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Abstract

Metabotropic glutamate receptors (mGIluRs) are G protein-coupled receptors that modulate
excitatory neurotransmission and synaptic plasticity. The group | mGluRs (mGIuR1 and mGIuR5)
have long intracellular C-terminal domains, which interact with many proteins. Our previous
studies identified calmodulin (CaM) as a strong regulator of mGIuR5 trafficking and mGIuR5-
induced calcium signaling. Although it has been accepted that both mGIluR1 and mGIuRS5 interact
with CaM, we now show that CaM specifically binds mGIuR5 and not mGIluR1. We have
identified a single critical residue in mGIuR5 (L896) that is required for CaM binding. In mGIuR1,
mutation of the corresponding residue, V909, to leucine is sufficient to confer CaM binding to
mGIuR1. To investigate the functional effects of CaM binding, we examined the surface
expression of mMGIuR1 and mGIuR5 in hippocampal neurons. The mutation in mGIluR1 (\V909L)
that confers CaM binding dramatically increases mGIuR1 surface expression, whereas the
analogous mutation in mGIuR5 that disrupts CaM binding (L896V) decreases mGIuR5 surface
expression. In addition, the critical residue that alters CaM binding regulates mGIuR
internalization. Furthermore, we find that mGluR-mediated AMPA receptor endocytosis is
enhanced by CaM binding to group I mGIuRs. Finally, we show that calcium responses evoked by
group I mGIluRs are modulated by these mutations, which regulate CaM binding. Our findings
elucidate a critical mechanism that specifically affects mGIuR5 trafficking and signaling, and
distinguishes mGIluR1 and mGIuR5 regulation.
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Introduction

Metabotropic glutamate receptors (mGIluRs) are G protein-coupled receptors (GPCRs) that
are widely expressed throughout the brain and are involved in synaptic transmission,
development, and plasticity (Hermans and Challiss, 2001; Kim et al., 2008). The mGIuRs
(mGIuR1-8) are subdivided into three groups based on their sequence similarity and
pharmacological properties (Hermans and Challiss, 2001). The group | mGIluRs (mGIuR1
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and mGIuR5) are Gg-coupled receptors that activate PLCP leading to the release of
intracellular calcium stores (Conn and Pin, 1997). In heterologous cells, group I mGIuRs can
regulate both intracellular Ca?* release and cAMP production (Pin and Duvoisin, 1995). The
activation of this dual signal transduction is determined by critical residues within the
second and third intracellular loops (Francesconi and Duvoisin, 1998).

Group | mGIuRs modulate a variety of ion channels and receptors (Hermans and Challiss,
2001; Snyder et al., 2001; Kelly et al., 2009; Johnston and Delaney, 2010; Luscher and
Huber, 2010). Group | mGIuR activation results in the loss of synaptic AMPA and NMDA
receptors (Snyder et al., 2001), induces long-term depression (LTD) (Bashir et al., 1993;
Bolshakov and Siegelbaum, 1994), and promotes AMPA receptor endocytosis (Chowdhury
et al., 2006; Park et al., 2008; Waung et al., 2008). This mGIuR-LTD requires de novo
protein synthesis and the activation of the PI3K-Akt-mTOR signaling pathway (Huber et
al., 2000; Hou and Klann, 2004). In addition, group | mGIluRs stimulate cap-dependent
translation, by specifically regulating elF4F activity (Banko et al., 2006).

Although mGIuR1 and mGIuRS are both Gg-coupled mGIuRs that stimulate intracellular
Ca?" release, they have distinct signaling properties. For example, mGIuR5 induces Ca2*
oscillations, whereas mGIuR1 activation results in a single Ca2* transient (Kawabata et al.,
1996). In addition, mGluR1 and mGIuR5 are differentially expressed throughout the brain
(Akbar et al., 1996; Ferraguti and Shigemoto, 2006). The intriguing differences in the
distribution and regulation of group I mGIuRs suggest they have distinct effects on neuronal
function.

Group | mGIuRs interact with many proteins, including Homer, Tamalin, Siah-1A,
caveolin-1, and calmodulin (CaM) (Minakami et al., 1997; Tu et al., 1998; Ishikawa et al.,
1999; Kitano et al., 2002; Enz, 2007; Francesconi et al., 2009). PKC phosphorylation of
serine 901 (S901) in the mGIuR5 C-terminal domain inhibits CaM binding, and the balance
between PKC phosphorylation and CaM binding is a key determinant of mGIuR5 trafficking
and mGluR5-stimulated calcium signaling (Lee et al., 2008). Data support a model in which
activation of mGIuR5 induces PKC activity, PKC phosphorylates mGIuR5 S901 causing
dissociation of CaM, and ultimately leads to mGIuRS5 internalization.

Here, we show that mGIuR1 does not bind to CaM, in spite of significant sequence
homology with mGIuRS. Interestingly, a single residue substitution between mGIuR1 and
mGIuR5 mediates CaM binding to group | mGluRs. This residue also profoundly affects
group | mGIuR surface expression, receptor signaling, and DHPG-mediated AMPA receptor
endocytosis. These findings demonstrate that CaM is a critical determinant of mMGIuR5
function, and reveals a molecular basis for underlying functional differences between the
highly homologous group | mGIuRs.

Materials and Methods

Constructs

Myc-tagged mGIluR1a was obtained as a gift from Dr. Paul J. Kammermeier in University of
Rochester Medical Center, Rochester, New York (Kammermeier and Yun, 2005). All
mGIuR1 constructs in this study are the mGluR1a isoform. A Myc epitope was inserted into
the N-terminus of mGIuR5 (between amino acids 22 and 23) to make Myc-tagged mGIuR5
(Lee et al., 2008). GST fusion protein constructs containing the C-terminus of mGIluR1
(amino acids 842-959) or mGIuR5 (amino acids 828-944) were subcloned into pGEX
vectors (Amersham Biosciences) as described previously (Kim et al., 2005). Additional
mutations (described in Fig. 2A) were introduced into Myc-mGIuR1, GST-mGIluR1-Cprox,
Myc-mGIuR5, or GST-mGIuR5-Cprox using the QuickChange site-directed mutagenesis
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system (Stratagene) following the manufacturer’s instructions. All mutations were
confirmed by sequence analysis. His-tagged CaM?2 was used for co-immunoprecipitation
with group | mGIuRs.

Anti-CaM, anti-mGIuR1, and anti-mGIuR5 antibodies were purchased from Millipore.
Mouse anti-Myc (9E10), rabbit anti-Myc, mouse anti-FLAG, and mouse anti-a-tubulin were
purchased from Sigma. Anti-CaM antibody was purchased from Millipore and anti-GST
antibody was purchased from GeneTex. Alexa 488-, 568-, and 647-conjugated secondary
antibodies were obtained from Invitrogen.

HEK?293 cells were maintained in DMEM containing 10% fetal bovine serum, 1% L-
glutamine, and 0.1% gentamicin. Primary hippocampal neurons were prepared from E18
Sprague-Dawley rats as previously described (Roche and Huganir, 1995), and grown in
Neurobasal medium supplemented with glutamine and B-27 supplement (Invitrogen). The
use and care of animals used in this study followed the guidelines of the NIH Animal
Research Advisory Committee.

Fusion protein production and GST pull down assay

GST-tagged fusion proteins for wild-type and mutant C-termini of mGIuR1 or mGIuR5
were purified as recommended by the manufacturer (Amersham Biosciences). In brief, DNA
constructs were transformed into BL21 bacterial cells. Isopropyl 1-thio-D-galactopyranoside
(1 mM) was added to 50 ml cultures in the mid log phase of growth (Assg = 0.5-1.0) to
induce fusion protein expression. After 4 h of induction, cells were lysed in 5 ml of B-PER
bacterial protein extraction reagent (Pierce). GST fusion proteins were purified according to
the manufacturer’s instructions (Amersham Biosciences). For pull-down assays, GST fusion
proteins were incubated with recombinant CaM (1 pg, Millipore) in a total volume of 500 pl
of binding buffer (50 mM Tris-HCI, pH 7.4, 150 mM NacCl, 2 mM CaCl; 0.5% Nonidet
P-40, protease inhibitors, and phosphatase inhibitors) for 2 h at 4°C. The beads were washed
4 times with binding buffer, and the bound proteins were eluted by adding SDS-PAGE
sample buffer and boiling for 5 min. Samples resolved by SDS-PAGE were transferred to a
polyvinyl difluoride membrane (PVDF, Millipore) and visualized by Western blotting. The
binding of CaM to GST fusion proteins was analyzed by immunoblotting with anti-CaM
antibody. The loaded GST fusion proteins were confirmed by immunoblotting with anti-
GST antibody or by Coomassie Brilliant Blue (CBB) staining.

Immunoblotting and immunoprecipitation

Transiently transfected HEK293 cells were lysed with 1% Triton X-100 in tris buffered
saline (TBS). Lysates were incubated with antibodies at 4°C overnight, and then with
protein A/G agarose beads for 2 h. After washing beads three times with TBS containing 1%
Triton X-100, the beads were incubated with SDS sample buffer at 37°C for 10 min. The
eluted proteins were resolved on SDS-PAGE gel, transferred to PVDF membrane and
subjected to Western blotting with the indicated primary and secondary antibodies.

Cell surface bhiotinylation assay

HEK?293 cells expressing Myc-mGIuR1 (wild-type and VV909L) or Myc-mGIuR5 (wild-type
and L896V) were rinsed three times with PBS containing 1 mM MgCl, and 0.1 mM CaCl,
(PBS++) and then incubated with 1 mg/ml EZ-link Sulfo-NHS-SS-Biotin (Pierce) in PBS++
for 20 min at 4°C. Cells were rinsed three times with cold 50 mM glycine in PBS++ to
quench unreacted biotin and then lysed in TBS containing 1% Triton X-100 and protease
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inhibitor mixture (Roche) for 1 h at 4°C. Cell lysates were centrifuged at 13,000xg for 10
min. The supernatant was incubated with streptavidin agarose beads (Pierce) for 2 h at 4°C
and washed four times with TBS containing 1% Triton X-100. Precipitates were eluted and
analyzed by immunablotting with rabbit Myc antibody.

Immunofluorescence assay of receptor trafficking in neurons

A fluorescence-based antibody uptake internalization assay was performed as described
previously (Lavezzari et al., 2004), with some modifications. Cultured hippocampal neurons
were transfected with Myc-mGIuR1 (wild-type or V909L) or mGIuR5 (wild-type or
L896V). After 2 days, Myc antibody was added to the media to label surface-expressed
mGIuR1 and mGIuR5 for 30 min at room temperature. Neurons were washed twice with
PBS and then treated with the group | mGIuR agonist DHPG (100 puM) for 30 min for
mGIuR5 and for 90 min for mGIuR1 at 37°C. After washing with PBS, neurons were
incubated with Alexa 568-conjugated (red) anti-mouse secondary antibody (Invitrogen) for
20 min at room temperature to label the surface receptors. After three washes in PBS, the
cells were fixed with 4% paraformaldehyde/4% sucrose in PBS for 15 min, washed, and
then permeabilized with 0.25% Triton X-100 for 5 min. After blocking with 10% normal
goat serum, neurons were incubated with Alexa 488-conjugated (green) anti-mouse
secondary antibody (Invitrogen) for 30 min to label internalized receptors. After washing
with PBS, ProLong Antifade reagent (Invitrogen) was applied to neurons before mounting.
Images were analyzed with a 63x objective on a LSM 510 confocal microscope (Zeiss). A
series of optical sections were collected at intervals of 0.5 um and the figures show the
maximum projections. For quantitative analysis, images from three or four dendrites per
neuron (at least 15 neurons per experiment) were collected, and the amount of
internalization was measured with MetaMorph 6.0 software (Universal Imaging Corp.). The
values represent means+=SEM of three independent experiments. Significance was
determined by using a Student’s unpaired t test.

For immunostaining surface expression, the transfected neurons were incubated with
saturated Myc antibody (9B11, Cell Signaling technology) for 20 min at room temperature
to label surface-expressed protein, followed by incubation with saturated Alexa 568-
conjugated (red) anti-mouse 1gG,,-specific secondary antibody (Invitrogen) for 20 min.
Following extensive washing, the cells were fixed, permeabilized, incubated with 10%
normal goat serum, and labeled with Myc antibody (9E10, Sigma) for 30 min at room
temperature for staining intracellular receptor fractions. After washing with PBS, the cells
were incubated with Alexa 488-conjugated (green) anti-mouse 1gG1-specific secondary
antibody for 30 min, and mounted with a ProLong Antifade kit (Invitrogen). Images were
collected and analyzed, as for the internalization assays. Red fluorescence intensity (surface
expression) was divided by green fluorescence intensity (intracellular fraction) to calculate
the intensity ratio.

AMPA receptor trafficking experiments

The AMPA receptor endocytosis assay was performed as described previously (Park et al.,
2008), with some modifications. Cultured hippocampal neurons were cotransfected with
Myc-mGIuR1 (wild-type or VO09L) or mGIuR5 (wild-type or L896V) in pIRES2-EGFP and
FLAG-GIuR1. After 5 days, surface FLAG-GIuR1 containing AMPA receptors were labeled
with FLAG antibody in conditioned media at room temperature for 20 minutes. Cells were
incubated at room temperature for 10 minutes with antagonists (10 puM MPEP for cells
transfected with Myc-mGIluR1 and 50 puM CPCCOEt for cells transfected with Myc-
mGIuRb5) to inhibit the endogenous group | mGIuR. After 5 min DHPG (50 pM)
application, the neurons were incubated in conditioned media at 37°C for 15 min. To
visualize the surface FLAG-GIuR1, live neurons were incubated with an excess of Alexa

J Neurosci. Author manuscript; available in PMC 2011 October 20.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Choi et al.

Page 5

568-conjugated (red) anti-mouse 1gGy secondary antibody (Invitrogen) at 10°C or room
temperature. Each antagonist was included in the incubation solution until fixation. After
three washes in PBS, neurons were fixed and permeabilized as described above. After
blocking with 10% normal goat serum, neurons were incubated with Alexa 647-conjugated
(green) anti-mouse IgG4 secondary antibody (Invitrogen) for 30 min to label internalized
FLAG-GIuRL. For staining of EGFP, GFP antibody (Invitrogen) was added and followed by
incubation with Alexa 488-conjugated (white) anti-rabbit-specific secondary antibody
(Invitrogen). Image collection and analysis were same as described above.

Calcium assays

Results

HeLa cells were transfected with Myc-mGIuR1 (wild-type, VO09L, or EKST+L) or Myc-
mGIuR5 (wild-type or L896V). Cells grown on coverglasses were preloaded with fluo-4-
AM for 30 min and then placed on the perfusion chamber under the confocal microscope.
The cells were stimulated by perfusion of the different concentrations of glutamate in
normal tyrode’s solution (in mM; NaCl 134, KCI 5.4, CaCl, 2.5, MgCl, 1.2, D-glucose 14,
HEPES 10.5). Ca2* responses were measured with excitation at 488 nm every 3 seconds.
Concentration-response relationships were analyzed by nonlinear regression using Prism 4.0
software (GraphPad Software, San Diego, CA). For analyzing Ca2* oscillation responses
evoked by mGIuR5 activation, intracellular Ca2* levels were expressed as relative total
fluorescence [AF/Fq: ratio of fluorescence difference, stimulated-basal (Fs-Fg), to basal (Fg)
value as a function of time]. All data were represented as means+SEM.

Group | mGluRs differ in their binding to CaM

CaM binding to mGIuRS5 acts as a critical regulator for mGIuR5 trafficking (Lee et al.,
2008). Although never demonstrated, it has been accepted that mGIuR1, another group |
mMGIuR, also interacts with CaM (Ishikawa et al., 1999). To directly compare CaM binding,
we conducted in vitro GST pull down assays using recombinant CaM protein and GST-
mGIuR1-Cprox (C-terminal proximal region, residues 842-959), GST-mGIuR5-Cprox
(residues 828-944), and GST-mGIuR7A CT (intracellular C-terminal region). In Fig. 1A,
we observed robust binding of CaM to mGIuR5 and mGIuR7, but not mGIuR1. Next, we
evaluated the ability of Myc-mGIuR1 or Myc-mGIuR5 to coimmunoprecipitate His-CaM2
from transfected HEK293 cells. Consistent with our in vitro results, we found that Myc-
mGIuR5 immunoprecipitated CaM, whereas Myc-mGIuR1 did not (Fig. 1B). In addition, we
immunoprecipitated endogenous mGIuR1 or mGIuR5 from rat whole brain lysates, and
again found that CaM associates with mGIuR5, but not mGIluR1 (Fig. 1C). Taken together,
these results clearly demonstrate that CaM interacts specifically with mGIuR5, but not
mGIuR1.

Mapping of a critical region for CaM binding

There is high sequence homology between mGIuR1 and mGIuR5 (Fig. 2A). To identify the
CaM binding region on mGIuR5, we made a variety of mutant constructs, exchanging single
residues and stretches of amino acids between mGIuR1 and mGIuR5 (Fig. 2). As previously
reported, serine 901 (S901) of mGIuR5 is critical for CaM binding (Lee et al., 2008).
Alignment of the region surrounding mGIuR5 S901 (mGIuR1 residues 865-932 and
mGIuR5 aa 851-918) revealed amino acid divergence and led us to make substitutions
between mGIuR1 and mGIuR5 of both stretches of amino acids (depicted as Region I, 11, 111
and IV) and individual residues (red letters). We performed in vitro binding assays using
wild-type (WT) and mutant forms of GST-mGIuR1-Cprox or GST-mGIuR5-Cprox.
Swapping residues in Regions I-111 had no effect on CaM binding to either mGIuR1 or
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mGIuRb5, suggesting that the residues in these regions are not essential determinants of CaM
binding (data not shown).

In contrast, exchange of residues in Region IV had a profound effect on CaM binding to
mGIuR1 and mGIuRS5. Inserting a segment of mGIuR5 (888-EKSTRGQHL-896) into the
analogous region of mGIuR1 (901-RQAPKGQHV-909) (Fig. 2A) results in mutant mGIuR1
binding to CaM (Fig. 2B). Within this critical stretch of amino acids, the only mGIuR5
residues that differ from mGIuR1 are EKST, arginine 892 (R892), and leucine 896 (L896)
(Fig. 2A). The exchange of EKST or R892 did not confer CaM binding on mGIuR1 or
disrupt mGIluR5-CaM binding (Fig. 2C,D). Surprisingly, we found that the single point
mutation, GST-mGIuR1 V909L, resulted in CaM binding, which could be further enhanced
when combined with the mGIUR1-EKSTRGQHL substitution (Fig. 2B,C). Conversely,
GST-mGIuR5-Cprox mutant fusion proteins with a single residue substitution of valine at
L896 completely abolished CaM binding (Fig. 2D). These in vitro binding results indicate
that a single residue (V909 in mGIuR1 or L896 in mGIuRb5) is a critical determinant for
CaM binding to group | mGIuRs. In Fig. 2B, smaller fragments (GST-mGIuR1, aa 888-920,
aa 898-920, or aa 903-920) and point mutants (GST-mGIuR1, INKK (in Region I11),
C867A, or C924A) were also examined, but did not show CaM binding.

We next analyzed full-length mGIluR1 and mGIuR5 for CaM binding. We transfected Myc-
mGIuR1 (WT, V909L, or EKSTKGQHL (EKST+L)) or Myc-mGIuR5 (WT, L896V, or
S901D) into HEK293 cells, followed by immunoprecipitation with anti-mGIuR1 or anti-
mGIuR5 antibody. Myc-mGIuR1 V909L or mGIluR1 EKST+L coimmunoprecipitated
endogenous CaM, whereas mGIuR1 WT did not (Fig. 3A). Although the mGIluR1 EKST+L
mutant (with 5 residues swapped) shows more robust CaM binding, the single residue
substitution (V909L) was sufficient to confer CaM binding, consistent with the results of the
in vitro binding assays. Similarly, we observed robust binding of endogenous CaM to
mGIuR5, but not to mGIuR5 L896V (Fig. 3B). We also found that mGIuR1 did not bind to
CaM when valine 909 was mutated to methionine (data not shown), the analogous residue in
human (Fig. 2A).

As reported previously, mGIuR5 S901D disrupted CaM binding (Lee et al., 2008). We also
examined mGIluR1 S914D containing a point mutation in the serine (S914) analogous to
mGIuR5 S901 that regulates CaM binding. Using coimmunoprecipitation assays from cell
lysates expressing Myc-mGIuR1 (S914D, V909L/S914D, or EKST+L/S914D), we found
that mGIluR1 S914D disrupted CaM binding of mGIuR1 V909L and EKST+L (Fig. 3C),
similar to mGIuR5 S901D. These results demonstrate that mGIuR1, unlike mGIuR5, does
not interact with CaM and define a critical single residue substitution that reverses the CaM
binding properties of the two group | mGIuRs.

It is surprising that a single residue substitution regulates the differential CaM binding of
group | mGIuRs, especially because valine and leucine are structurally similar with non-
polar side chains. Analysis of the mGIluR1 sequence using a CaM target database
(http://calcium.uhnres.utoronto.ca/ctdb/flash.htm), a web-based database for proteins
containing CaM binding sites (Yap et al., 2000), revealed that mGIuR1 has a putative CaM
binding motif in the second intracellular loop, where mGIluR1 and mGIuRS5 share a high
level of sequence identity. We generated GST-fusion proteins containing this loop region of
mGIuR1 and mGIuRS5, and performed in vitro binding assays with CaM. However, we did
not detect any CaM binding (data not shown). Therefore, our data are consistent with the C-
terminal region of mGIuRS5 being the dominant region for CaM binding.
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CaM binding to group | mGIluRs increases constitutive surface expression

CaM binding to mGIuR5 has been shown to stabilize receptor surface expression (Lee et al.,
2008). Mutation of the PKC phosphorylation site on mGIluR5, S901D, dramatically reduces
CaM binding and causes a decrease in mGIuR5 surface expression (Lee et al., 2008). To
investigate if a substitution of the critical residue in mGIuR1 (V909L) or mGIuR5 (L896V)
affects receptor surface expression, we performed cell surface biotinylation assays, using
heterologous cells expressing Myc-mGIuR1 (WT or V909L) or Myc-mGIuR5 (WT or
L896V). The constitutive surface expression of Myc-mGIuR1 VV909L was significantly
increased compared to WT (Fig. 4A, C), whereas the surface expression of Myc-mGIuR5
L896V was markedly reduced (Fig. 4B, C).

In addition, we characterized the steady-state surface expression of the WT and mutant
group | mGIuRs expressed in neurons using fluorescence-based antibody staining. Cultured
primary hippocampal neurons were transfected with Myc-mGIuR1 (WT or V909L) or Myc-
mGIuR5 (WT or L896V), followed by immunostaining for surface-expressed (red) or
intracellular (green) receptors. The ratio of surface to intracellular receptors was analyzed.
We found that mGIuR1 VV909L, which binds CaM, showed a dramatic increase in surface
expression compared to WT (Fig. 4D, E). Conversely, surface expression of mGIuR5
L896V, which is unable to bind CaM, was decreased (Fig. 4F, G). Therefore, both
biotinylation assays and fluorescence microscopy assays reveal that CaM binding enhances
the cell surface stability of group | mGIluRs.

Agonist-induced internalization of mGIuR1 or mGIuRS5 is regulated by CaM binding in

neurons

We next addressed the role of CaM binding on agonist-stimulated internalization of group |
mGIuRs. It is known that endocytosis of mGIuR5 S901A, which constitutively binds CaM
irrespective of phosphorylation, is decreased following stimulation with the potent group |
mGIuR agonist - DHPG (Lee et al., 2008). Cultured hippocampal neurons expressing Myc-
mGIuR1, Myc-mGIuR1 V909L, Myc-mGIuR5, or Myc-mGIuR5 L896V were subjected to
agonist-induced internalization assays. The internalization of mGIluR1 V909L was
significantly reduced compared to that of mGIuR1 WT (Fig. 5A, B), consistent with CaM
binding decreasing mGIuR1 V909L endocytosis. Conversely, mGIluR5 L896V showed
increased internalization compared to WT (Fig. 5C, D), demonstrating that CaM binding is a
critical factor for mGIuR5 trafficking.

We also evaluated the total protein levels of mGIluR1, mGIuR5, or their mutants in the
presence of MG132, an inhibitor of proteasomal degradation by Western blotting. We found
that total protein levels were not changed between WT and mutant (Fig. 5E-H). In addition,
MG132 treatment did not alter the total expression level of receptors. Furthermore, we
performed the internalization assays in the presence of MG132, and found that mGIuR1
VI09L still showed decreased internalization compared to WT (Fig. 5l, J), and mGIuR5
L896V showed increased endocytosis (Fig. 5K, L). These results showed that CaM binding
is a critical factor for group | mGIuR trafficking and does not depend on changes in protein
degradation.

Mutations in mGIluR1 or mGIuRS5 that affect CaM binding also modulate DHPG-mediated
AMPA receptor endocytosis in neurons

mGIuRS5 surface density is correlated with receptor activity (Lee et al., 2008) and activation
of group | mGIuRs can induce LTD (Bashir et al., 1993; Bolshakov and Siegelbaum, 1994),
during which, AMPA receptors are internalized (Snyder et al., 2001; Xiao et al., 2001). To

examine the correlation between the surface density and the activity of receptor of the group
I mGIuRs (WT or CaM binding mutants), we performed a group | mGluR-mediated AMPA
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receptor endocytosis assay. FLAG-GIuR1 was cotransfected with Myc-mGIuR1 (WT or
V909L) or Myc-mGIuR5 (WT or L896V) in a pIRES2-EGFP vector into cultured neuronal
cells. To analyze the endocytosis of FLAG-GIuR1, surface receptors were labeled with anti-
FLAG antibody on live neurons. To evaluate the specific role of each group | mGIuR in
DHPG-mediated AMPA receptor endocytosis, we pre-treated with an antagonist to block the
other endogenous group I mGIuR receptor (MPEP for mGluR1-transfected cells and
CPCCOEt for mGluR5-transfected cells). CPCCOEt is an mGIluR1 selective non-
competitive antagonist, whereas MPEP is a highly selective non-competitive antagonist for
mGIuRS5. After staining internalized (green) and surface (red) GIuR1, the ratios of
internalized to total receptors (internalized plus surface) were measured. The CaM binding
mGIuR1 V909L markedly increased the internalization of FLAG-GIuR1 compared to
mGIuR1 WT (Fig. 6A, B). In contrast, mGIuR5 L896V showed decreased AMPA receptor
endocytosis compared to WT (Fig. 6 C, D). The decrease in AMPA receptor endocytosis
observed with mGIuR5 L896V was modest. This was likely due in part to the high
expression of endogenous mGIuR5 in these cultures. Together, these findings suggest that
CaM binding to group | mGIuRs and the subsequent increase in receptor surface expression
also results in increased group | mGluR-mediated intracellular signaling.

Glutamate-induced calcium responses are modulated by CaM binding to group | mGIuRs

Many GPCR agonists stimulate intracellular Ca2* release. In many cases, the Ca2* signal is
concentration-dependent, affecting both the proportions of cells in which [CaZ*]; responses
can be detected, as well as increases in [Ca?*]; in individual cells. In addition, the density of
GPCRs on the plasma membrane also strongly regulates Ca?* responses (Steinhoff et al.,
2000; Nash et al., 2002). We therefore measured the concentration-response relationship of
group | mGIuRs (WT vs. mutants). As shown in Fig. 7, glutamate-stimulated Ca2* responses
were recorded and the proportion of cells which responded increased in a concentration-
dependent manner. The mGIluR1 mutations (V909L or EKST+L) which increase surface
expression of MGIuR1 caused a leftward shift in the concentration-response curves
compared to that of mGIuR1 WT (ECsp; 6.44 £ 0.80 uM for WT; 4.34 + 0.47 uM for
VI09V; 2.59 + 0.812 uM for EKST+L) (Fig. 7A). In contrast, mGIuR5 L896V caused a
significant rightward shift in the concentration-response curve compared to that of mGIulR5
WT (ECsp; 0.50 = 0.04 uM for WT; 0.96 + 0.09 uM for L896V) (Fig. 7B).

Activation of mGIuR5 evokes Ca2* oscillations and the frequency of Ca%* oscillations is
correlated with mGIuRS5 density on the cell membrane (Kawabata et al., 1996; Nash et al.,
2002; Lee et al., 2008). Therefore, reducing mGIuR5 density on the plasma membrane by
mutation of L896V will likely decrease mGluR5-induced Ca?* oscillation frequency. To test
this hypothesis, we analyzed [Ca2*]; responses recorded from HeLa cells expressing
mGIURS5 (WT or L896V). Glutamate (3 uM) triggered Ca2* oscillations in mGIuRS WT or
L896V (Fig. 7C, D), and the frequency of Ca%* oscillations evoked by glutamate was
significantly attenuated with mGIuR5 L896V compared to WT (mean+SEM, 20.7 + 2.0
mHZ for WT and 13.0 + 1.0 mHz for L896V, for the number of analyzed cells, n = 26 for
mGIuUR5 WT and n = 14 for mGIuR5 L896V, p < 0.05).

Discussion

The group I mGluRs (mGIuR1 and mGIuRS) are postsynaptic Gg-coupled GPCRs that share
high sequence homology, a similar phamacological profile, and common downstream signal
transduction pathways (Conn and Pin, 1997). Activation of either mGluR1 or mGIuR5 can
induce LTD (Volk et al., 2006). In addition, they share many interacting proteins, including
Siah-1A, Homer, Tamalin, PPy1, and Norbin (Tu et al., 1998; Ishikawa et al., 1999; Kitano
et al., 2002; Croci et al., 2003; Wang et al., 2009). In spite of the well-documented
similarities between mGIuR1 and mGIuR5, several studies have suggested that these
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receptors have some distinct signaling properties and protein-protein interactions. In this
study, we show that CaM binding is specific for mGIuRS5. Furthermore, our in vitro binding
and coimmunoprecipitation assays demonstrate that a single residue (V909 for mGIuR1;
L896 for mGIuRb) is a critical regulator for CaM binding and that exchanging this residue
between mGIuR1 and mGIuR5 alters the CaM binding properties of the group | mGIuRs.
CaM binding regulates constitutive surface expression and endocytosis of both group |
mGIuRs. The surface expression of CaM binding competent mGIuR1 (V909L) was
significantly increased compared to that of WT, whereas CaM binding deficient mGIuR5
(L896V) showed a decrease in surface expression. Moreover, when group | mGIuRs are
activated with DHPG, the CaM binding forms of mGIuR1/5 induced more internalization of
AMPA receptors, consistent with increased surface expression of the mGIluRs leading to
enhanced intracellular signaling. Since CaM is critical for mGIuRS trafficking (Lee et al.,
2008), it is possible that some of the observed differences in group | mGIuR signaling may
be a result of differential CaM binding.

A previous study has shown that the group | mGIuR binding protein, Siah-1, competes with
CaM for binding to both mGIuR5 and GST-mGIuR1 (R1-3) (Ishikawa et al., 1999). In
contrast, our current study shows that mGIluR1, unlike mGIuR5, does not associate with
CaM. However, the authors did not show the mGIluR1-CaM interaction data. In addition,
they reported that a greater amount of CaM was required for the competition assay with
Siah-1 for mGIuR1 binding (Ishikawa et al., 1999), suggesting that the interaction was
significantly weaker than the one observed between mGIuR5 and CaM. We now show that a
single residue (V909 for mGIuR1 and L896 for mGIuR5) determines the CaM binding
properties of mGIuR5 and mGIuR1.

It is known that the CaM binding consensus sequence is relatively loose (Rhoads and
Friedberg, 1997). In general, CaM recruitment signaling (CRS) motifs consist of
hydrophobic and basic residues, and a 15-30 amino acid stretch that tends to form an a-
helix. According to structural analyses of CaM-target complexes, CaM binding occurs
through bulky hydrophobic residues, Phe, Trp, lle, Leu, or Val (Rhoads and Friedberg,
1997; Yap et al., 2000). Based on the distance between key hydrophobic residues, the CRS
maotifs are categorized into four classes, 1-14 class, 1-10 class, 1Q class, and other class
(Rhoads and Friedberg, 1997; Yap et al., 2000). Based on sequence alignments, mGIuR5 is
categorized into the unclassified group, meaning that CaM binding motifs in mGIuRS5 are
more divergent than those of other CaM binding proteins. Although both valine and leucine
are hydrophobic, we find that this substitution profoundly affects CaM binding of group |
mGIuRs; a structural explanation for this difference awaits further studies.

Minakami and colleagues, using in vitro binding and gel-shift assays, previously described
two CaM binding sites in the mGIuR5 C-terminal region, site | (amino acids 841-869 in rat
mGIuR5) and site 11 (889-917) (Minakami et al., 1997). However, a more recent study
describing the Norbin-mGIuR5 interaction and the competition between Norbin and CaM
for binding to mGIuRb, reported that CaM binding was only disrupted by a site Il mutation
and not a mutation in site | (Wang et al., 2009). Hence, we directly investigated the ability of
mGIuRS5 site | (residues 841-869 and 841-885) to associate with CaM and found little, if
any, detectable CaM binding in these regions (data not shown). In contrast, the regions
encompassing site 11 (residues 889-917 and 858-907) display robust binding to CaM (data
not shown). The L896 residue that our data show is critical for mGIuRS5 binding to CaM, as
well as the S901 PKC phosphorylation site (Lee et al., 2008), both reside within site 11 (Fig.
3B) and our data is therefore consistent with site 11 being a core CaM binding domain.

We now show that increased surface-expression of either mGluR1 or mGIuR5 enhanced
internalization of AMPA receptors. These results are consistent with CaM binding

J Neurosci. Author manuscript; available in PMC 2011 October 20.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Choi et al.

Page 10

stabilizing receptors on the cell surface, which results in enhanced downstream signaling.
GPCR interacting proteins can regulate receptor surface expression and activity. One
example is the serotonin 1B receptor (5-HT1gR), which interacts with p11 (also know as
S100A10, calpactin-I light chain, or annexin I1 light chain), a unique member of the S100
EF-hand protein family (Donato, 1999; Svenningsson et al., 2006). Co-expression of p11
and 5-HTgR resulted in increased surface expression of 5-HT,gR in COS-7 cells compared
to cells expressing only 5-HTgR. In addition, COS-7 cells cotransfected with p11 and 5-
HTgR displayed enhanced 5-HTgR signaling efficacy, compared to cells expressing only
5-HT;gR. These data are consistent with increased surface-expressed 5-HTgR resulting in
more signaling activity, although there is a possibility that p11 can enhance the activity of 5-
HT4gR independent of the enhancement of 5-HTgR surface expression.

PKC phosphorylates mGIuR5 on serine 901 and disrupts CaM binding to mGIuR5. The
mutation of S901 to alanine allows mGIuRS5 to bind CaM irrespective of PKC
phosphorylation, resulting in increased surface mGIuR5 following agonist treatment (Lee et
al., 2008). In Ca2* oscillation assays, in which agonist treatment stimulated mGIuR5-
induced Ca?* oscillations, mGIuR5 S901A exhibited an increase in Ca2* oscillation
frequency and more prolonged Ca2* oscillations compared to WT mGIuR5 (Lee et al.,
2008), suggesting that more surface-expressed receptor can induce more prolonged
intracellular signaling. Here, we demonstrated that CaM binding competent forms of
mGIuR1 show increased Ca2* signaling as evidenced by a leftward shift in the
concentration-response curves. In addition mGIuR5 L896V, a CaM binding deficient form,
displays a dramatic decrease in Ca2* oscillation frequency. These data support an important
role for CaM binding in regulating receptor trafficking and the function of group | mGIuRs.

Several recent studies have reported a link between caveolin-1 and mGIuR trafficking and
signaling. Specifically, caveolin-1 overexpression reduces the internalization of mGIuR1,
whereas knockdown of caveolin-1 increases the internalization of mGIuR1 (Francesconi et
al., 2009). In addition, mutations in caveolin-1 binding motifs present within the
intracellular loops of mGIuR1 reduced surface expression of mGIuR1. More recently, the
same group showed that caveolin-1 KO mice display impaired mGIuR-LTD (Takayasu et
al., 2010). Taken together, these results suggest that the group | mGIuR interacting protein
(caveolin-1) regulates receptor trafficking and mGluR-mediated LTD, although
interestingly, surface expression of group I mGIuR was not significantly altered in
hippocampal slices of caveolin-1 KO mice (Takayasu et al., 2010). A possible role for
caveolin-1 in regulating CaM-dependent trafficking of group I mGIluRs would be an
important new line of investigation.

CaM also interacts with ionotropic glutamate receptors. Notably, the NMDA receptor NR1
subunit directly binds to CaM, modulating channel function and synaptic plasticity (Ehlers
et al., 1996; Wyszynski et al., 1997; Wechsler and Teichberg, 1998; Zhang et al., 1998;
Krupp et al., 1999). Specifically, CaM binding reduces in the open probability of NMDA
receptors. In addition, CaM competes with other interacting proteins, spectrin and a-actinin,
for binding to NMDA receptors, thereby modulating channel function (Wyszynski et al.,
1997; Wechsler and Teichberg, 1998; Krupp et al., 1999). CaM also acts as a signaling
modulator by interacting with a variety of GPCRs: D,-dopamine receptor, 5-HT receptor,
opioid receptor, V2 vasopressin receptor, and angiotensin 11 (ATq) receptor (Thomas et al.,
1999; Wang et al., 1999; Bofill-Cardona et al., 2000; Nickols et al., 2004; Turner and
Raymond, 2005). In addition, other mGluRs (mGIuR4, 5, 7, and 8) are known to interact
with CaM (O'Connor et al., 1999; El Far et al., 2001). Furthermore, CaM antagonists also
prevent inhibition of excitatory neurotransmission via presynaptic mGluRs (O'Connor et al.,
1999).
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Receptor trafficking is an important mechanism regulating GPCR desensitization and
modulation (Ferguson, 2001; Gainetdinov et al., 2004). For several GPCRs, CaM is an
important regulator of trafficking. For example, pharmacological inhibition of CaM prevents
agonist-stimulated endocytosis of the 5-HTqa receptor (Della Rocca et al., 1999). In
addition, the endocytosis of some mGIuRs (mGIuR5 and mGIuR?7) are affected by CaM
binding. CaM binding to mGIuR7 decreases its interaction with the synaptic PDZ protein
PICK1, resulting in an increase in mGIuR7 endocytosis (Suh et al., 2008). Conversely,
mGIuR5 endocytosis is inhibited by CaM binding, and the receptor is stabilized on the cell
surface (Lee et al., 2008).

Our findings now demonstrate that CaM binding differentially regulates mGIluR1 and
mGIuR5, the two homologous members of the group | mGIuR family. In particular, CaM
binding regulates mGIuR5 signaling and trafficking. Therefore, CaM acts as a specific and
important modulator of group | mGIuR function that confers distinct effects on mGIuR5
trafficking and intracellular signaling.
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Figure 1. Differential binding of CaM to group | mGIuRs

A, Recombinant CaM was subjected to a pull-down assay using GST fusion proteins
containing mGIuR1-Cprox (aa 842-959), mGIluR5-Cprox (aa 828-944), or mGluR7A-C
term (aa 851-915). Bound proteins were analyzed by SDS-PAGE and Western blotting
using anti-CaM or anti-GST antibodies. The arrows indicate each GST fusion protein. The
graph shows the ratio of CaM binding to GST-mGIuRs normalized to GST-mGIuR5-Cprox
binding. Data represent means+SEM (n=4, ***p < 0.001). B, HEK293 cells were
cotransfected with His-tagged CaM2 and Myc-tagged mGIuR1 or mGIuR5. Lysates were
immunoprecipitated with anti-Myc antibody and analyzed by Western blotting using the
indicated antibodies. C, Total rat brain lysates were immunoprecipitated with IgG (negative
control), anti-mGIuR1, or anti-mGIuR5 antibodies. Immunoprecipitates were resolved by
SDS-PAGE and immunoblotted with the indicated antibodies.
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Figure 2. Defining critical determinants for CaM binding to group I mGIuRs

A, Schematic showing a small region of the cytoplasmic C-terminus of either mGIuR1 or
mGIuR5 from rat, mouse, and human. The Cprox region is indicated as a dark line, and the
aligned region is shown as a red line. The amino acids surrounding S901 of rat mGIuR5
(S914 of mGIluR1) were aligned using clustal W. In the alignment, dark boxes indicate the
regions of high homology between mGIluR1 and mGIuR5. The mutant constructs of either
rat mGIuR1 or rat mGIuR5 are shown, with the native sequences in black and the swapped
residues in red. To determine the critical domain for CaM binding, we specifically focused
on three regions (dark lines, Regions I, 11, and I11) that have divergent sequences between
mGIuR1 and mGIuR5. Region IV contains the critical CaM binding residue although this
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region shows high homology between mGIluR1 and mGIuR5. B-D, Recombinant CaM was
pulled down with the indicated GST-mGIuR1-Cprox (B, C) or GST-mGIuR5-Cprox (D)
proteins, either WT or containing amino acid substitutions, in the presence of 2 mM Ca2*,
and subjected to Western blotting with CaM antibody. CBB staining was used for the
detection of total amounts of GST fusion proteins.
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Figure 3. Substitution of a single residue in mGIuR1 (V909L) or mGIuRS5 (L896V) regulates

CaM binding

HEK?293 cells were transfected with WT or mutant Myc-mGIuR1 (A, C) or Myc-mGIuR5
(B) constructs. Myc-mGIluRs were immunoprecipitated from lysates with anti-mGIuR1 (A,

C) or anti-mGIuR5 (B) antibodies, resolved by SDS-PAGE and immunoblotted with
antibodies as indicated. Total cell lysates were probed with CaM antibody to detect

endogenous CaM (endo). (C) Myc-mGIuR1 S914D, V909L/S914D, and EKST+L/S914D

were transfected, and tested for CaM binding.
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Figure 4. CaM binding to group I mGIuRs increases constitutive surface expression

A, B, Surface expression of mGIluR1 and mGIuR5 was analyzed using a cell surface
biotinylation assay in heterologous cells. HEK293 cells were transfected with the indicated
Myc-mGIuR1 (A) or Myc-mGIuR5 (B) constructs. Biotinylated surface proteins were
isolated with streptavidin-agarose beads and subjected to Western blotting using anti-Myc
antibody. C, The amount of surface-expressed receptors was normalized to total mGIuR
expression from total lysates. Quantification is depicted as a histogram, including results
from three independent experiments. Data represent means=SEM (for mGIluR1, *p<0.05 and
for mGIuR5, **p<0.01). D-G, Constitutive surface expression of Myc-mGIluR1, Myc-
mGIuR1 VI09L, Myc-mGIuR5, or Myc-mGIuR5 L896V in primary cultured neurons.
Hippocampal neurons were transiently transfected with Myc-mGIuR1 (WT or V909L) (D)
or Myc-mGIuR5 (WT or L896V) (F). The surface receptors (Sur, red) and intracellular
receptors (Intra, green) were visualized as described in the Materials and Methods. The
panels on the right show higher magnification images of boxed regions (D, F). Each scale
bar for the whole cell image and the magnified image indicates 20 pm and 5 pm,
respectively. E, G, Quantification of the fluorescence microscopy is presented as histograms
for Myc-mGluR1 (E) and for Myc-mGIuR5 (G). The data were quantified by measuring
ratios of surface pool/intracellular fraction using Metamorph software. Data represent means
+SEM (E, n=3, **p<0.01 and G, n=4, *p<0.05).
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Figure 5. Agonist-induced internalization of mGIluR1 or mGIuRS5 is regulated by CaM binding in
neurons

A, C, Cultured hippocampal neurons expressing Myc-mGIuR1 (WT or V909L) (A) or Myc-
mGIuR5 (WT or L896V) (C) were incubated with Myc antibody for 30 min at room
temperature, followed by stimulation with 100 uM DHPG at 37°C. The surface pool (Sur-
Myc, red) and internalized pool of receptors (Int-Myc, green) were visualized as described
in the Materials and Methods. The region in the white box is shown at higher magnification
below. Each scale bar for the whole cell image and the magnified image indicates 20 um
and 5 um, respectively. B, D, Quantification is presented as a histogram. The values indicate
the ratio of internalized receptor compared to total. The data represent means+SEM (B, n=3,
*p<0.05 and D, n=4, **p<0.01). E-H, The total expression level of mGIuR1 or mGIuR5
was not affected by CaM binding.

HEK cells were transfected with Myc-mGIuR1-pIRES2-EGFP (WT or V909L) (E) or Myc-
MGIUR5-pIRES2-EGFP (WT or L896V) (G). 2 days after transfection, cells were treated
with 10 uM MG132 at 37°C for 3 hours, lysed, and then subjected to Western blotting with
indicated antibodies. F, H, The total expression level of Myc-mGIluRs was normalized to
each GFP expression level. Quantification is depicted as a histogram. Data represent means
+SEM (n=3, The statistical analysis showed no significance). I, K, Cultured hippocampal
neurons expressing Myc-mGIuR1 (WT or V909L) (1) or Myc-mGIuR5 (WT or L896V) (K)
were pretreated with 10 uM MG132 for the cells at 37°C for 1 hour. The internalization
assays were conducted as above, and MG132 was included in all remaining steps. The
surface pool (Sur-Myc, red) and internalized pool of receptors (Int-Myc, green) were
visualized. Scale bar, 20 um. J, L, Quantification is presented as a histogram. The values
indicate the ratio of internalized receptor compared to total. The data represent meansSEM
(J, n=3, **p<0.01 and L, n=4, *p<0.05).
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Figure 6. CaM binding mutations in mGluR1 and mGIuR5 modulate DHPG-dependent AMPA
receptor endocytosis in neurons

A, C, Hippocampal neurons expressing FLAG-GIuR1 and Myc-mGIuR1 (A) or Myc-
mGIuR5 (C), were stimulated with 50 uM DHPG for 5 min, followed by an additional 15
min incubation at 37°C in conditioned media with a group | mGIuR antagonist. For
mGIluR1-transfected cells, 10 uM MPEP, an mGIuR5 antagonist, was used (A), and for cells
transfected with mGIuR5, 50 uM CPCCOEt, an mGIuR1 antagonist, was used (C). Cells
were stained for internalized (Int, green) or surface (Sur, red) FLAG-GIuR1, and GFP (from
pIRES2-EGFP vector, white, right panel). The lower panels show higher magnification
images of the individual processes boxed in the upper panels. Each scale bar for the whole
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cell image and the magnified image indicates 20 um and 5 pm, respectively. B, D,
Quantification is presented as a histogram. The values indicate the normalized value of the
FLAG-GIuR1 internalized fraction as compared with the total FLAG-GIuR1. The data
represent means+SEM (n=4, *p<0.05, **p<0.01).
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Figure 7. Glutamate-induced ca?* responses are modulated by CaM binding to group I mGIuRs
A, B, Concentration-response relationships were measured with HeLa cells expressing Myc-
mGIuR1 (WT, V909L, or EKST+L) (A) or Myc-mGIuR5 (WT or L896V) (B). The cells
were loaded with fluo-4-AM, a Ca2* indicator, and time-lapse images of cells under
perfusion with glutamate were collected. Glutamate (0.1, 0.3, 1, 3, 10, 30, and 100 pM) was
applied for 3 minutes, washed out for 1.5 minutes, and then an additional dose of glutamate
was applied. As the concentration of glutamate increases, the proportion of cells with
detectable increases in [Ca2*]; above basal values increases dependent on glutamate
concentration. The graphs show the normalized populations of cells with CaZ* responses for
mGIuR1 (A) and mGIuRS5 (B). The data represent means£SEM (A, n=5, *p<0.05 and B,
n=>5, *p<0.05). C, D, Representative traces of Ca2* oscillations evoked by mGIuR5 WT (C)
or mGIuR5 L896V (D) activation with 3 pM glutamate.
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