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Abstract

The amphipathic helix 8 in the membrane-proximal C-terminus is a structurally conserved feature
of class A seven transmembrane-spanning G protein-coupled receptors (GPCRs). Mutations of
this helical motif often cause receptor misfolding, defective cell surface transport and dysfunction.
Surprisingly, we demonstrated here that a single point mutation at Lys308 in helix 8 markedly
enhanced the steady-state surface density of the angiotensin Il type 1a receptor (AT1aR).
Consistent with the enhanced cell surface expression, Lys308 mutation significantly augmented
AT1laR-mediated mitogen-activated protein kinase ERK1/2 activation, inositol phosphate
production, and vascular smooth muscle cell migration. This mutation also increased the overall
expression of AT1aR without altering receptor degradation. More interestingly, Lys308 mutation
abolished AT1aR interaction with -COP, a component of COPI transport vesicles, and impaired
AT1aR responsiveness to the inhibition of Rab6 GTPase involved in the Golgi-to-ER retrograde
pathway. Furthermore, these functions of Lys308 were largely dependent on its positively charged
property. These data reveal previously unappreciated functions of helix 8 and novel mechanisms
governing the cell surface transport and function of AT1aR.

1. Introduction

G protein-coupled receptors (GPCRs) constitute a superfamily of cell surface receptors,
which regulate a variety of cell functions. All GPCRs share common structural features
characterized by a hydrophobic core of seven transmembrane-spanning a-helices, three
intracellular loops, three extracellular loops, an extracellular N-terminus, and an intracellular
C-terminus. Another important feature of the rhodopsin-like class A GPCRs is the formation
of an additional amphipathic a-helix (helix 8) in the membrane-proximal C-termini. Helix 8
contains highly concentrated, positively charged residues and mutation of this region often
causes receptor misfolding, defective cell surface transport and dysfunction [1-5].
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The precise function of GPCRs is regulated by their intracellular trafficking, including cell
surface export, internalization, recycling and degradation. Among these trafficking
processes, the molecular mechanisms underlying the cell surface export of newly
synthesized receptors are not well understood. GPCRs are synthesized in the endoplasmic
reticulum (ER). After being synthesized, properly folded receptors are transported to the cell
surface en route through the ER-Golgi intermediate complex (ERGIC), the Golgi apparatus
and the trans-Golgi network (TGN), during which the receptors undergo post-translational
modifications (e.g. glycosylation) to attain mature status. At the same time, the receptors at
each intermediate compartment may be transported back to the previous compartment. It has
been well defined that COPI-, COPII- and clathrin-coated vesicles mediate the transport
between these intracellular compartments. COPI vesicles are involved in both anterograde
and retrograde transport between different Golgi stacks and from the Golgi to the ER. COPI|I
vesicles exclusively transport nascent cargos from the ER to the Golgi. Clathrin-coated
vesicles mediate vesicular transport between the plasma membrane, the TGN and the
endosomal compartment. Therefore, the steady state cell surface receptor expression is a
balance of vesicle-mediated anterograde and retrograde transport through a series of
intracellular compartments.

Angiotensin Il (Ang 1) plays an important role in the physiological function of virtually all
organs and is involved in the development of many diseases, including diabetes,
hypertension, myocardial infarction, congestive heart failure, stroke and cancer. There are
two major Ang Il receptors: type 1 receptor (AT1R) and type 2 receptor (AT2R), both are
prototypic GPCRs. As demonstrated in many studies, AT1R mediates the most
physiological actions of Ang Il. AT1R mainly couples to the Gg family G proteins and
activates a variety of signal transduction pathways, including the activation of mitogen-
activated protein kinases (MAPK) and phospholipase C [6-8].

The C-terminus is a very important domain in the regulation of AT1R function, including G
protein coupling, signaling, trafficking, phosphorylation and interaction with cytosolic
proteins [9-18]. Based on the newly published crystal structure, the helix 8 of AT1R runs
away from the membrane [19] which is in contrast to other GPCRs in which helix 8 is
parallel to the membrane bilayer. This helix 8 forms high affinity interaction with the
negatively charged lipids of the plasma membrane [20-22]. A number of studies have
demonstrated that small GTPases and interacting proteins are involved in the regulation of
ATIR transport to the cell surface [23-30]. We have previously shown that AT1aR cell
surface transport depends on Sarl, a crucial regulator in the formation of COPII vesicles,
and on ARF1, which is required for the function of both COPI- and clathrin-coated vesicles,
suggesting an important role of small coated vesicles in the cell surface targeting of AT1R.
We have also demonstrated that the di-acidic motif and dileucine motif in the C-terminus are
essential for AT1aR cell surface transport [31-33]. Here, we report a surprising finding that
a single point mutation at position Lys308 in helix 8 markedly enhances AT1aR cell surface
export and function which is likely mediated via regulating overall expression and
retrograde transport pathway of the receptor.
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2. Experimental procedures

2.1. Materials

Rat AT1aR in vector pCDM8 was kindly provided by Dr. Kenneth E. Bernstein
(Department of Pathology, Emory University, Atlanta, GA). Antibodies against GFP and
phospho-ERK1/2 were from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). Antibodies
against ERK1/2 were from Cell Signaling Technology, Inc. (Beverly, MA). Anti-3-COP
polyclonal antibody was from Thermo Scientific. High affinity anti-HA-fluorescein (3F10)
was from Roche Molecular Biochemicals (Mannheim, Germany). Ang Il was purchased
from Calbiochem (San Diego, CA). Myo-[3H]-inositol was from Perkin Elmer Life
Sciences. Dowex AG1-X8 was from Bio-Rad (Hercules, CA). Rat aortic smooth muscle
cells (RASMCs) were purchase from Cell Applications, Inc. (San Diego, CA). All other
materials were obtained as described elsewhere [2, 34].

2.2. Plasmid construction

To generate the pcDNA3.1(-) vector containing three HA at the Xbal and Xhol restriction
sites, two primers (forward primer: 5~-CTAGAATGTACCCATACGATGTTCCAGAT
TACGCTTACCCATACGATGTTCCAGATTA
CGCTTACCCATACGATGTTCCAGATTACG CTGATC-3’; reverse primer: 5'-
TCGAGATCAGCGTA ATCTGGAACATCGTATGGGTAAGCGTAAT
CTGGAACATCGTATGGGTAAGCGTAATCT GGAACATCGTATGGGTACATT-3)
encoding three YPYDVPDYA and containing Xbal and Xhol restriction sites were
synthesized, annealed and ligated into the pcDNA3.1(-) vector (Invitrogen Life
Technologies, Carlsbad, CA), which was digested with Xbal and Xhol. To generate AT1aR
tagged with three HA at its N-terminus (HA-AT1aR), the full-length AT1aR was amplified
by polymerase chain reaction (PCR). The PCR product was digested with Xhol and HindllI,
purified and ligated to HA-tagged pcDNAS3.1(-) vector, which was digested with Xhol and
Hindlll. AT1aR tagged with GFP at its C-termini (AT1aR-GFP) was generated as described
previously [23, 34]. The GFP and HA epitopes have been used to label GPCRs including
AT1aR, resulting in receptors with similar characteristics to the wild-type (WT) receptors.
GST fusion protein constructs coding the C-terminus of AT1aR were generated in the
pGEX-4T-1 vector as described previously [3]. The constructs of small GTPases
(Rab1N1241, Rab6Q72L, SarlH79G and ARF1N1261) were generated as described
previously [23-27]. All mutants were made with the Quick Change site-directed
mutagenesis Kit. The sequence of each construct used in this study was verified by
restriction mapping and nucleotide sequence analysis.

2.3. Cell culture and transient transfection

HEK?293 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) with 10%
fetal bovine serum (FBS), 100 units/ml penicillin, and 100 units/ml streptomycin. RASMCs
were cultured in Rat Smooth Muscle Cell Growth Medium (Cell Applications, Inc.).
Transient transfection of the cells was carried out using Lipofectamine 2000 reagent
(Invitrogen Carlsbad, CA).
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2.4. Flow cytometric analysis of receptor expression

For measurement of the cell surface expression of AT1aR, HEK293 cells were cultured on
6-well dishes and transfected with 1 ug of HA-AT1aR for 36 h. The cells were collected,
suspended in phosphate-buffered saline (PBS) containing 1% fetal calf serum (FCS) at a
density of 1 x 107 cells/ml and incubated with high affinity anti-HA-fluorescein (3F10) at a
final concentration of 2 pg/ml for 30 min at 4°C. After washing twice with 0.5 ml of
PBS/1% FCS, the cells were resuspended and the fluorescence was analyzed on a flow
cytometer (Dickinson FACSCalibur) as described previously [23]. Since the staining with
the HA antibodies was carried out in the unpermeabilized cells and only those receptors
expressed at the cell surface were accessible to the HA antibodies, the fluorescence
measurement reflected the amount of the receptors at the cell surface. For measurement of
total receptor expression, HEK293 cells were transfected with AT1aR-GFP for 36 h. The
cells were collected, washed twice with PBS and resuspended in PBS containing 1% FCS at
a density of 8 x 108 cells/ml. Total receptor expression was determined by measuring the
GFP fluorescence. To determine the effect of drug treatment on receptor expression,
HEK?293 cells were incubated with MG132 (20 uM), chloroquine (100 pM) for 6 h at 37C°.
To determine the effect of small GTPases, HEK293 cells were cultured on 6-well dishes and
transfected with 200 ng of AT1aR plasmid together with 800 ng of individual small GTPase
plasmids.

2.5. Biotinylation of the cell surface ATl1laR

In addition to flow cytometry the cell surface AT1aR expression was also measured by
immunoblotting following biotinylation and isolation of cell surface proteins by using the
Pierce Cell Surface Protein Isolation Kit (Thermo Scientific). Briefly, HEK293 cells were
cultured on 10-cm dishes and transfected with 4 ug of the pEGFP-N1 vector, AT1aR-GFP or
K308E-GFP for 36-48 h. After washing, the cells were incubated with EZ-Link Sulfo-NHS-
SS-Biotin for 30 min at 4 °C with gentle rotation. After the action was quenched, the cells
were collected, lysed with lysis buffer containing protease inhibitors (Roche Molecular
Biochemicals) and sonicated. The cell lysate was then centrifuged and the biotinylated
proteins were isolated by using the NeutrAvidin Agarose column following the
manufacturer’s instructions. The biotinylated cell surface AT1aR were measured by
immunoblotting using GFP antibodies.

2.6. Fluorescence microscopy

Subcellular distribution of AT1aR was analyzed by fluorescence microscopy as described
previously [33, 35]. Briefly, HEK293 cells were grown on coverslips pre-coated with poly-
L-lysine in 6-well plates and transfected with 100 ng of AT1aR-GFP for 36 h. The cells
were fixed with 4% paraformaldehyde-4% sucrose mixture in PBS for 15 min. The
coverslips were mounted with prolong antifade reagent (Invitrogen) and images were
captured using a Zeiss LSM780 confocal microscope equipped with a 63x objective. The
cell surface expression of AT1aR was quantified by using ImageJ software.
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2.7. Measurement of ERK1/2 activation

HEK?293 cells were cultured on 6-well dishes and transfected with 1.2 ug of AT1aR or its
mutant. At 6-8 h after transfection, the cells were split and cultured for additional 36 h. The
cells were starved for 5 h and then stimulated with different concentrations of Ang Il (0-100
nM) for 3 min at 37 °C. Stimulation was terminated by addition of 350 ul of 1 x SDS gel
loading buffer. After solubilizing the cells, 20 pl of total cell lysates were separated by 12%
SDS-PAGE. ERK1/2 activation was determined by measuring the levels of phosphorylation
of ERK1/2 with phospho-specific ERK1/2 antibodies by immunoblotting as described
previously [23].

2.8. Measurement of inositol phosphate (IP) production

ATlaR-stimulated IP accumulation was measured as described previously [23]. Briefly,
HEK293 cells were cultured on 100-mm dishes and transfected with AT1aR or its mutant.
At 24 h after transfection, the cells were labeled with fresh medium supplemented with
myo-3H-inositol (2 pCi/ml) for 24 h. The cells were washed with 2 ml of buffer containing
1.26 mM Ca?* and 0.89 mM Mg?2" three times and incubated with 2 ml of buffer containing
10 mM LiCl for 20 min. The cells were then stimulated with Ang Il at a concentration of 1
uM for 45 min at 37 °C. The reactions were terminated with 1 ml of ice-cold 10%
trichloroacetic acid. The cells were frozen at —80°C for 10 min, collected and mixed with
0.5 ml mixture of 0.72 M KOH/0.6 M KHCOg3. After centrifugation at 3,000 rpm for 5 min
to remove the precipitated proteins, the supernatants were applied to Dowex AG1-X8 anion
exchange columns (1.0 ml) equilibrated with 0.1 M formic acid. The columns were washed
with 4 X 4 ml 0.1 M formic acid to remove free myo-[3H]-inositol and inositol phosphates
were eluted with 3 X 2.0 ml 0.1 M formic acid containing 1 M ammonium formate and
counted by liquid scintillation spectrometry in 18 ml of Ecoscint A scintillation solution
(National Diagnostics, Atlanta, GA).

2.9. Vascular smooth muscle cell migration assay

Migration assays were performed by using 24-well cell culture inserts with 8.0 um pore size
transwell culture chambers (Corning, NY, USA). RASMCs were cultured in 10-cm dishes
and transfected with the control vector pPEGFP-N1, AT1aR-GFP or K308E-GFP for 24 h.
The cell were then seeded into chamber inserts at a density of 4x10% per well with Rat
Smooth Muscle Cell Basal Medium (Cell Applications, Inc.) containing 05% FBS and
stimulated with Ang Il at a concentration of 200 nM for 7 h at 37 °C. The cell that did not
migrate were removed from the upper surface of the membrane, the migrated cells on the
lower surface were then fixed with 4% paraformaldehyde and stained with crystal violet
solution for 30 min. Bright-field images were randomly taken with a light microscope at
%200 magnification and the numbers of migrated cells were counted.

2.10. Measurement of AT1aR ubiquitination

Ubiquitination of AT1aR was measured as described previously for AT2R [36]. HEK293
cells were cultured on 100-mm dishes and transfected with 3 pg of AT1aR-GFP and 3 pg of
HA-ubiquitin. After transfection for 36 h, the cells were treated with MG132, a proteasome
inhibitor at a concentration of 10 uM for 12 h. The cells were then washed with PBS and

Cell Sgnal. Author manuscript; available in PMC 2016 December 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhu et al.

Page 6

incubated with 500 pl of buffer containing 50 mM Tris, pH7.4, 150 mM NaCl, 1% NP-40,
0.5% sodium deoxychalate, 0.1% EDTA and protease inhibitors at 4 °C for 1 h with gentle
rotation. After centrifugation for 15 min at 14,000 x g, 20 ul of protein G PLUS-Agarose
beads was added into the supernatant for 1 h to remove unspecific binding proteins. The pre-
cleared supernatant was then incubated with 2 pg of anti-GFP antibodies and rotated
overnight at 4 °C followed by incubation with 12.5 pl of protein G-Agarose beads for 4 h at
4 °C. The beads were then washed twice with buffer and the bound proteins eluted with 2 x
SDS-gel loading buffer. AT1aR-GFP and HA-ubiquitin in the immunoprecipitates were
detected by immunoblotting using anti-GFP and HA antibodies, respectively.

2.11. GST fusion protein pulldown assays

GST fusion proteins were expressed in BL21 bacteria and purified using a glutathione
affinity matrix as described previously [35, 37]. GST fusion proteins immobilized on the
glutathione resin were either used immediately or stored at 4 °C for no longer than 3 days.
Each batch of fusion proteins used in experiments was first analyzed by Coomassie Brilliant
Blue R250 staining following SDS-PAGE. GST fusion proteins tethered to the glutathione
resin were incubated with total HEK293 cell lysates in 1 ml of binding buffer (20 mM Tris-
HCI, pH 7.5, 2% NP-40, 140 mM NaCl) at 4 °C overnight. The resin was washed four times
with 1 ml of binding buffer, and the retained proteins were solubilized in 1 x SDS gel
loading buffer and separated by SDS-PAGE. Bound -COP were detected by
immunoblotting.

2.12. Statistical analysis

3. Results

Differences were evaluated using Student’s t test, and p < 0.05 was considered as
statistically significant. Data are expressed as the mean + S.E.

3.1. Single mutation at Lys308 in helix 8 enhances the cell surface expression of AT1aR

Positively charged residues are highly conserved in the helix 8 of family A GPCRs [2]. We
and others have shown that mutating these residues markedly attenuated the cell surface
expression of the receptors [2-5]. Here, we sought to further characterize the function of Lys
residues in helix 8 (Fig. 1A) in the cell surface transport of AT1aR. In the first series of
experiments, Wild-type (WT) AT1aR and its mutants were tagged with HA at the N-termini
(HA-AT1aR) and their cell surface expression was quantified by flow cytometry following
staining with anti-HA antibodies in non-permeabilized cells. Mutating Lys310 and Lys311
to Glu dramatically inhibited the cell surface expression of AT1aR. Surprisingly, Lys308
mutation produced a marked opposite effect and enhanced the cell surface expression of
AT1aR by 2.2 folds. In contrast, Lys307 mutation did not have obvious effects (Fig. 1B).

We next determined the effect of transfection with different concentrations of plasmids on
the cell surface expression of the receptors. The effect of increasing plasmid concentrations
on the cell surface expression of the receptor was very much the same between WT AT1aR
and its mutant K308E (Fig. 1C). However, at each plasmid concentration, the cell surface
expression of the mutant K308E was significantly higher than its WT counterpart (Fig. 1C).
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In the second series of experiments, we used the cell surface biotinylation method to
determine the effect of Lys308 mutation on the cell surface expression of AT1aR. In these
experiments, AT1aR and its mutant K308E were tagged with green fluorescent protein
(GFP) at the C-termini and their cell surface expression levels were quantified by
immunoblotting using anti-GFP antibodies after biotinylation and isolation of the cell
surface proteins. Multiple immunoreactive bands were observed in the immunoprecipitates
from cells expressing either AT1aR or the mutant K308R, but not from cells expressing GFP
alone (Fig. 1D). Based on their apparent molecular weights, these bands likely represented
the monomers, dimers and oligomers of AT1aR (Fig. 1D). The total cell surface AT1aR
(Fig. 1D and 1E) was significantly augmented in cells expressing the mutant K308E as
compared with cells expressing its WT AT1aR. Interestingly, increase in AT1aR dimers was
much higher than its monomers and oligomers (Fig. 1D and 1E). These data are consistent
with previous studies showing that AT1R undergoes dimerization [38-40].

In the third series of experiments, confocal microscopy was utilized to directly visualize the
subcellular distribution of GFP-tagged AT1aR and its mutant K308E. As expected, AT1aR-
GFP was robustly expressed at the cell surface (Fig. 1F). Consistent with the data obtained
from flow cytometry, the cell surface localization of K308E-GFP was apparently stronger
than that of AT1aR-GFP (Fig. 1F) and quantitative data showed that the cell surface AT1aR
increased by 2.2 folds in cells transfected with the mutant K308E as compared to cells
expressing WT AT1aR (Fig. 1F). Altogether, these data demonstrate that single point
mutation at Lys308 in helix 8 markedly enhances the cell surface expression of AT1aR.

3.2. Lys308 mutation augments ATlaR-mediated signaling and function

To define if Lys308 mutation could enhance AT1aR-mediated signaling, the MAPK
ERKZ1/2 activation and IP production were compared in cells expressing WT AT1aR and its
mutant K308E. Consistent with the effect on cell surface AT1aR expression, AT1aR-
mediated ERK1/2 activation in response to Ang Il stimulation was significantly greater in
cells expressing the mutant K308E than in cells expressing WT AT1aR (Fig. 2A and 2B).
Similarly, IP production was also higher in cells expressing K308E than in cells expressing
WT AT1aR (Fig. 2C). The basal levels of ERK1/2 activation and IP production were almost
the same in cells expressing AT1aR and its mutant K308E (Fig. 2A-2C), suggesting that the
mutation did not induce constitutive activation of the receptor. These data indicate that
Lys308 mutation enhances not only AT1aR cell surface expression but also AT1aR-
mediated signaling.

The activation of AT1R has been well defined to be important for the vascular smooth
muscle migration [41, 42]. To further determine if Lys308 mutation could augment AT1R-
mediated function, we determined the effect of transient expression of AT1aR and its mutant
K308E on the migration of RASMCs in response to Ang Il stimulation. Consistent with the
role of AT1aR activation in promoting vascular smooth muscle cell migration, the number
of migrated RASMCs was significantly higher in cells expressing WT AT1aR than control
cells upon stimulation with Ang Il (Fig. 2D and 2E). The migrated RASMCs were greater in
cells expressing K308E than in cells expressing WT AT1aR and control cells (Fig. 2D and
2E). In contrast, the migration of RASMCs was about the same in cells expressing the
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control vector, WT AT1aR and K308E mutant in the absence of Ang Il stimulation (data not
shown). These data further indicate that Lys308 mutation augments the function of AT1aR.

3.3. Lys308 mutation increases overall expression of AT1aR

To explore the possible mechanisms of how Lys308 mutation increased the cell surface
AT1aR expression, we determined if the mutation could alter overall AT1aR synthesis.
AT1aR and its mutants were tagged GFP at their C-termini (AT1aR-GFP) and their total
expression levels were measured by flow cytometry measuring total GFP signal. Similar to
the effect on the cell surface expression, Lys308 mutation to Glu increased total AT1aR
expression by 2.4 folds, whereas mutating Lys307, Lys310 and Lys311 did not have any
clear effect (Fig. 3A). A significant increase in overall AT1aR expression by Lys308
mutation was also observed in cells transfected with different plasmid concentrations (Fig.
3B).

We next measured total expression of AT1aR by immunoblotting of cell lysates using GFP
antibodies. Total AT1aR was augmented in cells expressing the mutant K308E as compared
with cells expressing WT AT1aR, and Lys308 mutation similarly enhanced the expression
of AT1aR monomers, dimers and oligomers (Fig. 3C and 3D). These data suggest that
Lys308 mutation also enhances total expression of AT1aR.

To test the possibility that increased total AT1aR expression by Lys308 mutation was due to
reduced receptor targeting to the degradation pathways, we determined the effects of
MG132, a proteasome degradation pathway inhibitor, and chloroquine, a lysosomal
degradation pathway inhibitor, on total AT1aR expression. The treatments with GM132 and
chloroquine only slightly affected total AT1aR expression and their effects were similar
between AT1aR and the mutant K308E (Fig. 3E).

We further determined if AT1aR was ubiquitinated as well as the effect of Lys308 mutation
on the ubiquitination. For this purpose, GFP-tagged AT1aR and HA-tagged ubiquitin were
co-expressed in HEK293 cells and AT1aR was immunoprecipitated using GFP antibodies.
The levels of AT1aR and ubiquitin in the immunoprecipitates were determined by
immunoblotting using GFP and HA antibodies, respectively. Although both WT AT1aR and
the mutant K308E were found in the anti-GFP immunoprecitates, no specific HA-ubigintin
bands were detected in the immunoprecipitates from cells expressing AT1aR and the mutant
K308E, suggesting that AT1aR and the mutant K308E are not conjugated with ubigintin
(Fig. 3F). These data are consistent with a previous report showing that AT1R does not
undergo ubiquitination under normal conditions [43]. Similar amounts of AT1aR and
K308E were found in the immunoprecipitates which was likely due to the limited amount of
GFP antibodies used in the immunoprecipitation experiments (Fig. 3F). Altogether, these
data suggest that AT1aR degradation is unlikely a major cause for the increased synthesis of
AT1aR induced by Lys308 mutation.

3.4. Lys308 mutation abolishes COPI interaction and disrupts Rab6-dependent transport of

It has been well established that retrograde transport from the Golgi to the ER and between
the Golgi stacks is mediated through the COPI vesicles and several motifs, such as the
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dilysine motifs, have been identified to directly interact with the COPI vesicles [44-47].
Therefore, we determined if Lys308 mediated AT1aR interaction with the COPI vesicles.
The AT1aR C-terminus and its mutant K308E were generated as glutathione S-transferase
(GST) fusion proteins and their interaction with f-COP, a component of COPI vesicles, was
determined in GST fusion protein pulldown assays. The GST-fusion proteins containing the
C-terminus, but not GST alone, strongly interacted with $-COP. Lys308 muation abolished
the interaction of the C-terminus with B-COP (Fig. 4A and 4B). These data suggest that the
AT1aR C-terminus physically associates with the COPI vesicles which is mediated via
Lys308.

We have previously shown that AT1aR cell surface transport depends on several small
GTPases, including Rabl, Rab6, Sarl and ARF1 [23-27]. Rabl is well known to modulate
the ER-to-Golgi transport, whereas Rab6 modulates retrograde transport from the late to the
early Golgi cisternae or from the Golgi to the ER [48, 49]. Sarl regulates the ER exit via
controlling the formation of COPII vesicles [50]. ARF1 coordinates multiple pathways
involved in both anterograde and retrograde transport [51]. To define if AT1aR and its
mutant K308E used the same pathway to transport to the cell surface, we determined the
effect of expressing these small GTPase mutants which were previously shown to inhibit
AT1aR cell surface transport [23-27]. We found that the expression of the dominant-
negative mutants Rab1N1241 and ARF1N1261 and the constitutively active mutant
Sar1H79G significantly inhibited the cell surface expression of both AT1R and K308E (Fig.
4c¢). In contrast, the expression of the constitutively active mutant Rab6Q72L selectively
attenuated the cell surface transport of AT1aR but had no effect on the transport of mutant
K308E (Fig. 4C). These data suggest that Lys308 mutation may alter AT1aR transport via
the Rab6-dependent retrograde pathway.

3.5. Lys308 function depends on its positively charged property

To further provide insights into how Lys308 modulates AT1aR cell surface transport,
overall synthesis and interaction with COPI vesicles, we determined the effect of Lys308
mutation to Arg. In marked contrast to the effects of Lys308 mutation to Glu, Lys308
mutation to Arg did not significantly influence the cell surface and total expression of
AT1aR (Fig. 5A). Confocal microscopic analysis of the subcellular distribution of AT1aR
showed that the cell surface expression levels of AT1aR and the mutant K308R were similar
which were significantly less than that of the mutant K308E (Fig. 5B and 5C). Lys308
mutation to Arg also did not alter the ability of AT1aR to activate the MAPK ERK1/2 in
response to Ang Il stimulation (Fig. 5D and 5E). In GST fusion protein assays, both WT C-
terminus and its mutant K308R strongly bound to B-COP (Fig. 5F and 5G). These data
demonstrate that Lys and Arg at position 308 of AT1aR are exchangeable. These data also
suggest that the positively charged property of Lys308 is a main determinant of its functions
in regulating AT1aR expression and interaction with 3-COP.

4. Discussion

The most important finding we have shown in this manuscript is that a single point mutation
at Lys308 in the membrane-proximal C-terminal helix 8 significantly enhances the export of
functional AT1aR to the cell surface, and as a result promotes receptor-mediated signaling
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and function. These functions of Lys308 are likely mediated through regulating overall
AT1aR expression and AT1aR transport along the Rab6- and COPI-mediated retrograde
pathway.

The amphipathic helix 8 is a structurally conserved motif in family A GPCRs. This helical
region has been shown to be involved in the G protein activation, trafficking and function of
the receptors [32, 52, 53]. Highly concentrated, positively charged residues in helix 8 have
been defined to be essential for the cell surface expression of some GPCRs [2-5]. Here, we
have demonstrated that the function of Lys308 in regulating AT1aR transport and function is
in marked contrast to other positively charged residues located in the membrane-proximal
C-terminal helix 8. Lys308 mutation to Glu markedly enhanced the cell surface expression
of AT1aR as measured in three different assays: flow cytometry, biotinylation and confocal
microscopy. Furthermore, Lys308 mutation also enhanced AT1aR-mediated ERK1/2
activation, IP production and vascular smooth muscle cell migration which are presumably
caused by increased AT1aR cell surface expression. However, we cannot exclude the
possibility that Lys308 mutation may alter the receptor’s abilities to bind to its ligands and
to directly activate its downstream signaling molecules. As K308E did not alter basal
ERKZ1/2 activation, IP production and cell migration in the absence of Ang Il, it is not a
constitutively active mutant.

Lys308 mutation enhanced the overall expression of AT1aR, suggesting that upregulated
receptor expression is an important force that drives the cell surface transport of the mutated
AT1aR. However, the mechanism of how Lys308 mutation enhances total AT1aR
expression is unknown. The simplest explanation for this is that Lys308 is a cleavage site for
some proteolytic digestive enzymes and its mutation reduces the degradation of AT1aR,
resulting in the increase in total receptor numbers in the cell. As both Lys and Arg are the
same cleavage sites for the enzymes, Lys308 mutation to Arg will not influence AT1aR
degradation. However, AT1R cleavage has been demonstrated to occur at different residues
at the C-terminus [54]. Our data have also shown that the amounts of the GFP fragment
were about the same in total lysates prepared from cells expressing WT AT1aR and K308E
(Fig. 2C). In addition, the treatment with the proteasomal inhibitor MG132 and the
lysosomal inhibitor chloroquine only moderately altered total AT1aR synthesis.
Furthermore, the functions of Lys308 can be replaced by Arg, suggesting it is unlikely
involved in the regulation of AT1aR targeting to the ubiquitination and sumoylation
pathways which are specifically mediated through Lys residues [55]. Indeed, consistent with
other reports [43], our studies showed that AT1aR did not undergo ubiquitination under the
condition that AT2R was ubiquitinated [36]. Altogether, these data suggest that Lys308 is
unlikely involved in the AT1aR degradation processes.

Our studies suggest a possible role of retrograde transport in the regulation of AT1aR export
trafficking to the cell surface. We demonstrated that the AT1aR C-terminus interacted with
the COPI vesicle component 3-COP and the interaction was abolished by Lys308 mutation.
As the COPI vesicles are well demonstrated to mediate retrograde transport from the late to
the early Golgi cisternae and from the Golgi to the ER, it is possible that, under the normal
condition, AT1aR physically associates with the COPI vesicles via Lys308, leading to the
enhancement of AT1aR recruitment onto the vesicles and subsequent transport from the
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Golgi to the ER. Lys308 mutation disrupts the interaction of AT1aR with the COPI vesicles,
reducing receptor retrograde transport which presumably enhances receptor forward
trafficking. This possibility is also supported by identification of the dilysine motifs that
interact with COPI vesicles and function as retrieval signals recycling proteins from the
Golgi back to the ER [44-47]. Furthermore, Rab6 is well characterized to be involved in
regulation of protein retrograde transport [48, 49]. Consistent with our previous report, the
expression of constitutively active mutant Rab6Q72L inhibited the transport of AT1aR, but
not the mutant K308E. The lack of response of the AT1aR mutant K308E to Rab6 inhibition
suggests that Lys308 may be involved in the regulation of AT1aR retrograde movement. It
is also interesting to note that, in some GPCRs such as apc-adrenergic and GABAg
receptors, positively charged residues may function as ER retention motifs to block the
receptor export from the ER [56, 57]. To the best of our knowledge, these data provide the
first evidence implicating a role of retrograde transport in regulating GPCR forward
trafficking. These data also suggest that the C-terminus-mediated specific interaction of
AT1aR with the COPI vesicles is an important checkpoint for modulating AT1aR cell
surface export and function.

The cell surface targeting of nascent AT1R is a crucial event in regulating its functionality
under the physiological and pathological conditions. Abnormal expression of AT1R at the
cell surface has been well described to significantly contribute to the development of many
cardiovascular diseases and cancers and AT1R blockers are important drugs for the
treatment of these diseases [6, 58, 59]. Although molecular mechanisms governing the cell
surface export of AT1R are not well understood, recent studies have demonstrated that it is
coordinated by many regulatory proteins, motif-mediated interaction with transport
machineries and structural determinants [28, 30-33]. We have previously demonstrated that
AT1aR may use export motifs, such as di-leucine and di-acidic motifs located in the C-
terminus, to direct its anterograde transport [31-33]. As demonstrated in this study, Lys308
in helix 8 modulates AT1aR trafficking and function via different mechanisms. Because
Lys308 is a highly conserved residue in many GPCRs [2], it will be very intriguing to
determine if these mechanisms revealed by using AT1aR as a model can be applied to other
GPCRs to regulate their trafficking and function.
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MAPK mitogen-activated protein kinase
ERK1/2 extracellular signal-regulated kinase 1 and 2
WT wild type
IP inositol phosphate
GST glutathione S-transferase
GFP green fluorescent protein
HA hemagglutinin
RASMC rat aortic smooth muscle cell
DMEM Dulbecco’s modified Eagle’s medium
PBS phosphate-buffered saline
ER endoplasmic reticulum
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Highlights
A single mutation in helix 8 enhances the cell surface expression of AT1aR
The mutation augments AT1aR-mediated signaling and function
The mutation increases overall expression of AT1aR

The mutation abolishes COPI interaction and disrupts Rab6-dependent transport of
AT1laR

Novel mechanisms that control AT1aR trafficking and signaling via helix 8 are
proposed.
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Fig. 1.

L;]s308 mutation to Glu enhances the cell surface expression of AT1aR. A, Sequence of the
C-terminus of AT1aR. Residues in helix 8 are underlined and four Lys residues at positions
307, 308, 310 and 311 which were mutated to Glu individually are bolded. B, Effect of
mutating Lys residues on the cell surface expression of AT1aR. HA-tagged AT1aR and its
mutants were transfected in HEK293 cells and their cell surface expression was measured by
flow cytometry following staining with HA antibodies in non-permeabilized cells (n=4-6).
*, p <0.05 versus WT. C, Effect of increasing amounts of plasmids (from 125 to 1000 ng
per well) on the cell surface expression of AT1aR and K308E. The data are expressed as -
folds relative to WT AT1aR expression in cells transfected with 125 ng plasmids (n=3). D,
Effect of Lys308 mutation on the cell surface AT1aR expression measured in biotinylation
assays. HEK?293 cells were transfected with the pEGFP-N1 vector (control), AT1aR-GFP or
K308E-GFP. The cell surface expression of the receptors was determined by Western
blotting using GFP antibodies following biotinylation and isolation of the cell surface
proteins. E, Quantitative data shown in D (n=3). F, Representative images showing
subcellular distribution of AT1aR and K308E. HEK293 cells cultured on coverslips were
transfected with AT1aR-GFP or K308E-GFP and the subcellular localization of the
receptors was revealed by fluorescence microscopy. Green, GFP-tagged AT1aR; blue, DNA
staining by 4,6-diamidino-2-phenylindole (nuclei). Scale bar, 10 um. G, Quantitative data of
cell surface expression shown in f (n=4). *, p < 0.05 versus respective WT.
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Fig. 2.
Effect of Lys308 mutation on AT1aR-mediated ERK1/2 activation and IP production. A,

Effect of Ly308 mutation on AT1aR-stimulated ERK1/2 activation. HEK293 cells cultured
on 6-well dishes were transfected with AT1aR-GFP or K308E-GFP and then stimulated
with increasing concentrations of Ang Il (0-100 nM) for 3 min. ERK1/2 activation was
determined by Western blot analysis using phospho-specific ERK1/2 antibodies. B,
Quantitative data shown in A. The data are the percentage of ERK1/2 activation in cells
expressing AT1aR-GFP and stimulated with Ang 11 at 100 nM. Similar results were
obtained in 4 individual experiments. C, Effect of Lys308 mutation on AT1aR-mediated IP
accumulation. HEK293 cells were transfected with AT1aR or its mutant K308E, incubated
with myo-3H-inositol and stimulated with Ang 11 at 1 uM for 45 min. The data shown are the
fold increase over respective basal levels of IP production in response to Ang Il stimulation
(n=3). *, p < 0.05 versus the cells without Ang Il stimulation and #, p < 0.05 versus the cells
transfected with WT AT1aR and stimulation with Ang Il. D, Effect of Lys308 mutation on
ATlaR-mediated migration. RASMCs were transfected with the control vector pPEGFP-N1,
AT1aR-GFP or K308E-GFP and seeded on transwell culture chambers. The cells were
stimulated with Ang 11 at 100 nM for 7 h at 37 °C. After removal of non-migrating cells, the
migrated cells on the lower surface were fixed and stained. Bright-field images were
randomly taken with a light microscope at x200 magnification. E, Quantitative data of
migrated cells shown in D. The data are percentages of migrated RASMCs transfected with
the control vector (n= 9-20 images from 3 individual experiments). *, p < 0.05 versus
control and #, p < 0.05 versus WT AT1aR.
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Fig. 3.

Effect of Lys308 mutation on AT1aR expression, degradation and ubiquitination. A,
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HEK?293 ells were transfected with GFP-tagged AT1aR and its mutants and total receptor
expression was determined by flow cytometry detecting the GFP signal (n=4-6). *, p < 0.05
versus WT. B, Effect of increasing plasmid concentrations on total expression of AT1aR and
its mutant K308E. The data are expressed as -folds relative to WT AT1aR expression in
cells transfected with 125 ng plasmids (n=5-7). C, HEK293 cells were transfected with the
pPEGFP-N1 vector (control), AT1aR-GFP or K308E-GFP. Total cell lysates were separated
by SDS-PAGE followed by Western blotting using GFP antibodies. D, Quantitative data
shown in C (n=3). E, Effect of the treatment of MG132 and chloroquine on total AT1aR

expression. HEK293 cells were transfected with AT1aR-GFP or K308E-GFP and then

treated with DMSO (control), GM132 (20 uM) or chloroquine (100 uM) for 6 h at 37C°

(n=3). F, Effect of Lys308 mutation on AT1aR ubiquitination. HEK293 cells were

transfected with AT1aR-GFP or K308E-GFP together with HA-ubiquitin and treated with
MG132. Following immunoprecipitation with anti-GFP antibodies, AT1aR-GFP and HA-

ubiquitin were detected by immunoblotting using anti-GFP (upper panel) and anti-HA
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(lower panel) antibodies, respectively. Similar results were obtained in 3 separate
experiments. *, p < 0.05 versus respective WT.
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Fig. 4.
Effect of Lys308 mutation on AT1aR interaction with B-COP and responsiveness to small

GTPase inhibition. A, Effect of Lys308 mutation on the interaction of the AT1aR C-
terminus with B-COP. The AT1aR C-terminus and its mutant K308E were generated as GST
fusion proteins and incubated with total cell lysates prepared from HEK?293 cells. Bound f3-
COP was revealed by immunoblotting using anti-B-COP antibodies (upper panel). Lower
panel shows Coomassie blue staining of purified GST fusion proteins. Lysate — 1% of total
input. B, Quantitative data shown in A (n=3). *, p < 0.05 versus WT. C, Effect of transient
expression of small GTPase mutants on the cell surface expression of AT1aR and its mutant
K308E. HEK?293 cells were transfected with HA-AT1aR or HA-K308E together with
pcDNAZ3.1 (control) or individual small GTPase mutants. The cell surface AT1aR
expression was quantitated by flow cytometry following incubation with anti-HA antibodies
(n=3). *, p < 0.05 versus control.
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Fig. 5.
Effect of Lys308 mutation on AT1R expression, interaction with 3-COP and function. A,

Effect of Lys308 mutation on the cell surface and total expression of AT1aR as described in
legend of Fig. 1a and 3a. B, Representative images showing the subcellular distribution of
AT1aR and its mutants revealed by fluorescence microscopy as described in legend of Fig.
1F. Green, AT1aR-GFP; blue, DNA staining by 4,6-diamidino-2-phenylindole (nuclei).
Scale bar, 10 um. C, Quantitative data of AT1aR cell surface expression shown in B (n=3).
D, Effect of Ly308 mutation on AT1aR-stimulated ERK1/2 activation as described in legend
of Fig 2A. E, Quantitative data shown in D. The data are the percentage of ERK1/2
activation in cells expressing AT1aR-GFP and stimulated with Ang 11 (0-100 nM) for 3
min. Similar results were obtained in 3 separate experiments. F, Effect of Lys308 mutation
on the interaction of the AT1aR C-terminus with B-COP in GST fusion protein pulldown
assays as described in legend of Fig. 4A. G, Quantitative data shown in F (n=3). *, p < 0.05
versus respective WT.
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