 µl o f 0.72 M K OH, 0.6 M KHCO3.  Total c ellular 

(3H)inositol incorporation was determined in 50 µl of cell lysate.  Total inositol phosphate 

was purified by anion exchange chromatography using Dowex 1-X8 (formate form) 200-

400 mesh anion exchange resin and (3H)inositol phosphate formation was determined by 

liquid scintillation using a Beckman LS 6500 scintillation system. 

 

Statistical Analysis: Densitometric d ata w ere no rmalized f irst f or pr otein e xpression 

and t he m aximum v alue w as s et to  100, w ith all o ther v alues dis played as  percentage 

thereof. O ne-way analy sis o f v ariance te st ( ANOVA) was pe rformed to  de termine 

significance, f ollowed by  a po st-hoc T ukey m ultiple co mparison test o r Bo nferroni’s 
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multiple co mparisons test to  determine w hich m eans w ere s ignificantly different ( p < 

0.05) from one another.  
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RESULTS 

Rab4, Rab5, Rab7 and Rab11 all interact with the AT1R  

Previous research showed direct association between Rab5a and AT1R, as well as 

co-localization o f the A T1R in  R ab7- a nd Rab11-positive e ndosomes f ollowing Ra b 

GTPase overexpression (Seachrist et al., 2002; Dale et al., 2004).  Thus, we investigated 

whether Rab binding to the human AT1R C-tail was either exclusive to Rab5 or was also 

observed f or Rab4 , R ab7 and Rab11.  H EK293 ce lls w ere tr ansiently tr ansfected w ith 

FLAG-AT1R and either GST-tagged Rab4, Rab5, Rab7 or Rab11.  We find that similar to 

what w e ob served p reviously f or R ab5a, ea ch of  t he G ST-Rab4, G ST-Rab7 an d G ST-

Rab11 proteins could be co -immunoprecipitated w ith t he F LAG-AT1R f rom H EK 29 3 

cells (Fig. 1A and 1 B).  W e found that in t he absence of agonist treatment significantly 

more GST-Rab11 an d s ignificantly le ss Rab 4 pr otein could be  co -immunoprecipitated 

with th e FL AG-AT1R, when co mpared to  GST-Rab5 ( Fig. 1A an d 1B).  T reatment o f 

cells with 100 nM AngII to activate the FLAG-AT1R resulted in a small and statistically 

insignificant increase in G ST-Rab5 and GST-Rab7 b inding to t he r eceptor, bu t had no 

effect on the association of either Rab4 o r Rab11 (Fig. 1A and 1B). We also examined 

whether e ndogenous Rab 4, Rab5 and Ra b11 could be co -immunoprecipitated w ith t he 

FLAG-AT1R from HEK 293 cells.  We found that Rab4 could be co-immunoprecipitated 

and that a gonist stimulation inc reased R ab4 co-immunoprecipitation w ith th e FL AG-

AT1R by 1.6 ±  0.3 fold (P< 0.05) (Fig. 1C).  H owever, agonist treatment had no effect 

upon the co-immunoprecipitation of either Rab5 or Rab11 with the receptor (Fig. 1D and 

1E). 

The r at AT1AR was pr eviously s hown to  pr eferentially bind to  t he G DP-bound 

form of R ab5 (R ab5-S34N) a nd the GDP-bound form of Rab11 in teracted s pecifically 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on October 13, 2010 as DOI: 10.1124/mol.110.068379

 at A
SPE

T
 Journals on A

pril 17, 2024
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #68379 

 13

with t he th romboxane A 2 rec eptor ( Seachrist et  a l., 2 002; Ha melin et  a l., 20 05).  We  

found that w ild-type Rab4 , do minant-negative Ra b4-S22N, a nd co nstitutively activ e 

Rab4-Q67L did not exhibit a preference for binding to  the FLAG-AT1R (Fig. 2 A).  In 

contrast, constitutively activ e Rab 7-Q67L m utant e xhibited pr eferential bi nding to  t he 

FLAG-AT1R (Fig. 2B).  U nlike what was previously observed for the thromboxane A2 

receptor wild-type Rab11 interacted with the FLAG-AT1R, but both constitutively active 

Rab11-Q70L and do minant-negative Rab 11-S25N m utants d id no t e ffectively inte ract 

with FLAG-AT1R (Fig. 2C). This observation suggests that GTP hydrolysis is  required 

for Rab11 binding to the AT1R.  Taken together, the data indicated that Rab4, Rab5, Rab7 

and Rab11 each bind to t he AT1R but that the association of each of the Rab GTPases 

was mediated by different activation states of the GTPases. 

 

Identification of the AT1R Rab GTPase binding site  

Previously, we demonstrated that the deletion of the last 10 amino acid residues of 

the rat AT1AR C-tail (AT1AR-C1) resulted in a  loss of AT1AR colocalization with GFP-

Rab5a ( Dale et  a l., 200 4).  Th erefore, w e t ested w hether th e d eletion of  th e d istal 10 

amino acid residues of the human AT1R would result in both the loss of Rab5 binding, as 

well as a loss of Rab4, Rab7 and Rab11 binding to a human FLAG-AT1R-C1 construct.  

We f ound that t he de letion o f the  l ast 10 am ino acid r esidues r esulted in a s ignificant 

decrease in Ra b4, Rab5, Rab7 and Rab11 protein that was co-immunoprecipitated with 

the FL AG-AT1R-C1 m utant ( Fig. 3 A-D).  Therefore, we examined w hich a mino ac id 

residues localized with the distal AT1R C-tail sequence KKPAPCFEVE were required for 

Rab4, R ab5, R ab7 a nd Ra b11 b inding t o t he rec eptor b y p erforming a lanine s canning 

mutagenesis of pairs of amino acid residues (Fig. 3A).  We found that Rab4, Rab5, Rab7 
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and Rab11 binding to FLAG-AT1R-KK, FLAG-AT1R-PA, FLAG-AT1R-FE and FLAG-

AT1R-VE mutant receptors was unaffected by alanine substitutions at the corresponding 

residues ( Fig. 3A -D).  In co ntrast, R ab4, Ra b5, an d R ab11 w ere no t co -

immunoprecipitated e ffectively with the  F LAG-AT1R-PC al anine s ubstitution m utant 

(Fig. 3 A, 3 B a nd 3 D).  A lthough R ab7 b inding t o t he FL AG-AT1R-PC al anine 

substitution mutant was reduced, binding was not statistically significantly different from 

control ( Fig. 3C) .  N one of the  al anine s ubstitutions to  the  A T1R C- tail af fected the  

coupling of the AT1R to the activation of IP formation (Fig. 4).  Taken together, the data 

suggested that proline residue 354 and cysteine residue 355 played an important role in 

the binding of t he Rab4, Rab5, Rab7 and Rab11 GTPases to the AT1R and that each of 

these different Rab GTPases bind to the same site on the receptor.  

 

Rab GTPases compete with each other for association with AT1R 

Because Rab4, Rab5, and Rab11 interact with an overlapping site in the AT1R C-

tail a nd the o verexpression o f co nstitutively activ e Rab 7 a nd Rab11 was pr eviously 

shown to alter the intracellular trafficking of the receptor (Dale et al., 2004), we examined 

whether Rab G TPases co mpete fo r bi nding to  the  A T1R.  We found t hat th e c o-

immunoprecipitation of G ST-Rab5 with th e FL AG-AT1R co uld be  a ntagonized by  the 

overexpression of increasing amounts of HA-Rab11 protein (Fig. 5A).  Moreover, despite 

the f act t hat G ST-Rab4 w as appar ently a weak F LAG-AT1R-interacting pr otein, the  

overexpression of H A-Rab4 effec tively p revented G ST-Rab11 c o-immunoprecipitation 

with FL AG-AT1R i n a n exp ression-dependent m anner ( Fig. 5 B).  Unexpectedly, 

increasing expression levels of HA-Rab11 did not result in the attenuation of GST-Rab4 

binding to FLAG-AT1R (Fig. 5C). 
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Rab4 but not Rab11 affects the phosphorylation state and desensitization of AT1R 

signalling 

Because Ra b 4, R ab5 and Rab11 G TPases appe ared to co mpete f or a c ommon 

binding s ite on  th e c arboxyl-terminal t ail of t he AT 1R, w e ex amined w hether the  

overexpression of wild-type, dominant-negative and constitutively active Rab4, Rab5 and 

Rab11 m utants m ight l ead to  al tered A T1R p hosphorylation an d dephosphorylation.  

Consistent with previous studies (Opperman et al., 1996; Anborgh et al., 2000), agonist-

stimulation of the AT1R for 10 min effectively promoted the phosphorylation of the AT1R 

(Fig. 6 A-C).  Howev er, w hen a gonist w as w ashed out  for 20 and 40  m in, no 

dephosphorylation of the AT1R was observed under control conditions (Fig. 6A-C).  I n 

contrast, the overexpression of either wild-type Rab4 or constitutively active Rab4-Q67L 

significantly reduced the extent o f agonist-stimulated AT1R phosphorylation ( Fig. 6A).  

Consistent with a role of Rab4 in promoting AT1R dephosphorylation, overexpression of 

a d ominant-negative R ab4-S22N m utant res ulted in a  s ignificant increase i n agonist-

stimulated AT1R phosphorylation, which was reduced to phosphorylation levels observed 

in control ce lls following agonist washout (Fig. 6A).  The overexpression of wild-type 

Rab5 ha d no effec t on  eit her A T1R ph osphorylation or d ephosphorylation (G ig. 6B ).  

However, t he overexpression of either c onstitutively a ctive R ab5-Q79L or d ominant-

negative Rab5-S34N appeared to result in a trend towards increased dephosphorylation of 

the r eceptor the  r esults did no t r each st atistical sig nificance.  T he extent o f ag onist-

stimulated AT1R phosphorylation when compared to control cells was not altered by the 

overexpression of ei ther w ild-type, d ominant-negative Rab 11-S25N or  c onstitutively 
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active Rab11-Q67L and none of the Rab11 proteins resulted in AT1R dephosphorylation 

following agonist washout (Fig. 6C).   

Given that wild-type Rab4 and constitutively active Rab4-Q67L lead to decreased 

AT1R p hosphorylation, w e examined w hether t he e xpression of  either wild-type or 

dominant-negative Ra b4, Ra b5 a nd Ra b11 w ould al ter the  de sensitization an d 

resensitization of the AT1R.  To assess AT 1R desensitization, cells were pretreated with 

100 nM AngII for 3 min in HBSS lacking LiCl (desensitizing stimulus), washed and then 

treated w ith and w ithout A ngII f or 10 m in i n H BSS containing L iCl.  Re ceptor 

resensitization of AT1R-mediated IP responses was measured in the same way except that 

cells were allowed to recover in the absence of agonist for 30 min prior to being subjected 

to a  second round of  agonist t reatment. Th e p retreatment of  control cells (desensitizing 

stimulus) r educed AT1R-stimulated IP formation to be tween 41 ±  4% a nd 48  ± 2% of 

control ( naïve) r esponse when ce lls were exposed to  a s ubsequent 10 m in exposure to  

AngII (Fig. 7A-C).  The overexpression of constitutively active Rab4-Q67L significantly 

reduced th e ext ent of  A T1R de sensitization a nd increased t he e xtent o f A T1R 

resensitization ( Fig. 7A ).  T he o verexpression o f the  co nstitutively acti ve Rab 5-Q67L 

mutant did not alter AT1R desensitization, but facilitated the resensitization response (Fig. 

7B).  N one o f the  o ther Rab constructs h ad any e ffect o n A T1R de sensitization a nd 

resensitization. T aken to gether t hese r esults i ndicate t hat R ab4 b inding, but not R ab11 

binding, to the AT1R carboxyl-terminal tail alters the phosphorylation status of the AT1R 

leading to reduced AT1R desensitization.  
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DISCUSSION 

 In t he present s tudy we h ave in vestigated whether multiple R ab GTPases m ight 

associate with the carboxyl-terminal tail of t he AT1R tail and influence the activity and 

function of t he receptor.  We find th at R ab4, R ab5, R ab7 a nd R ab11 ea ch exh ibit th e 

capacity to bind to the distal 10 amino acids of the AT1R carboxyl-terminal tail and can 

compete w ith o ne an other f or bi nding.  P reviously, w e d emonstrated th at th e A T1R 

preferentially a ssociated w ith the G DP-bound f orm of  R ab5.  W e s how h ere t hat th e 

AT1R do es no t d istinguish between G DP- and G TP-bound f orms o f Ra b4, binds 

preferentially to  GTP-bound R ab7 and i nteracts w ith w ild-type Rab1 1 an d do es no t 

associate with either constitutively active or dominant negative Rab11 mutants.  We have 

also identified two am ino acid r esidues ( proline 354 and cysteine 355) within t he Rab 

binding domain of the AT1R carboxyl-terminal tail that are essential for the association of 

Rab4, Rab5 and Rab11 but not Rab7.  The association of different Rab GTPases with the 

AT1R carboxyl-terminal tail has different functional outcomes, with Rab5 promoting the 

retention of the AT1R in early endosomes (S eachrist e t a l., 2002), Rab7 facilitating the 

trafficking of t he AT1R to  ly sosomes ( Dale et al ., 200 4) a nd R ab4 pr omoting t he 

dephosphorylation and resensitization of the receptor.  Taken together, our data indicate 

that the association of different Rab GTPases with the carboxyl-terminal tail domain of 

the AT1R may regulate different functional outcomes for A T1R signalling in tissues that 

may express differing levels of each of the relevant Rab GTPases as the overexpression 

of a co nstitutively activ e Ra b4-Q67L m utant decreases A T1R de sensitization, w hile 

facilitating resensitization. 

 In the  c urrent s tudy, w e hav e de monstrated that t he do main r equired f or Ra b 

GTPase interactions with AT1R are identical for Rab4, Rab5, and Rab11.  Previously, we 
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identified that the Rab5 binding domain resides within the distal 10 amino acids of AT1R 

carboxyl-terminal tail and that deletion of this motif resulted in al tered AT1R trafficking 

to lysosomes as opposed to the retention of the receptor in early endosomes (Dale et al., 

2004).  We have further defined the critical residues required for Rab GTPase binding to 

the A T1R an d s how tha t proline 35 4 a nd cysteine 35 5 ar e e ssential f or bi nding Ra b4, 

Rab5, a nd Ra b11.  Previ ously, i t h as b een s hown t hat th e d ephosphorylation a nd 

resensitization o f the  β2AR o ccurs as  the  r eceptor tr ansits between the  Rab 5-positive 

early endosome and the Rab4-positive rapid recycling endosome (Seachrist et al., 2000).  

Moreover, it h as been r eported th at pho sphorylated μ-opioid rec eptor i s p referentially 

recycled through Rab4-positive endosomes (Wang et a l., 2008).  We find here, that the 

overexpression of  a  c onstitutively active R ab4-Q67L m utant d ecreases b oth A T1R 

phosphorylation and desensitization, while promoting the resensitization of the receptor.  

Thus, these d ata ar e co nsistent w ith t he hy pothesis t hat the R ab4-positive r ecycling 

endosome functions as the compartment in which GPCR dephosphorylation is mediated 

by phosphatases.   

 Several GPCRs have now been reported to associate with Rab GTPases including 

the β2AR, thr omboxane A 2 r eceptor an d pr ostacyclin r eceptor ( Hamelin e t al ., 20 05; 

Parent et al., 2009; Reid et al., 2010).  However, the residues that we have identified to be 

essential for Rab GTPase binding to the AT1R are not conserved in any of these GPCRs.  

Rab11 binding to the thromboxane A2 receptor is mediated by residues 335-345 that are 

localized within the central region of the thromboxane A2 receptor carboxyl-terminal tail 

and Rab11 binds α-helix 8 at the proximal end of the prostacyclin receptor.  In contrast, 

Rab11 b inding to  t he β2AR i nvolves a  b ipartite bi nding m otif, w ith a rginine 33 3 and 
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lysine 348 representing the essential amino acid residues mediating Rab11 binding to the 

receptor (Parent et  a l., 2009).  Thu s, to da te there i s no clearly defined consensus motif 

for Rab GTPase association with GPCRs.  How ever, previous work from ou r laboratory 

using yeast two hybrid screen suggest that the regional of t he AT1AR carboxyl-terminal 

tail that is  proximal to the seventh transmembrane spanning domain of the AT1AR may 

also be involved in R ab5 binding (Seachrist et al., 2002).  T hus, the fact that we do not 

observe complete loss of b inding of the Rab GTPases to the carboxyl-terminal tail of t he 

receptor suggests that secondary residues within the membrane proximal domain of the 

receptor likely also contribute in part to Rab protein binding.   

 Rab G TPases no t o nly inf luence the in tracellular tr afficking a nd r ecycling o f 

GPCRs by directly interacting with these vesicular cargo proteins, but Rab GTPases also 

indirectly influence the trafficking of receptors between intracellular compartments as a 

consequence o f t heir i ntrinsic a ctivity.  F ollowing t heir i nternalization, many G PCRs 

have b een s hown t o ei ther r ecycle t o t he c ell s urface vi a th e R ab4-mediated r apid 

pathway directly from sorting endosomes or via the Rab11-mediated slow pathway from 

perinuclear rec ycling en dosomes.  T he r ecycling of ot her GPCRs, i ncluding th e 

corticotrophin re leasing fa ctor re ceptor 1,  soma tostatin-3 re ceptor, va sopressin V 2 

receptor, neurokinin-1 receptor, chemokine CXC receptor-2, m4 muscarinic acetylcholine 

receptor a nd p rotease rec eptor, are a lso d ifferentially r egulated b y R ab4 and  Ra b11 

(Innamorati et al., 2001; Kreuzer et al., 2001; Schmidlin et al., 2001; Signoret et al., 2001; 

Fan et al ., 2002; Volpicelli et al ., 2002; Roosterman et al ., 2003; Holmes et al ., 2006).  

Thus, potential al terations in individual R ab G TPase pr otein e xpression m ay hav e 

profound effects on GPCR activity.  This could occur as the consequence of either direct 

competition for GPCR binding or by increasing the relative efficiency of the intracellular 
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trafficking a nd m embrane f usion o f v esicular co mpartments w ithin t he ce ll that is 

regulated by  the  Rab G TPase.  Ra b G TPase pr otein e xpression a nd a ctivity has  been 

demonstrated to  be r egulated by  a n umber o f dif ferent s ignals.  F irst, Rab1, Rab4 and 

Rab6 protein expression is altered in dilated cardiomyopathy model of heart failure and 

overexpression of R ab4 in  the heart lea ds t o a ltered β2AR de sensitization a nd 

resensitization ( Wu e t al., 2001; O dley e t al ., 2 004).  S econd, parasitic i nfection o f 

cardiomyocytes in vitro w ith the p rotozoan Tyranosoma cruzi r esults i n the 

downregulation o f bo th Rab7 an d Rab11 protein e xpression ( Batista et al ., 2 006).  

Finally, insulin i s ab le to s timulate GTP-loading of Rab11 in  cardiomyocytes indicating 

the potential of Rab G TPases to serve as substrates for GPCR activated kinases such as 

phosphatidylinositol 3-kinase ( Schwenk a nd E ckel, 2 007).  T hus, taken together 

alterations in Rab GTPase expression and activity have the potential to both directly and 

indirectly i nfluence G PCR s ignalling u nder b oth physiological a nd pa thophysiological 

conditions s uggesting t hat the se pr oteins m ay r epresent tar gets f or the  tr eatment o f 

cardiovascular-related diseases. 

 In HEK 293 ce lls, the AT1R is  internalized to and retained in early endosomes, 

where it remains phosphorylated and does not recycle to the plasma membrane (Anborgh 

et al., 2000; Seachrist et al., 2002; Dale et al., 2004).  We find that the overexpression of 

different Rab GTPases can specifically alter the intracellular trafficking fate of the AT1R 

with Ra b7 overexp ression fa vouring t he t rafficking of t he rec eptor t o ly sosomes a nd 

Rab4 o verexpression f avouring t he de phosphorylation o f t he r eceptor.  In co ntrast, 

although Ra b11 e ffectively inte racts with t he A T1R, the  inte raction o f the  w ild-type 

Rab11 does not influence the dephosphorylation of the receptor, although it can promote 
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plasma membrane recycling (Dale et al., 2004).  Interestingly, Rab4 is able to effectively 

displace Ra b11 bi nding t o the A T1R, de spite t he o bservation t hat R ab11 is m ore 

effectively co-immunoprecipitated with th e receptor.  Th erefore, even small d ifferences 

in Rab4 e xpression m ay l ead to  pr ofound changes in  A T1R ac tivity.  H owever, Rab  

binding to the AT1R, if competitive, should be reciprocal and Rab11 protein expressed at 

sufficiently high levels should be able to compete for binding.  It is possible that in our 

experiments w e hav e no t ac hieved Ra b11 e xpression that c an d isplace Ra b4 f rom the  

receptor a t complimentary expression levels.  M oreover, the overexpression of on e Rab 

protein may s hift th e r eceptor f rom on e c ellular c ompartment to an other t hat i s n ot 

available to the competing Rab protein.  It is also possible that Rab GTPases selectively 

bind to different receptor sites depending upon their activation state, since wild-type Rab7 

does not bind to the receptor as effectively as Rab7-Q70L and wild-type Rab7 binding is 

not significantly impaired when the AT1R C-tail is truncated.  This may explain why we 

previously observed th at tr uncation of the  A T1R C- tail r esulted i n t he t argeting o f the  

receptor to endosomes (Dale et al., 2004).  Neverthelesss, depending on the complement 

of Rab GTPases expressed in different tissue and cell types, it is likely that the AT1R will 

exhibit differences in its f unctional regulation r anging f rom pr olonged desensitization 

associated w ith impaired dephosphorylation a nd r esensitization to  r apid resensitization 

associated with receptor dephosphorylation.  

To date, few GPCRs, including the AT1R, β2AR, thromboxane A2 receptor and 

prostacyclin r eceptor h ave be en sho wn to  dir ectly asso ciate w ith members o f the  Ra b 

family.  E merging evi dence s uggests th at th ese i nteractions are c ritical t o p roper 

trafficking an d regu lation of t hese rec eptors.  Un derstanding th e rol e o f R abs in the 

regulation of G PCR redistribution into different intracellular compartments will serve to 
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improve our understanding o f the  m olecular and p hysiological consequences o f GPCR 

signalling.  I t i s now evi dent th at multiple s mall GTP -binding p roteins, in cluding Rabs 

interact with GPCRs and future studies should reveal whether GPCRs either interact with 

or regulate additional components of the intracellular trafficking machinery. 
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FIGURE LEGENDS 

Figure 1: Rab4, Rab5, Rab7 and Rab11 each co-immunoprecipitate with AT1R. (A ) 

Representative im munoblot s howing the  co -immunoprecipitation o f G ST-Rab4, G ST-Rab5, 

GST-Rab7 and GST-Rab11 with the FLAG-AT1R f rom HEK 293 cells in the absence (-) a nd 

presence (+) of 100 nM AngII treatment for 20 min.  (B)  Densitometric analysis of GST-Rab4, 

GST-Rab5, G ST-Rab7 a nd G ST-Rab11 co -immunoprecipitated w ith th e FLAG-AT1R f rom 

HEK 293 cells in the absence (-) and presence (+) of 100 nM AngII treatment for 20 min. Data 

represents the  m ean ±  S D o f 5 in dependent e xperiments. D ata w ere normalized f or bo th 

individual Rab protein expression levels and normalized to maximum Rab protein binding to the 

AT1R in each experiment. *p< 0.05 compared to Rab5 co-immunoprecipitated with theAT1R and 

correspondingly tr eated. ( C) Immunoblot de monstrating the  co -immunoprecipitation o f 

endogenous Rab4 pr otein with the  F LAG-AT1R f rom H EK 293 cells in t he a bsence (-) a nd 

presence ( +) o f 100 nM AngII tr eatment f or 20 m in.  Rab4 co-immunoprecipitated with GFP 

antibody ( Con) is  us ed as  a control. D ata r epresents the m ean ± S D o f 4 i ndependent 

experiments.  ( D) Immunoblot demonstrating the co-immunoprecipitation of endogenous Rab5 

protein with the FLAG-AT1R from HEK 293 cells in the absence (-) and presence (+) of 100 nM 

AngII treatment for 20 min.  Rab5 co-immunoprecipitated with GFP antibody (Con) is used as a 

control. D ata r epresents t he m ean ± S D o f 4 independent e xperiments.  ( E) I mmunoblot 

demonstrating the co-immunoprecipitation of end ogenous Rab11 protein with the FLAG-AT1R 

from HEK 293 cells in the absence (-) and presence (+) of 100 nM AngII treatment for 20 min.  

Rab11 co-immunoprecipitated with GFP antibody (Con) is used as a control. Data represents the 

mean ± SD of 4 independent experiments. 
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Figure 2: Co-immunoprecipitation of wild-type, dominant-negative and constitutively 

active Rab4, Rab7 and Rab11 GTPases with the AT1R. (A) Representative immunoblot and 

densitometric analysis s howing t he co-i mmunoprecipitation of G ST-Rab4 (WT), c onstitutively 

active GST-Rab4-Q67L (CA) and dominant-negative GST-Rab4-S22N (DN) with FLAG-AT1R 

from HEK 293 cells.  (B) Representative immunoblot and densitometric analysis showing the co-

immunoprecipitation of G ST-Rab7 (WT), c onstitutively a ctive G ST-Rab7-Q67L (C A) a nd 

dominant-negative GST-Rab7-N125I ( DN) with F LAG-AT1R from  HE K 29 3 c ells.  *p<  0.05 

compared t o w ild-type R ab7 c o-immunoprecipitated w ith the A T1R. ( C) Representative 

immunoblot and densitometric a nalysis s howing the  co -immunoprecipitation o f G ST-Rab11 

(WT), co nstitutively activ e G ST-Rab11-Q70L ( CA) and dominant-negative GST-Rab7-S25N 

(DN) w ith FLAG-AT1R fr om HE K 2 93 cells.  *p < 0 .05 c ompared t o wild-type R ab11 c o-

immunoprecipitated w ith the A T1R. D ata r epresents the m ean ±  S D o f 3- 5 independent 

experiments. A ll data w ere no rmalized f or indiv idual Ra b pr otein e xpression l evels in e ach 

experiment. 

 

Figure 3: Identification of the Rab GTPase binding site within the AT1R carboxyl-terminal 

tail. ( A) Representative im munoblot s howing the co -immunoprecipitation o f Rab4 with e ither 

the w ild-type AT1R ( WT) or  AT1R-C1 ( 1-349), A T1R-K350A/K351A (K K), AT1R-

P352A/A353G ( PA), A T1R-P354A/C355A ( PC), A T1R-F356A/E357A (F E), an d A T1R-

V358A/E359A (VE) mutants from HEK 293 cells.  (B) Representative immunoblot showing the 

co-immunoprecipitation of Ra b5 with ei ther th e wild-type AT1R (WT) or  AT1R mu tants from 

HEK 293 ce lls.  ( C) Representative immunoblot showing the co-immunoprecipitation of Rab7 

with either the wild-type AT1R (WT) or AT1R mutants from HEK 293 cells.  (D) Representative 
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immunoblot s howing t he c o-immunoprecipitation of R ab11 w ith ei ther t he w ild-type AT1R 

(WT) or AT1R mutants from HEK 293 cells.  Data represents the mean ± SD of 3-5 independent 

experiments. Data were normalized for both individual Rab protein expression levels and w ild-

type Rab protein binding to the AT1R in each experiment. *p< 0.05 compared to wild-type Rab 

co-immunoprecipitated with the AT1R. 

 

Figure 4:  Agonist-stimulated AT1R inositol phosphate formation.  S hown is  agonist-

stimulated (100 nM AngII, 10 m in) inositol phosphate formation mediated by e ither the  wild-

type FL AG-AT1R ( WT) o r F LAG-AT1R-C1 (1 -349), F LAG-AT1R-K350A/K351A ( KK), 

FLAG-AT1R-P352A/A353G ( PA), F LAG-AT1R-P354A/C355A (P C), F LAG-AT1R-

F356A/E357A (FE), and FLAG-AT1R-V358A/E359A (VE) mutants from HEK 293 cells. Data 

represents the mean ± SD of 3 independent experiments. 

 

Figure 5: Competition between RabGTPases for co-immunoprecipitation with FLAG-

AT1R.  (A ) Re presentative im munoblots an d de nsitometric an alysis of the  co -

immunoprecipitation of G ST-Rab5 with FLAG-AT1R in the ab sence or  p resence of  i ncreasing 

amounts of HA-Rab11.  *p< 0.05 compared GST-Rab5 co-immunoprecipitated with the AT1R in 

the absence of HA-Rab11. (B) Representative immunoblots and densitometric analysis of the co-

mmunoprecipitation of GST-Rab11 with FLAG-AT1R in the absence or  presence of  increasing 

amounts of HA-Rab4.  *p< 0.05 compared to GST-Rab11 co-immunoprecipitated with the AT1R 

in the absence of HA-Rab4.  (C) Representative immunoblots and densitometric analysis of the 

co-immunoprecipitation o f G ST-Rab4 w ith F LAG-AT1R i n t he ab sence or  p resence o f 

increasing amounts o f H A-Rab11.  *p< 0.05 compared to  G ST-Rab4 co-immunoprecipitated 
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with the AT1R in the absence of HA-Rab11. Data represents the mean ± SD of 3-5 independent 

experiments. Data were normalized for both GST-Rab protein expression levels and G ST-Rab 

protein binding to the AT1R in absence of HA-Rab. 

 

Figure 6:  Whole cell phosphorylation of AT1R in the presence and absence of wild-type 

and mutant Rab4 and Rab11 proteins. (A) Representative autoradiograph and densitometric 

analysis o f AT1R phosphorylation in absence (control) and presence of wild-type Rab4 (WT), 

constitutively active Rab4-Q67L (CA), and dominant-negative Rab4-S22N (DN) mutants.  HEK 

293 cells e xpressing F LAG-AT1R were tr eated with 1 00 nM A ngII for 10 m in, w ashed and  

allowed t o re cover for 0  (d esensitization), 20  (re sensitized) a nd 40 (re sensitized) mi n. Da ta 

represents t he mean ± SD of 6 in dependent experiments. *p< 0.05 compared to corresponding 

control. (B) Representative autoradiograph and densitometric analysis of AT1R phosphorylation 

in absence ( control) and presence o f w ild-type Rab 5 ( WT), co nstitutively activ e Ra b5-Q79L 

(CA), and dominant-negative Rab4-S34N (DN) mutants.  D ata represents the mean ± SD of 4 

independent exp eriments. *p<  0. 05 c ompared to c orresponding c ontrol. (C ) R epresentative 

autoradiograph and  densitometric ana lysis of AT1R ph osphorylation in  absence (c ontrol) a nd 

presence o f wild-type Rab1 1 ( WT), co nstitutively activ e Ra b11-Q70L ( CA), and dominant-

negative Rab 11-S25N ( DN) m utants.  D ata r epresents the  m ean ±  S D o f 4 inde pendent 

experiments. *p< 0.05 compared to corresponding control. 

 

Figure 7: Desensitization and resensitization of AT1R-mediated inositol phosphate 

formation.  ( A) HEK 293 ce lls transfected with FLAG-AT1R with empty pEBG vec tor ( NT), 

wild-type Rab 4 ( WT), co nstitutively ac tive Ra b4-Q67L ( CA), an d do minant-negative Ra b4-
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S22N (DN) mutants. (B) HEK 293 cells transfected with FLAG-AT1R with empty pEBG vector 

(NT), wild-type R ab5 (W T), c onstitutively a ctive R ab5-Q79L (C A), a nd d ominant-negative 

Rab4-S34N (DN) mutants.  (C) HEK 293 cells transfected with FLAG-AT1R with empty pEBG 

vector ( NT), wild-type Rab1 1 ( WT), co nstitutively activ e Ra b11-Q70L (CA), and dominant-

negative Rab11-S25N (DN) mutants.  T ransfected cells were treated either with or without 100 

nM AngII for 3 min in the absence of LiCl (desensitizing stimulus) and then either washed and 

subjected to a s econd tr eatment o f 10 0 nM A ngII f or 10 m in in the pr esence o f LiCL 

(desensitized) or washed and allowed to recover for 30 m in prior to a s econd treatment of 100 

nM AngII for 10 min in the presence of LiCL (resensitized).  D ata were normalized for protein 

expression and b asal IP formation and desensitized and r esensitized IP responses compared to 

naive control cells that were not subjected to desensitizing stimulus.  Data are representative of 5 

independent experiments. *p< 0.05 compared to corresponding control. 
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