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Background: Conformational change of transmembrane domain of mGIuR upon glutamate binding is unknown.
Results: Moderate steric hindrance between helices VI and VII of mGIuR caused constitutive activation and severe steric

hindrance caused deactivation.

Conclusion: Proper outward movement of helix VI is a critical determinant of activation of mGluR like rhodopsin.
Significance: Underlying activation mechanism is common across families of GPCRs.

Metabotropic glutamate receptor (mGluR), a prototypical
family 3 G protein-coupled receptor (GPCR), has served as a
model for studying GPCR dimerization, and growing evidence
has revealed that a glutamate-induced dimeric rearrangement
promotes activation of the receptor. However, structural infor-
mation of the seven-transmembrane domain is severely limited,
in contrast to the well studied family 1 GPCRs including rho-
dopsins and adrenergic receptors. Homology modeling of
mGluR8 transmembrane domain with rhodopsin as a template
suggested the presence of a conserved water-mediated hydro-
gen-bonding network between helices VI and VII, which pre-
sumably constrains the receptor in an inactive conformation.
We therefore conducted a mutational analysis to assess struc-
tural similarities between mGIluR and family 1 GPCRs. Muta-
tional experiments confirmed that the disruption of the hydro-
gen-bonding network by T789Y%*® mutation induced high
constitutive activity. Unexpectedly, this high constitutive activ-
ity was suppressed by glutamate, the natural agonist ligand,
indicating that glutamate acts as a partial inverse agonist to this
mutant. Fluorescence energy transfer analysis of T789Y%*? sug-
gested that the glutamate-induced reduction of the activity orig-
inated not from the dimeric rearrangement but from conforma-
tional changes within each protomer. Double mutational
analysis showed that the specific interaction between Tyr-
789%*% and Gly-8317*® in T789Y®** mutant was important for
this phenotype. Therefore, the present study is consistent with
the notion that the metabotropic glutamate receptor shares a
common activation mechanism with family 1 GPCRs, where
rearrangement between helices VI and VII causes the active
state formation.
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G protein-coupled receptors (GPCRs)? constitute the largest
superfamily of membrane proteins that translate various extra-
cellular signals into an intracellular message via activation of
trimeric G proteins. Because GPCRs are major drug targets,
their structure-function relationship is a key issue for novel
drug design and elucidation of the mechanism of drug action.
All GPCRs have a seven-transmembrane domain (TMD) and
are classified into several families based on sequence similarity
(1). Recently, the crystal structures of active states of family 1
GPCRs including rhodopsin and adrenergic receptor were pub-
lished (2, 3), providing important insights into conformational
changes in the cytoplasmic side of the TMD. Specifically, it can
be speculated that remarkable changes such as the extension of
helix V and the outward movement of helix VI are essential for
exposing the G protein binding sites. These structural changes
are accompanied by the reorganization of hydrogen-bonding
networks (HBNs) among helices III, V, VI, and VII including
E(D)RY and NPXXY motifs, both of which are highly conserved
in family 1 GPCRs. Despite many fundamental advances made
in family 1 GPCRys, it is still unclear how common this activa-
tion mechanism is among other families. Therefore, in the pres-
ent study, we examined whether or not similar structural
requirements are needed for the active state formation of
metabotropic glutamate receptor (mGluR), a prototypical fam-
ily 3 GPCR.

Homology modeling of the resting state of mGIuR8 con-
structed based on the rhodopsin template predicted the pres-
ence of a structural water-mediated HBN between helices VI
and VII (Fig. 1a). In family 1 GPCRs, this HBN is considered
essential to keep the receptor inactive (4, 5), and mutations at
these loci result in elevated constitutive activity (6). We have
previously reported a constitutively active mutation, T789A%*?
in mGIuR8 (7), which is located in the HBN according to our
homology model (superscript numbers represent the Balles-
teros and Weinstein nomenclature for GPCRs (8)). The

2 The abbreviations used are: GPCR, G protein-coupled receptor; L-AP4, L-(+)-
2-amino-4-phosphonobutyric acid; GTPyS, guanosine 5'-3-O-(thio)tri-
phosphate; HBN, hydrogen-bonding network; LY341495, (25)-2-amino-2-
[(15,25)-2-carboxycycloprop-1-yl]-3-(xanth-9-yl) propanoic acid; mGIuR,
metabotropic glutamate receptor; TMD, transmembrane domain.
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FIGURE 1. Homology models of TMD of mGIluR8. a and b, homology models
of the resting state (a) and the active state (b) of mGIuR8 were constructed
based on the crystal structures of the resting state (1U19) and the active state
(3PXO) of bovine rhodopsin. The seven helices are represented in different
colors (blue to red). The water-mediated HBN is indicated by a red dashed
frame. The water molecules were fixed at the corresponding positions to the
template structures of bovine rhodopsin. The highly conserved XPKXY motif
is indicated by a blue dashed frame. A green dashed frame indicates the ionic
lock between helices Ill and VI, which was also predicted in GABAg receptor
(28). Dashed yellow lines indicate possible hydrogen bonds which are con-
nected by two hydrophilic atoms within 4 A. ¢, alignment of amino acid
sequences of bovine rhodopsin and mGIuR8. Transmembrane helices of
bovine rhodopsin are highlighted in yellow. The superconserved residues in
family 1 GPCRs on each helix are shown as red bold letters. Thr-789%3, Gly-
8317*%, and XPKXY motif in mGIuR8 are shown in black bold letters.

increased constitutive activity by the disruption of the HBN
suggests a common activation mechanism between family 1
and family 3 GPCRs. Therefore, in the present study, we per-
formed comprehensive mutation analysis at this locus to fur-
ther investigate the role of this region. As a result, we identified
an unexpected unique phenotype in T789Y%*3, Our results
show that the high constitutive activity of T789Y®*® was sup-
pressed by glutamate binding; that is, glutamate acts as a partial
inverse agonist on T789Y%*?. Further analysis with double
mutations suggested that this unique phenotype can be attrib-
uted to a specific interaction between Tyr-789°** and Gly-
8317*° in T789Y°** mutant, which is consistent with a con-
served activation mechanism between helices VI and VII in
family 1 and family 3 GPCRs.

Several studies indicate that dimeric rearrangement of
TMDs following the conformational change of the extracellular
ligand binding domain is important for the active state forma-
tion of mGluRs (9 —14). Therefore, we performed fluorescence
resonance energy transfer (FRET) analysis to test whether
T789Y%*? affected the glutamate-induced dimeric rearrange-
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ment of TMD. The results showed that T789Y®** mutant
exhibited dimeric rearrangement quite similar to wild-type
receptor, suggesting that the unique phenotype in the mutant
originated not from different dimeric rearrangement but from a
characteristic state of helix VI within each protomer. Taken
together, we discuss the model that a proper positional rela-
tionship between helices VI and VII within each protomer is a
major determinant of the activation of mGluR.

EXPERIMENTAL PROCEDURES

Materials—[*H]LY341495 (1.28 terabecquerels/mmol) and
L-AP4 were purchased from Tocris Cookson. [**S]GTP~S (37
terabecquerels/mmol) were from PerkinElmer Life Sciences.
Monoclonal anti-GFP and clone GFP-20 mouse ascites fluid
were from Sigma.

Construction of mGluR Mutants—Site-directed mutagenesis
was performed by using the QuikChange kit (Agilent Technol-
ogies). The mCerulean (15) or Venus (16) coding region (Val-2
through Leu-237) was inserted into each intracellular loop
region of Pro-774 through Glu-775 of mGluR8 by an In-Fusion
PCR cloning kit (Clontech). To detect the expression of
mGluR8 by Western blotting analysis, the cDNAs of mGIluR8
were tagged with the epitope sequence of the anti-bovine rho-
dopsin monoclonal antibody RholD4 at the C terminus. The
wild-type and mutant cDNAs of mGluR8 were introduced into
the mammalian expression vector pcDNA3.1 (Invitrogen) or
pCAGGS (17).

Preparation of mGluR Wild Type and Mutants—Expression
of mGluRs in HEK293S cells was performed by the methods
reported previously (13). HEK293S cells were grown to ~40%
confluence in DMEM/F12 supplemented with 10% fetal bovine
serum and were transfected with wild-type or mutant mGIuR8
plasmid DNA (10 ng/100-mm dish) using the calcium-phos-
phate method. The cells were collected by centrifugation 48 h
after transfection. The cell membranes were homogenized in
50% sucrose in buffer A (50 mm HEPES (pH 6.5) and 140 mm
NaCl) prior to centrifugation. The supernatant was diluted in 2
volumes of buffer A and recentrifuged. Membrane pellets were
suspended in buffer B (50 mm HEPES (pH 8.0), 140 mm NaCl,
and 3 mm MgCl,) for the ligand binding assay and the GTPvyS
binding assay. For the FRET analysis, the membrane pellets
were washed three times for over 2 h with low salt buffer (5 mm
HEPES (pH 8.0) and 0.3 mM EDTA) to reduce autofluorescence
derived from cell surface proteins.

Ligand Binding Assay of mGIluR8—The ligand binding assay
was performed according to our previous report (7). Displace-
ment by L-AP4 or glutamate of [PH]LY341495 binding to the
cell membranes expressing mGluR8 was measured at room
temperature. A mixture of membranes (30 ug of total protein),
100 nm [®H]LY341495, and 0—-100 uMm L-AP4 in buffer B or
0-10 mm glutamate in buffer C (10 mm HEPES (pH 7.5) and 140
mMm NaCl, 4 mm KOH, 1 mm MgCl,, and 1.5 mm CacCl,) was
incubated for 30 min (final assay volume, 20 ul). After incuba-
tion, bound and free radioligands were separated by centrifu-
gation. The membrane pellets were washed with buffer B or C
and solubilized in 1 m NaOH. The specific binding, defined
using 1 mMm L-AP4 or 10 mM glutamate as displacer, was ~93%
of total binding estimated using 100 nm [*H]LY341495 and 30
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pg of tissue protein. Protein concentration in the membranes
was determined by the Bradford method. Competition binding
curves were fitted to the one-site binding model: y = (Max-
Basal)/(1 + x/1C,,) + Basal.

GTPvS Binding Assay of mGIluR8—The assay of G protein
activation by mGluR8 was carried out according to our previ-
ous report (18). The mGluR8-containing membranes (final
concentration, 2 nm) after sucrose flotation were suspended in
0.03% dodecylmaltoside in buffer D (50 mm HEPES (pH 7.2),
140 mm NaCl, and 3 mm MgCl,) and preincubated with G_-type
G protein (final concentration, 200 nm) purified from pig cere-
bral cortex and the agonist L-AP4 or glutamate. After preincu-
bation for 30 min at 10 °C, the GDP/GTP+yS exchange reaction
was started by adding GTPyS solution. The assay mixture (20
wl) consisted of 50 mm HEPES (pH 7.2), 140 mMm NaCl, 5 mm
MgCl,, 0.015% dodecylmaltoside, 0.03% sodium cholate, 0.8
mg/ml L-a-phosphatidylcholine, 0.1 um GTPYS, and 3 um
GDP. After incubation for 3 min, the reaction was terminated
by adding stop solution (200 wl: 20 mM tris(hydroxymethyl)-
aminomethane (pH 7.4), 100 mm NaCl, 25 mm MgCl,, 0.1 um
GTP~S, and 3 uM GDP) and immediately filtering the sample
through a nitrocellulose membrane to trap [**S]GTP+S bound
to G proteins.

Fluorescence Microscopy—The cellular expression of fluores-
cence protein-fused mGluR mutants was observed in phos-
phate-buffered saline on a Nikon Eclipse TE300 inverted
microscope with a TE-FM fluorescence attachment as reported
in Ref. 13. A high pressure mercury lamp (HB 10103AF) with a
450-490-nm band pass filter was used for the excitation of
fluorescence proteins, and fluorescence was detected with a
505-nm dichroic mirror and a 520-nm longpass filter (Nikon
B-2A filter set).

FRET Analysis of mGluRs—The FRET analysis was per-
formed according to our previous report (13). Briefly, fluores-
cence spectra from Cerulean- and Venus-fused mGluRs were
recorded at 20 °C with an RF-5300PC spectrofluorophotometer
(Shimadzu). The membrane pellets prepared as described
above were resuspended in buffer C and were excited at 433 nm
for Cerulean or 500 nm for Venus. To block the scattering,
cutoff filters (Y-45 for 433 nm excitation and Y-51 for 500 nm
excitation) were placed in front of the detector. Autofluores-
cence spectra from the membranes containing wild-type
mGluRs were also recorded in the same conditions as the base
line. We estimated the FRET efficiency and the amount of
Cerulean- or Venus-fused mGluRs in co-expressing samples
from the base line-corrected fluorescence spectra by “spectra
FRET” analysis as described in a previous report (13).

Homology Modeling—Homology modeling of TMD of
mGluR8 was performed by using Modeller (19). We used the
crystal structures of bovine rhodopsin (Protein Data Bank code:
1U19 (20) and 3PXO (2)) as template for homology modeling in
the resting and active states. The alignment between mGIuR8
and rhodopsin was constructed in accordance to previous
reports (21-25), in which the binding pockets of allosteric mod-
ulators of family 3 GPCRs were successfully predicted using the
molecular modeling based on the crystal structure of bovine
rhodopsin (Fig. 1¢). The alignment and the methodology for
homology modeling in the present study were identical to the
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recently published report of mGluR2 that investigated the
structural properties of helix VIII using the homology modeling
and molecular dynamics simulations (25). The created model
was depicted using PyMOL (26).

RESULTS

Homology Modeling of mGluR8—Although sequence simi-
larity between family 1 and family 3 GPCRs is very low, several
conserved residues can serve as landmarks for sequence align-
ment (27). Homology modeling of family 3 GPCRs based on the
crystal structure of bovine rhodopsin has been successful for
predicting binding sites of allosteric ligands (21-25). In the
present study, we created a homology model of the TMD of
mGluR8 in its resting and active states to investigate the acti-
vation mechanism (see “Experimental Procedures”). The rest-
ing state model predicts an ionic lock between Arg-672*° and
Glu-779%3? (Fig. 1a), which is consistent with previous muta-
tion analysis of GABAjy receptor (28). Moreover, a structural
water-mediated HBN between helices VIand VII was predicted
in the vicinity of highly conserved XPKXY motif that corre-
sponds to the NPXXY motif in the cytoplasmic end of helix VII
in family 1 receptors (Fig. 1a). However, these interactions dis-
appeared in the active state model along with the outward
movement of helix VI (Fig. 15). Consequently, Arg-672>*° was
displaced toward the cytoplasmic space, which is considered
essential for interaction with G protein (28), similar to Arg>>°
in the ERY motif of family 1 receptors (2, 3). These models
suggest that, like rhodopsin, reorganization of HBNs controls
the activation of mGluR, even though sequence similarity is
very low across the families.

Characterization of mGIuR8 Thr-789°* Mutants—The
homology model suggested that Thr-789°*? is involved in the
structural water-mediated HBN between helices VI and VII
(Fig. 1a). Our previous study showed that the mutation at Thr-
789°3, which is well conserved among all of the eight human
mGluR subtypes, elevated the constitutive activity (7). To fur-
ther investigate the role of this residue, we performed a com-
prehensive mutational analysis of this constitutively active
mutation site. We constructed all 19 mutants at Thr-789%%3
and expressed them in HEK293 cells. The expression level of
wild type and the mutants was determined by a ligand binding
assay using a membrane preparation. Substitutions with
charged amino acid residues (Asp, Glu, His, Lys, and Arg) or
Asn resulted in substantial decrease of expression level
(Table 1).

G protein activation ability of the mutants whose expression
level was >40% of wild type was measured by GTPvS binding
assay with or without agonist L.-AP4. The constitutive activity
was positively correlated with the difference in side chain vol-
ume from threonine (r = 0.85, p < 0.01) in all of the mutants
except for T789W*®*3 (Fig. 2a). Thus, a large change in the side
chain volume at this locus increased the constitutive activity.
Additionally, when the substituted residue was smaller than
threonine, all four mutants showed significant elevation (~1.5-
fold of wild type) of the agonist (L.-AP4)-dependent activity (Fig.
2b). However, when the substituted residue was larger than
threonine, the agonist-dependent activity was not correlated
with side chain volume of the residue (Fig. 2c). Among these
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TABLE 1
Relative expression level of the mutants of mGIuR8

Relative expression level of the mutants of mGIuR8 was estimated using the ligand binding assay (see “Experimental Procedures”). The absolute amount of expression of wild
type was 63 pmol/mg of total protein. Each amount of expression is expressed as the mean = S.D. of two independent experiments done in duplicate.

Position TM6 (6.43) Position TM7 Position TM7+T789Y%*3
mGIuR8 mean = S.D. mGIuR8 mean = S.D. mGIuR8 mean * S.D.
WT 1.00

T789G 1.00 + 0.07 A82687:%° 1.02 + 0.08 A826S/T789Y 0.97 = 0.08
T789A 1.04 + 0.01 S827A741 1.06 + 0.07 S827A/T789Y 0.66 = 0.05
T789S 1.04 + 0.02 V828A742 1.11 = 0.07 V828A/T789Y 0.93 = 0.04
T789C 0.99 = 0.03 S829A743 1.26 + 0.15 S829A/T789Y 1.15 + 0.12
T789P 1.03 + 0.05 L830A74* 0.12 = 0.01 L830A/T789Y 0.02 = 0.00
T789D 0.04 *+ 0.00 G831A74° 1.05 = 0.09 G831A/T789Y 0.96 = 0.07
T789N 0.02 = 0.00 MB832A74° 1.03 *+ 0.04 MB832A/T789Y 0.93 = 0.10
T789V 1.07 + 0.05 L833A747 0.08 *+ 0.00 L833A/T789Y 0.04 = 0.00
T789E 0.22 +0.12 Y834A7:48 0.77 *= 0.05 Y834A/T789Y 0.80 + 0.05
T789Q 1.02 + 0.11 MB835A74 0.84 *+ 0.05 MB835A/T789Y 0.96 = 0.04
T7891 1.02 + 0.07 P836A7°° 0.76 = 0.07 P836A/T789Y 0.88 = 0.05
T789L 1.04 + 0.03 K837A751 0.78 * 0.06 K837A/T789Y 0.65 + 0.03
T789M 0.87 = 0.11 V838A752 0.88 = 0.01 V838A/T789Y 0.94 = 0.02
T789H 0.32 = 0.01 Y839A7-53 0.81 *+ 0.09 Y839A/T789F 1.00 + 0.07
T789K 0.47 *+ 0.02 1840A7>* 0.95 + 0.11 1840A/T789Y 0.87 + 0.09
T789F 1.07 + 0.04

T789R 0.27 = 0.09

T789Y 0.98 + 0.03

T789W 0.97 = 0.02

mutants, T789Y**? showed a unique phenotype. In addition to
having the highest constitutive activity, its constitutive activity
was partially suppressed by the addition of agonist .-AP4 (Fig.
2c); that is, L-AP4 acted as a partial inverse agonist on
T789Y*,

FRET Analysis on T789Y**—Previous studies have shown
that the intersubunit rearrangement of mGIuR dimer can be
estimated by FRET analysis using two GFP variants (12—14).
Thus, we performed FRET analysis on T789Y°* mutant to test
whether or not the “agonist’-induced reduction of the activity
originated from alterations of the intersubunit rearrangement
of mGIluR dimer. We inserted the fluorescent protein Cerulean
(15) or Venus (16) in the intracellular loop 3 of T789Y%*3
mutant and co-expressed them in HEK293 cells. The cell sur-
face expression of Cerulean- or Venus-fused T789Y%** was
monitored by fluorescence microscopy (Fig. 3a). The receptor
localization was not affected by the T789Y®** mutation com-
pared with the Cerulean- and Venus-fused wild-type mGIluR8
reported previously (13). The amounts of expressed Cerulean-
and Venus-fused T789Y%*® were estimated from their emission
spectra to be 15.0 = 0.3 and 14.4 = 0.6 pmol/mg of total pro-
tein, respectively. These values are about half of those of Ceru-
lean- and Venus-fused wild-type mGIuR8 (34.4 = 3.2 and
25.7 = 1.8 pmol/mg of total protein, respectively) and are
enough to measure FRET according to our previous study (13).

Fig. 3b shows fluorescence spectra of the membrane prepa-
ration containing T789Y®**-Celurean/Venus heterodimer
under various concentration of glutamate, which is a natural
ligand. We calculated the glutamate-dependent change of
FRET efficiency, which reflects the distance between two fluo-
rophores. The glutamate-induced change of FRET efficiency in
T789Y°*® was quite similar to that in wild type (Fig. 3c). There
was no statically significant difference between each point of
WT and T789Y°*? in Fig. 3¢ (p > 0.05; Student’s ¢ test, two-
tailed). This observation suggests that the agonist-dependent
intersubunit rearrangement of mGIuR dimer, namely the
approximation of two intracellular loop 3s, was maintained in
T789Y%*2. These results strongly suggested that the mutation
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T789Y%*? altered not the dimeric rearrangement but the con-
formation within each protomer. We also analyzed the dis-
placement by glutamate of [*H]LY341495 binding to the mem-
brane containing Cerulean- and Venus-fused T789Y*** to
analyze the affinity to glutamate (Fig. 3d). There was no signif-
icant difference in K values between wild type (55 = 11 um) and
T789Y%*% (41 % 3.7 um). These values were similar to ECs, of
glutamate-dependent increase of FRET efficiency in wild type
(61 = 11 um) and T789Y%*? (35 + 6.8 um) (Fig. 3¢), suggesting
that the dimeric rearrangement of TMDs is tightly coupled to
the glutamate-dependent conformational change of extracellu-
lar domains. The partial reduction of the activity of T789Y®*?
was also monitored in a glutamate concentration-dependent
manner by GTPvS binding assay (Fig. 3e).

Homology Modeling of mGluR8 Mutants—We used a homol-
ogy model of mutants to further explore and analyze the molec-
ular mechanism that allows residue 789°** to modulate the
agonist-dependent increase or decrease of the activity. Homol-
ogy models of T789Y/F/W®*? based on the resting state of rho-
dopsin resulted in residue side chains ejected from the helical
bundles due to steric hindrance (Fig. 4, a—c), which is not likely
to occur in the lipid bilayer. However, homology models of
T789F/Y®* based on the active state of rhodopsin showed
introduced residues fitted in the space within helical bundles
accompanied by the outward movement of helix VI similar to
wild type (Fig. 4, d—f and i). In contrast, the side chain of
T789W*** did not fit within helical bundles even though the
space between helices VI and VII was expanded in the active
state (Fig. 4, gand i).

These models are consistent with the results of the mutation
analysis as shown in Fig. 2. The positive correlation between the
side chain volume and the constitutive activity suggests that a
steric hindrance at the microenvironment around position
789%*3 destabilized the resting state and induced the shift to the
active state (Figs. 2a and 4, a—c). T789W°*? was a clear excep-
tion to the correlation because tryptophan was too large to sta-
bilize not only the resting state but also the active state (Figs. 24
and 4, ¢, i, and i). In T789Y/F®*2, the introduced residues fitted
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FIGURE 2. Characterization of the mutations at Thr-7895* in mGIuR8. g, correlation between the constitutive activity of the mutants and the absolute
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Experiments were performed with or without 1 mm L-AP4 (black and white bars, respectively). All of the data are expressed as mean = S.D. (error bars) of more
than two independent experiments done in duplicate. * indicates a significant elevation of constitutive activity relative to wild type (p < 0.05; Student’s t test,
two-tailed). ** indicates a significant elevation of L-AP4-dependent activity relative to wild type (p < 0.05; Student’s t test, two-tailed). # indicates a significant

decrease of L-AP4-dependent activity relative to its constitutive activity (p < 0.05; Student’s t test, two-tailed).

the space between helices VI and VII to avoid a steric hindrance
with Tyr-8347-*8 only in the active state (Fig. 4, a, b, e, and f); that
is, the mutations T789Y/F®*? stabilize the active state rather
than the resting state. This is especially prominent in T789Y®*3,
as the hydroxyl group of Tyr-789%** and the backbone carbonyl
oxygen of Gly-8317** were located within 2.9 A, which would
be close enough for hydrogen bonding (dashed line in Fig. 4e).
We speculated that the unique phenotype of T789Y®*? origi-
nates from the specific hydrogen bond, which is absent in other
mutants. If so, an additional alanine mutation at Gly-8317%°
would break the hydrogen bond as shown in Fig. 441. Therefore,
the double mutant G831A7*°/T789Y%*? should show L-AP4-
induced elevation of the activity similar to the other mutants.
Identification of the Interacting Site with T789Y®**—Next, to
verify the specific interaction between helices VI and VII spec-
ulated from the above mentioned homology modeling, we con-
structed a series of 15 double mutants combining T789Y®*?
with alanine (serine) mutations at position 8267*°—8407°* in
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helix VII. The expression levels of all mutants except for
L830A7**/T789Y*** and L833A”*"/T789Y*** were >60% of
wild type (Table 1). Among these 13 double mutants,
G831A7*/T789Y%*3 clearly showed the rescued wild-type-like
phenotype. G831A7*°/T789Y%** significantly elevated the
activity in an L-AP4-dependent manner, in contrast with
T789Y%*® and other several double mutants (Fig. 5a). More-
over, the mutation G831A”*° also suppressed the high consti-
tutive activity of T789Y®*® (Fig. 5b). These results strongly sug-
gested that the unique phenotype of T789Y%*? is due to the
interaction between Tyr-789%** and Gly-8317*° as predicted
by our model.

The homology model also predicted that several residues in
the cytoplasmic side of Gly-8317*°, including XPKXY motif, in
helix VII were not within range to interact directly with Thr-
789%*3, However, alanine mutations into these positions com-
bined with T789Y°*® also abrogated the phenotype of
T789Y%*% that is, alanine mutations into five positions
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FIGURE 3. Comparison between a dimeric rearrangement and a change in G protein activation ability of T789Y®** mutant. g, fluorescence and
difference interference contrastimages of HEK293 cells expressing Cerulean-fused T789Y%“ (jand ii), Venus-fused T789Y® (iii and iv), and both of them (vand
vi). The fluorescence images (i, iii, and v) are colored cyan, yellow, and green, respectively. b, emission spectra from the HEK293 cell membrane preparation
containing Celurean- and Venus-fused T789Y%* heterodimer. The membrane preparation was excited at433 nmin 0, 1,4, 10, 40, 100, and 400 uMm, 1 mm, and
10 mm L-glutamate. Bleed-through shows the emission spectrum of Cerulean. All the spectra except for Cross-talk were normalized by the fluorescence
intensity at 480 nm. Cross-talk shows the emission spectrum of Venus in the sample directly excited at 433 nm, which can be calculated as previously reported
(13). ¢, glutamate-dependent changes of FRET efficiency of Celurean- and Venus-fused wild type (open circles) and T789Y%“3 (filled squares). d, displacement by
glutamate of [*H]LY341495 binding to the membrane preparation co-expressing Cerulean- and Venus-fused wild type (open circles) and T789Y%** (filled
squares). e, glutamate-dependent changes of G protein activation abilities of wild type (open circles) and T789Y (filled squares). The ECs, (or ICs,) values (wild
type, 7.9 = 4.7 um; T789Y%43, 14 + 9.8 um) were calculated from the respective curves. Results were normalized to the constitutive activity of wild type. All data
are expressed as mean = S.D. (error bars) of more than three independent experiments.

(Y834A74%, P836A7>, K837A”°!, Y839A”>%, and I1840A7>%)
combined with T789Y%*3 resulted in L.-AP4-induced increase
or less reduction of the activity (Fig. 54). In addition, among
these double mutants, four mutants except for Y834A”-*8/
T789Y%*® showed suppression of the constitutive activity (Fig.
5b). These results suggest that the microenvironment around
T789Y%*?is also structurally linked with the cytoplasmic side of
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FIGURE 4. Homology models of mGIuR8 mutants. a-c, blue dashed frame
shows homology models of T789Y%*? (), T789F%*3 (b), and T789W°*3 (c)
based on the resting state of bovine rhodopsin (1U19) compared with that of
wild type. Helices VI and VIl are represented as ribbons. Highlighted residues
correspond to wild-type (green) and mutants (red, yellow, or blue). A water-
mediated HBN in wild type is indicated by yellow dashed lines. d- h, red dashed
frame shows homology models of T789Y5*3 (e), T789F%*3 (f), T789W5*3 (g),
and G831A74°/T789Y°*? (h) based on the active state of bovine rhodopsin
(3PXO) compared with wild type (d). Possible hydrogen bonds are indicated
by yellow dashed lines. i, superimposed view of all the models shown in d-h.
The models were superimposed by using cealign command in PyMOL (26).
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in helix VII (Table 1). In the GTPvS binding assay, no mutants
showed significant elevation of the constitutive activity (Fig.
5¢). However, the mutation K837A7->! in the XPKXY motif dra-
matically reduced an L-AP4-dependent activity, suggesting that
this residue plays an essential role for the formation of the
active state.

DISCUSSION

Positional Relationship between Helices VI and VII within a
Protomer Determines the Activation of mGIluR—In the last 15
years, growing evidence has demonstrated that the dimeric
rearrangement of TMDs following the ligand-induced dimeric
relocation of extracellular domains triggers the activation of
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FIGURE 5. Analyses of a series of double mutants of T789Y%“** and
mutations on helix VII. g, .-AP4-induced change of G protein activation
ability. Data are expressed as percentage of respective G protein activa-
tion abilities without L-AP4. * indicates a significant increase of the activity
in an L-AP4-dependent manner, and # indicates a significant change of the
activity compared with T789Y%“3 (p < 0.05; Student’s t test, two-tailed). b,
initial rates of G, activation abilities of double mutants without L-AP4.
* indicates a significant decrease of constitutive activity compared with
that of T789Y%*3 (p < 0.01; Student's t test, two-tailed). ¢, initial rates of G,
activation abilities of wild type and single mutants on helix VIl of mGIuR8.
Several data in c were already published in our previous study (7). Exper-
iments were performed with or without T mm L-AP4 (black and white bars,
respectively). The activities were normalized to that of mock-transfected
membranes. * indicates a significant decrease of L-AP4-dependent activity
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family 3 GPCRs (9-14). However, it is unclear what occurs
within each TMD after the dimeric rearrangement for the effi-
cient G protein activation. In the present study, we revealed
that reorganization of the HBN between helices VI and VII in
each TMD of dimer, similar to family 1 GPCRs, is a major deter-
minant of the activation of mGluR by using homology modeling
and comprehensive mutation analysis. Namely, the shift
between the resting and active states of the receptor primarily
depends on the conformation of TMD within each protomer,
which should be tightly linked to the dimeric arrangement of
TMDs via the dimeric interface.

The activation of GPCR is often explained by a theoretical
energy landscape based on a simple two-state model (29, 30).
Here we apply the energy landscape to discuss what occurs in
the mutants (Fig. 6). In the wild type without ligand, the resting
state is stabilized by the proper HBN between helices VIand VII
(Figs. la and 6a). We observed a significant correlation
between constitutive activity and the side chain volume at posi-
tion 789%*3 (Fig. 2a). Therefore, in the Thr-789%** mutants,
large volume residues destabilized the resting state and stabi-
lized the active state as shown in Fig. 4 (dashed lines in Fig. 6).
The formation of the active state is accompanied by a relatively
large space opening around Thr-789%“? between helices VI and
VII, although not large enough to accommodate a tryptophan
residue (Fig. 4, g and i). Thus, we speculated that the mutation
T789W*** did not stabilize the resting or active state but fell
into a deactivated state (Fig. 6¢), where the space between hel-
ices VI and VII might be abnormally expanded.

Agonist-induced dimeric rearrangement in T789Y®** was
indistinguishable from that of the wild type (13). In wild-type
mGluRS, reorganization of the dimeric interface would induce
conformational changes within each protomer including wid-
ening of the space between helices VI and VII (Figs. 1 and 6a).
However, in T789Y%*?, the space between helices VI and VII
was already widened by the interaction between Tyr-789°*3
and Gly-8317*" in the absence of a ligand (Fig. 4e). Thus, the
ligand-induced dimeric rearrangement similar to wild type
would further widen the space between helices VI and VII
resulting in a deactivated state similar to T789W®*3 (Fig. 6b).

Similarity and Difference between XPKXY Motif and NPXXY
Motif—In the present study, we identified an indirect interac-
tion between T789Y®*? and highly conserved XPKXY motif in
helix VII of family 3 GPCRs (Fig. 5). The XPKXY motif has been
considered as a key motif equivalent to the well characterized
NPXXY motif in family 1 GPCRs (27). In the case of glycopro-
tein hormone receptor, Thr®*® and Asp®** interact mainly with
Asn”* in the NPXXY motif to keep the receptor inactive (31,
32), and naturally occurring constitutively active mutations at
these loci cause genetic disorders such as hyperfunctioning thy-
roid adenoma and familial male-limited precocious puberty (6).
Moreover, the recent crystal structure of constitutively active
mutant M257Y%*° of rhodopsin showed that elevation of the
basal activity originated from the formation of specific interac-
tions among helices I11, V, VI, and VII including M257Y®*° and

compared with that of wild-type (p < 0.01; Student’s t test, two-tailed). All
the data are expressed as mean = S.D. (error bars) of more than two inde-
pendent experiments done in duplicate.
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FIGURE 6. Theoretical energy landscapes of wild type and mutants of mGIuR8. g, conformational states of wild-type mGIuR8 with or without agonist (solid
or dashed line, respectively). Binding of an agonist lowers the energy barrier and decreases the potential energy of the active state relative to the resting state.
b, conformational states of T789Y®** mutant. The mutation increases the potential energy of the resting state relative to the active state. Binding of an agonist
lowers the energy barrier and decreases the potential energy of the deactivated state relative to the active state. ¢, conformational states of T789W°“* mutant.
The mutation increases the potential energy of both the resting and active states relative to the deactivated state.

Tyr-306">% in NPXXY motif (33). These cases are quite similar
to the present study in that a mutation-induced change of the
HBN between helices VI and VII including XPKXY or NPXXY
motif stabilized the active state instead of the resting state.

Additionally, the present study revealed the importance of
Lys-8377*! in XPKXY motif for activation of mGIuR (Fig. 5),
which is specifically conserved in family 3 GPCRs. The homol-
ogy modeling of mGIuR8 shows that Lys-8377' is oriented
toward the outer side of the helical bundles in the cytoplasmic
end of helix VII (Fig. 1). Further mutational analysis at position
8377°! will clarify the specific role of Lys-8377'.

CONCLUSION

Why can all GPCRs activate the G protein even though their
sequence similarity is very low? This is a fundamental question
to be solved. Here we showed that a water-mediated HBN
between helices VIand VII stabilizes the resting state of mGIuR,
similar to family 1 GPCRs. These results suggest that receptors
are similarly regulated by a HBN despite their apparent differ-
ences. A homology model based on an alignment with low
sequence similarity should be skeptically evaluated. However,
experimental validation of such homology models can provide
important information about the common structural elements
that cannot be revealed by simple amino acid sequence
alignment.

The present study revealed that the activation of mGluR is
primarily induced by conformational changes within each
protomer of dimer similar to family 1 GPCRs. However, the
molecular mechanism that drives the conformational changes
within each TMD may be different between family 1 and family
3 GPCRs. In many family 1 GPCRs, ligand binding to TMD
and/or the extracellular loops leads directly to conformational
changes in helical bundles irrespective of oligomerization. In
contrast, in family 3 GPCRs, ligand binding to a large extracel-
lular domain induces the reorganization of the dimeric inter-
face of TMDs, which drives the helical movement within each
protomer (14). Recently, growing evidence has suggested that
allosteric modulation via dimerization can be observed in many
family 1 GPCRs (34). In family 3 GPCRs, many allosteric mod-
ulators directly bind to the TMD and regulate the helical move-
ment (35). Taken together, it can be said that activity modula-
tion by both ligand binding to the TMD and by dimerization is
a common feature in family 1 and family 3 GPCRs. However,
the modulation of the dimeric interface is considered to be “an
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allosteric effect” in family 1 GPCRs and “an orthosteric effect”
in family 3 GPCRs. Further research on family 3 GPCRs will
further our understanding of the functional regulation by the
dimerization of GPCRs.
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