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Abstract

Group | metabotropic glutamate receptors (mGIuRs), including mGIuR1 and mGIuR5, are G
protein—coupled receptors (GPCRs) that are expressed at excitatory synapses in brain and spinal
cord. GPCRs are often negatively regulated by specific G protein—coupled receptor kinases and
subsequent binding of arrestin-like molecules. Here we demonstrate an alternative mechanism in
which group | mGIuRs are negatively regulated by proline-directed kinases that phosphorylate the
binding site for the adaptor protein Homer, and thereby enhance mGluR-Homer binding to reduce
signaling. This mechanism is dependent on a multidomain scaffolding protein, Presol, that binds
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mGIuR, Homer and proline-directed kinases and that is required for their phosphorylation of
mGIuR at the Homer binding site. Genetic ablation of Presol prevents dynamic phosphorylation
of mGIuRS, and PresoI™~ mice exhibit sustained, mGluR5-dependent inflammatory pain that is
linked to enhanced mGIuR signaling. Presol creates a microdomain for proline-directed kinases
with broad substrate specificity to phosphorylate mGIuR and to mediate negative regulation.

Group | metabotropic glutamate receptors (mGIuRs) are enriched at excitatory synapses in
the brain, where they are important in neural plasticity! and behavioral responses including
inflammatory pain, fear conditioning, drug addiction and schizophrenia2—. Group | mGIuRs
localize primarily to the lateral margin of the post-synaptic membrane®, where they respond
to glutamate as it diffuses from release sites in the central synaptic region8. Group I mGIuRs
evoke changes by modulating membrane ion channels’, intracellular ion channels® and
signaling cascades including EF2 kinase®, MAP kinasel®, mTORC1 (ref. 11) and
endocannabinoid synthesis!2. The coupling mechanisms for several of these outputs involve
proteins of an adaptor protein family, termed Homer, that bind to a proline-rich sequence in
the C terminus of group | mGIuRs13, In an exemplar assay, Homer binding to group |
mGIuRs expressed in superior cervical ganglion neurons blocks coupling to M-type
potassium channels and voltage sensitive Ca2* channels’. Homer binding to group | mGIuRs
also reduces agonist-independent activation of BK channels in granule cell neurons4,

The Homer binding site (TPPSPF) contains a consensus site for proline-directed kinases.
Proline-directed kinases are activated by multiple neurotransmitter and growth factor
receptors and are critical in the control of cellular processes including cell proliferation,
differentiation, motility and neuronal plasticity!®. The ability of Homer binding to modify
mGIuR signaling begs the question of whether proline-directed kinase-mediated
phosphorylation of mGIuR functions in receptor signaling.

Here we report that group | mGIuR signaling is dynamically controlled by proline-directed
kinases acting in concert with a multi-domain scaffolding protein termed Presol. Presol
includes WW, PDZ and FERM domains, and it was previously reported to bind PSD95 (ref.
16) and to modulate dendritic spine morphogenesis. We identified Presol in a screen for
proteins that bind Homer and determined that it also binds group | mGIuR and proline-
directed kinases including CDKS5 and ERK. Presol enhances the ability of proline-directed
kinases to bind mGIuR and phosphorylate the Homer binding site in mGIuR. This action of
Presol appears analogous to that of A-kinase anchoring proteins (AKAPs)17 to recruit PKA
to phosphorylate its substrates. Presol-dependent phosphorylation of mGIuR enhances
Homer binding and downregulates mGIuR signaling in cellular assays. To assess this
mechanism /in vivo, we examined behavioral responses in a mouse model of inflammatory
pain, which is dependent on sustained activation of group | mGIluRs3. We confirmed that
inflammatory pain depended on mGIuR5 and was increased in mouse models that interrupt
Homer binding to mGIuR5, owing either to genetic deletion of Homer or to genetic knock-in
of an mGIuR5 point mutant that cannot bind Homer. Inflammatory pain was also increased
in a Preso1”'~ mouse, and this was coupled to increased mGIuR5 activity. These studies
support a model in which Presol functions to facilitate proline-directed kinase modulation
of Homer binding to mGIuR and thereby controls the amplitude and duration of mGIuR
signaling.

Presol is a Homer-binding protein enriched in brain

We used the Homerl EVH1 domain to perform a yeast two-hybrid screen of a rat brain
cDNA library and identified a 1.2-kb fragment corresponding to the C terminus of
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KIAA0316. The full-length gene was cloned by 5" and 3" rapid amplification of cDNA ends
(RACE) and determined to be homologous to human FRMPD4 (also termed PDZD10,
PDZK10and Preso®), and is here termed Presol. The Presol protein contains several
domains, including a Homer binding site (Fig. 1a), and is conserved from Drosophila
melanogasterto human (Supplementary Fig. 1). Public databases include two related genes
that we term Preso2 (FRMPD3, KIAA1817) and Preso3 (FRMPDI (ref. 18), FRMDZ,
KIAA0967) (Supplementary Fig. 2). Mouse and human Presol and Preso2 are near each
other on the X chromosome, whereas Preso3is autosomal (human chromosome 9, mouse
chromosome 4). mRNAs of all three Preso genes are expressed broadly in brain and spinal
cord in mouse (Supplementary Fig. 3).

Hemagglutinin (HA)-tagged Homeric (the brain-enriched Homer1 splice form)19
immunoprecipitated with Presol (Fig. 1b). This interaction was disrupted either by point
mutation of the canonical polyproline-binding surface of the Homerl EVH1 domain or by
point mutation of the predicted Homer binding site in Presol (PresolFR; Fig. 1b). Thus, the
Homer—Presol interaction involves conventional binding properties of Homer, and it seems
to be direct. Preso2 encodes a conserved Homer binding site, and it immunoprecipitated
with Homerlc from HEK293T cell lysates, whereas Preso3 lacks a conserved Homer
binding site and did not coimmunoprecipitate (Supplementary Fig. 4a).

To examine the association of Presol with Homer /n vivo, we immunoprecipitated Presol
from detergent lysates of rat cerebellum and confirmed that Homer3 was
coimmunoprecipitated (Fig. 1¢). mGIluR1 and components of its signaling complex,
including Shank, PSD95 and the inositol-1,4,5-trisphosphate receptor (IP3R) also
immunoprecipitated with Presol (Fig. 1¢). Presol immunoreactivity was enriched in
cultured hippocampal neurons and showed a punctate distribution that colocalized with the
excitatory synaptic marker PSD95, but not with the inhibitory synaptic marker glutamic acid
decarboxylase (GAD65) (78.6 + 4.8% of Presol colocalized with PSD95 (all values
expressed as + 95% confidence interval), whereas 9.6 + 2.1% colocalized with GADG65; n=
17-20 dendrites in 7 or 8 neurons; Fig. 1d). Presol immunoreactivity also colocalized with
mGIuR5 in the neurons (68.6 £ 5.1%; Fig. 1d). To confirm that Presol is a synaptic protein,
we performed immunogold electron microscopy in the hippocampus. Presol-immunogold
localized to the postsynaptic spine, especially in the PSD and subjacent cytoplasm,
overlapping the distributions of Homer and group | mGIuRs>19 (Fig. 1e).

Presol interacts with group | mGluRs via its FERM domain

We considered the possibility that Presol functions as a scaffolding protein for group |
mGIuRs. Consistent with brain coimmunoprecipitation data, Presol immunoprecipitated
with mGIuR5 from detergent lysates of HEK293T cells (Fig. 2a and Supplementary Fig.
4b). By contrast, Presol did not immunoprecipitate mGIuR2 or mGluR4, which belong to
group Il and group 111 mGIuRs (Supplementary Fig. 4c, d). Presol possesses several protein
interaction domains, and we examined whether Presol might directly interact with mGIuR5
independent of Homer. Presol or deletion mutants were cotransfected with HA-tagged
mGIuRS5 into HEK293T cells and assayed for interaction by coimmunoprecipitation. Presol
antibody immunoprecipitated mGIuRS5 that was expressed with any of the N-terminal
deletion mutants except Presol-AFERM (Fig. 2a). Notably, point mutants of both Presol
and mGIuR5 that do not bind Homer (PresolFR; mGIuR5g112gr (MGIURSFR)) retained
interaction in the coimmunoprecipitation assay (Fig. 2a), suggesting that Presol binding to
mGIuR5 does not depend on Homer. These data also suggest that the FERM domain is
required for Presol binding to mGIuR5. We confirmed that the isolated Presol FERM
domain was sufficient to immunoprecipitate mGIuR5 (Fig. 2b).
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We next examined the region of mGIuR5 required for interaction with Presol using
coimmunoprecipitation assays with mGIuR5 C-terminal mutants. Presol
immunoprecipitated mGIUR51_10p9, but not mGIuR54_gyq (Fig. 2¢). As the Homer binding
site is at 1128, these data indicate that sequence element(s) in mGIuR5 required for Presol
binding are at least 100 amino acids remote from the Homer binding site (Fig. 2d).
MGIUR5g20_1020 includes a predicted FERM domain binding site?® and a D-domain
implicated as a binding site for proline-directed kinases in other proteins?! (Fig. 2d).
Mutations of the putative FERM domain binding sites (MGIuR5yggsa vas7a) resulted in
only a modest reduction of its immunoprecipitation with Presol (Fig. 2e). However, the
combined point mutations of the putative FERM-binding site and the Homer binding site
(MGIURS5yggsA vos7A F1128R; MGIURSYVF) markedly reduced mGIuR5
immunoprecipitation with Presol (Fig. 2e). The dependence of mGluR5-Presol binding on
the Homer binding site in mGIuRS is consistent with the notion that native Homer proteins
in HEK293T cells?2 can link these proteins, and it suggests that Presol binding to mGIuR
involves contributions of both the FERM domain-binding site and the Homer binding site.

Presol regulates mGIuR phosphorylation and signaling

Coexpression of Presol increased binding between Homer and mGIuR5 (172.7 + 29.4% of
control, 7=6, P=0.004; Fig. 3a). As Homer binding can be increased by phosphorylation
of mGIuRS5 at the Homer binding site23, we hypothesized that Preso1 might function to
increase Homer binding by increasing mGIuR5 phosphorylation. We developed a phospho-
specific antibody to the Homer binding site of group I mGIuR (Supplementary Fig. 4e), and
found that mGIuR5 phosphorylation increased with Presol expression (198.2 + 72.8% of
control, n=7; P=0.04; Fig. 3a). To exclude the possibility that Presol increases Homer—
mGIuR5 binding indirectly by means of the association of Presol with Homer, we
confirmed Presol’s effect using a mutant (Preso1FR) that does not bind Homer (Fig. 1b).
Enhanced Homer binding is dependent on phosphorylation, as Presol did not enhance
Homer binding to an mGIluR mutant (nGIUR5TSAA, containing TS to AA mutations at
Homer binding site) that cannot be phosphorylated at the Homer site (mGIuR5 wild type
(WT): 183.7 £ 51.8% of control, 7=6; P=0.03; mGIUR5TSAA: 122.6 + 49.1% of control,
n=6; P=0.58; Fig. 3b). These data suggest that mGIuR5 phosphorylation at its Homer
binding site mediates Presol’s effect of increasing Homer binding to mGIuR5.

We next investigated whether Presol regulates group | mGIuR function. In a cellular assay,
group I mGIuR coupling to voltage-sensitive calcium channels in superior cervical ganglion
neurons, which do not natively express any mGluRs?4, was inhibited by Homer binding’
and was similarly inhibited by Presol (mGIuR1: 55 + 6% in control, 7=15; 16 + 8% in
Presol, n=11; P=0.0001; mGIuR5: 38 £ 5% in control, n=24; 22 + 6% in Presol, n= 22;
P=0.0004; Fig. 3c,d). Experiments with mGIuR5 mutants indicated that Presol’s action
depended on Presol binding to mGIuR5 (absent with mGIuR5YVF), Homer binding to
mGIuR5 (absent with mGIuR5FR) and phosphorylation of the Homer binding site in
mGIuR5 and mGIuR1 (absent with mGIUR5TSAA and mGIuUR1TSAA) (mGIUR5YVF: 26 +
10% in control, n=7; 25 £ 6% in Presol, n=8, £=0.90; mGIuR5FR: 26 + 10% in control,
n=7;23+10% in Presol, n=11, P=0.66; mGIUR5TSAA: 16 + 10% in control, n=9; 16
+ 6% in Presol, n= 13, P=0.98; mGIUR1TSAA: 43 + 12% in control, n=14; 41 + 16% in
Presol, n= 6, P=0.88; Fig. 3d). Presol action is specific for group | mGIuR, as it did not
alter the activity of mGIuR2 (64 + 4% in control, 7= 7; 57 + 12% in Presol, n=5, P=0.30;
Fig. 3d), consistent with the finding that Presol selectively bound group | mGIuRs
(Supplementary Fig. 4b—d).
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Presol binds proline-directed kinases

Inspection of the Homer binding site of group | mGIuR (Fig. 2d) suggested that the serine
phosphorylation is mediated by proline-directed kinases, such as CDK5 and ERK. We found
that expression of CDK5 and p35 (CDK5/p35) or constitutively active MEK (MEK DD),
which activates ERK, induced mGIuR5 phosphorylation in HEK293T cells (CDK5/p35: 563
+ 98% of control, 7= 6; P=0.0008; MEK DD: 1,049 * 345% of control, 7= 6; P=0.006;
Fig. 4a). In cultured neurons, native mGIuR phosphorylation was significantly reduced by
CDKS5 inhibitor or MEK inhibitor (UO126: 57.4 + 11% of untreated, n=4; £=0.007;
purvalanol A: 65.8 £ 9.5% of untreated, n=4; P=0.02; Fig. 4b). These data support a role
for CDK5 and ERK in phosphorylation of group | mGIuR at the Homer binding site.

We next hypothesized that Presol binds proline-directed kinases that phosphorylate group |
mGIuRs. Presol contains a predicted D-domain that is conserved among Preso family
members and across species (Supplementary Figs. 1 and 2). As predicted, Presol
immunoprecipitated from HEK293T cells with proline-directed kinases CDK5 and ERK
(Fig. 4c,d). Additionally, Presol enhanced the association of ERK1 with mGIuRS5 in
HEK?293T cells (166.6 + 40% of control, 7=5; P=0.02; Fig. 4e). Endogenous Presol
immunoprecipitated with CDK5 and with ERK1 and/or ERK2 (ERK1/2) from mouse brain
(Fig. 4f,g), suggesting that Presol and proline-directed kinases are naturally associated /n
Vivo.

Presol1~/~ mouse generation

We generated a conditional PresoI™'~ by inserting /oxP sites in flanking introns of exon 3,
which encodes the PDZ domain (Supplementary Fig. 5a). Presol was deleted in the
germline by mating conditional knockout mice with CMV/-cre mice. Preso1~/~ mice were
identified by PCR (data not shown), and mutant Presol mRNA expression was confirmed
by reverse transcription and PCR of cortex and cerebellum (Supplementary Fig. 5b). Presol
deletion was further verified by western blots of detergent lysates of PresoI™~ brain
(Supplementary Fig. 5¢) and cultured cortical neurons (Supplementary Fig. 5d). Male and
female Presol™'~ mice were viable and fertile, and appear similar to WT mice in their post-
natal growth. Expression of Homerlb/c, Homer2, Homer3, NR1, GluAl and GluA2/3 was
not altered in 6-week-old PresoZ~/~ brain, and expression of mGIuR5 was not different in
cortex or spinal cord (Supplementary Fig. 5e).

Consistent with the hypothesized function of Presol, mGIuR5 phosphorylation (pSer-
mGIuR) and mGIuR5 immunoprecipitation with Homer was reduced in PresoZ™~ cortex and
spinal cord compared those in to WT littermates (binding: 76 = 3.3% of WT in cortex, n=5;
P=0.002; 73.6 £ 8.7% of WT in spinal cord, n=8; £=0.03; phosphorylation: 57.5 +
22.2% of WT in cortex, n=5; P=0.04; 79.1 £ 10.6% of WT in spinal cord, n=5; P=0.03;
Fig. 5a). Additionally, immunoprecipitation of ERK1/2 with mGIuR5 was reduced in
Preso1”'~ brain (64.4 + 10.9% of WT, n=5; P=0.04; Fig. 5b).

Presol is required for dynamic Homer-mGIuR5 binding

We examined the hypothesis that Presol is required for activity-dependent phosphorylation
of mGIuR5 and enhanced Homer binding. In WT neurons, the group | mGIuR agonist 3,5-
dihydroxyphenyl-glycine (DHPG) resulted in an increase of mGIuR5 phosphorylation and
Homer binding to mGIuRS5 after 30 min (binding: 157 + 33.8% of untreated, 7=15; A= 0.01;
phosphorylation: 149 + 36% of untreated, 7=5; P=0.02; Fig. 5¢). By contrast, mGIuR5
phosphorylation and Homer binding were reduced in Preso1~'~ neurons and were not
changed after DHPG stimulation (binding: 47 + 7.7% in untreated Presol™~, n=5; P=
0.007; 54 + 12.9% in treated Presol™'~, n=3; P=0.3; phosphorylation: 71.7 + 22.4% in
untreated Presol™~, n=5; P=0.04; 67.3 + 14.8% in treated PresoI™~, n=5; P=0.76; Fig.
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5¢). This is consistent with mGIuR5 activation of CDK5 and ERK?25, which then
phosphorylate the receptor to mediate enhanced Homer binding in a receptor homologous
feedback pathway. We also examined the effect of BDNF, which activates TrkB to increase
ERKZ26, and found similar increases of mGIuRS5 phosphorylation and Homer binding in WT
but not Preso1~'~ neurons (binding: 157.7 + 14.5% in treated WT, 7= 4; P=0.001; 65.3 +
18% in untreated PresoZ™~, n=4; P=0.02; 69.8 + 22.9% in treated Presol™~, n=4; P=
0.77; phosphorylation: 182.1 + 15.1% of untreated, 7= >5; £=0.00002; 66.8 + 9.5% in
untreated Presol™'~, n=4; P=0.0002; 79.7 + 8.3% in treated Presol™~, n=4; P=0.09;
Fig. 5¢). These observations suggest that Presol is required for dynamic regulation of
mGIuR5 phosphorylation and Homer binding in both homologous and heterologous receptor
signaling pathways.

Tamalin?’, calcineurin inhibitor protein (CAIN)28 and Norbin2? bind group | mGluRs and
modify signaling by changing expression of mGIuR on the cell surface. mGIuR5 expression
on the surface of neurons in culture was not different between WT and Presol™~ (115.6 +
21.6% of WT, n=6; P=0.14; Fig. 5d). Furthermore, DHPG induced identical decreases of
surface mGIURS (65.4 + 16.7% in WT, n=4; P=0.02; 65.2 + 10.1% in Presol™'~, n=3; P
= 0.04; Fig. 5d), suggesting that Presol does not function by regulating mGIuR5 surface
expression. This is consistent with the observed absence of an effect of

Homer1 '~ HomerZ™'~ Homer3™'~ genotype on mGIuR5 surface expression3C.

Pain response is increased in Presol~/~ mice

Formalin injection into the mouse hind paw results in an initial, transient behavioral pain
response that is followed by a second, sustained response that is associated with tissue
inflammation and is termed inflammatory pain3L. This model is widely used in pain
research, and group | mGIuRs have been implicated in inflammatory pain by means of
pharmacological agonists and antagonists3. To further validate the role of mGIuR5, we
examined Grm5~'~ mice and confirmed decreased pain responses in the second phase, but
not in the first phase, after formalin injection compared with responses in their WT
littermates (Supplementary Fig. 6a,b). Furthermore, 2-methyl-6-(phenylethynyl)-pyridine
(MPEP), an mGIuR5 specific antagonist, substantially reduced the formalin-induced
inflammatory pain response in WT mice, but not in Grm5~~ mice (Supplementary Fig.
6a,b). These results confirm a role for mGIuR5 in formalin-induced inflammatory pain.

We next asked whether formalin-induced inflammatory pain is altered in PresoZ~/~ mice.
Preso1”'~ mice exhibited greater behavioral pain responses during the second phase, but not
the first phase, compared with their WT littermates (first phase: 94.6 + 24.2 sin WT, n=09;
88 + 25 s in Presol™'~, n=8; P=0.72; second phase: 347.6 + 52.8 s in WT, n=9; 576.3 +
113.2 sin Preso1™'~, n=8; P=0.002; Fig. 6a,b). Notably, MPEP (30 mg per kilogram body
weight, intraperitoneally) decreased pain responses during the second phase to the same
degree in Preso1'~ and WT mice (first phase: 68.7 + 11.7 s in treated WT, 7= 6; P=0.13;
76.8 + 24.7 s in treated Presol™~, n=6; P=0.56; second phase: 207 + 33.5 s in treated WT,
n=6; P=0.002; 214.7 + 47.3 s in treated Preso1”'~, n=6; P=0.0002; Fig. 6a,b). These
data indicate that the increased inflammatory pain response in Preso1~/~ is mediated by
mGIuR5. Because ongoing sensory inputs contribute to formalin-induced pain32, we
measured the excitability of dorsal root ganglion neurons from WT and PresoZ~/~ mice and
found similar excitabilities (Supplementary Fig. 7). To assess the notion that Homer binding
to mGIuRS5 is important to limit the intensity of the inflammatory pain response, we
confirmed that inflammatory pain behavior was increased in Homer2”'~ Homer3™'~ mice,
and in an mGIuR5 mutant knock-in mouse in which Homer cannot bind the receptor
(Grm5RR or mGIUR5FR mice33) (Supplementary Fig. 8a—d). Furthermore, we found that
inflammatory pain behavior was decreased in mice with selective deletion of the Homerla
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isoform of the Homer1 gene (Homer1a '~ mice)30 (Supplementary Fig. 8e,f), consistent with
a mechanism whereby deletion of Homerla increases Homer binding with mGIuRS5.

c-Fos expression is induced in neurons of the lumbar dorsal spinal cord by formalin
injection into the hind paw, and it identifies neurons activated in the pain circuit that
increase cellular [Ca2*]34. We performed c-Fos immunostaining in lumbar level L4-L5
spinal cord from WT and Preso1~/~ mice after formalin injection and found more c-Fos
positive neurons in the PresoI'~ spinal cord than in WT spinal cord (lamina 1-2: 19.6 + 2.7
in WT, n=25; 26.6 + 4.1 in PresoI™~, n=22; P=0.007; lamina 3-4: 6.1 £ 1.0 in WT, n=
25;8.7+2.1in Presol”’~, n=18; P=0.03; lamina5-6: 5.8 + 1.1in WT, n=25; 11.1+ 2.4
in PresoI™=, n=18; P=0.0001; Fig. 6¢,d). Furthermore, preinjection with MPEP reduced
the number of c-Fos—positive neurons in the WT and PresoZ~'~ spinal cord to the same
degree (lamina 1-2: 14.9 £ 2.8 in treated WT, n=18; £=0.03; 13.6 £ 2.22 in treated
Preso1™=, n=18; P=0.000009; lamina 3-4: 3.7 + 0.7 in treated WT, 7= 18; £=0.001; 5.2
+ 0.8 in treated PresoZ™~, n=18; P=0.009; lamina 5-6: 6.2 + 1.2 in treated WT, n=18; P
=0.62; 7.8 + 1.2 in treated PresoI™~, n=18; P=0.03; Fig. 6¢,d). These findings
corroborate behavioral pain assays and suggest that PresoI™~ increases the number of
neurons in the spinal cord pain pathway that reach a critical level of [Ca2*] for c-Fos
induction, through a mGluR5-dependent mechanism.

We also tested pain responses in the complete Freund’s adjuvant (CFA) chronic pain model.
PresoI™!~ mice were not different from WT littermates in their basal thermal pain responses,
and they showed an identical initial pain response (WT: 13.6 + 2.2's, n=9; Presol™'~: 13.6
+3.35s,n1=9; P=0.96; Fig. 6e). However, Presol”"~ mice exhibited increased thermal pain
responses beginning 3 d after CFA injection and persisting through 5d (day 1: 6.9 £ 2.1 s in
WT, n=9;6.6 +2.6sin Presol'~, n=9; P=0.83; day 2: 10.2+5.0sin WT, n=9; 7.3 +
5.5sin Presol~, n=9; P=0.26; day 3: 11.7 + 3.6 Sin WT, n=9; 7.5 + 3.3 s in Preso1 ",
n=9; P=0.02; day 4: 11.1 +2.9sin WT, n=9; 2.6 + 2.4 s in Presol”"~, n=9; P=0.03;
day 5: 13.6 +4.2sin WT, n=9; 9.9 + 2.2 s in PresoI™"~, n=9; P=0.03; Fig. 6e).

Enhanced mGluR-mediated Ca?* response in Presol1~/~ neurons

Presol is expressed in the dorsal spinal cord (Supplementary Fig. 3) with an expression
pattern similar to mGIuR5%°. On the basis of the increased behavioral pain and c-Fos
expression in spinal cord of PresoI™~ mice, we predicted that group | mGIuR function
would be enhanced in PresoI™~ dorsal spinal cord neurons. We cultured these neurons from
WT and PresoI”~ mice and performed calcium imaging assays. Glutamate (100 M)
combined with APV (100 M), an NMDA receptor blocker, and NBQX (100 wM), an
AMPA receptor blocker, were used to stimulate mGIuR. This cocktail was found to be more
consistent than a selective agonist for mGIuR5 (DHPG), as is consistent with the
observation that mGIuR1 signaling is enhanced by preceding depolarization3®. Stimulation
induced a rise of [Ca%*] in both WT and PresoZ'~ neurons that persisted until washout (Fig.
7a). The calcium response in PresoZ~/~ neurons was significantly greater than that in WT
neurons (WT: 3.28 + 0.33 fold increase over basal Ca?*, n= 90; Presol™'=: 4.47 + 0.44 fold
increase over basal Ca2*, n=74; P=0.00003; Fig. 7a). Pretreatment with MPEP (10 uM)
and with Bay36-7620 (20 tM), an mGIluR1 antagonist, blocked the sustained calcium
response (Fig. 7a), confirming that it is dependent on group | mGIuR.

We next asked whether the enhanced mGluR-mediated calcium response in Preso1~/~ spinal
cord neurons would be rescued by expressing a Presol transgene. GFP or GFP-Presol
constructs were electroporated into dorsal spinal cord neurons from PresoZ~/~ mice on the
day of culture initiation and used for calcium imaging after 2 d. GFP-Presol-expressing
neurons showed a markedly reduced mGIluR-mediated calcium response compared to GFP
expressing neurons (GFP: 2.38 + 0.36 fold increase over basal Ca2*, 7= 23; GFP-Presol:
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0.46 = 0.35 fold increase over basal Ca*, n=19; P=5 x 1079 Fig. 7b), indicating that
increased Ca2* responses in PresoI~~neurons can be reversed by Presol.

Our model predicts that Presol facilitates proline-directed kinases to increase mGIuR
phosphorylation at the Homer binding site, and inhibits sustained mGIuR responses (Fig. 4).
Accordingly, we asked whether the mGluR-dependent Ca2* response in spinal cord neurons
is altered by proline-directed kinase inhibitors. We observed that the Ca2* response to
sustained treatment with glutamate, APV and NBQX decreased over an interval of 2-9 min
in most neurons, but [Ca%*] again increased until washout in some neurons (Fig. 7c). The
percentage of neurons with Ca?* rise was significantly higher in Preso1~/~ than that in WT
(WT: 11.5 + 4.3%, n= 390; Presol'~: 22.3 £ 7.4%, n= 360; P=0.03; Fig. 7c). The
reversal by washout and subsequent cell viability assessed by Nomarski microscopy
indicated that the delayed response was not due to cell death. Addition of UO126 (4 .M), or
purvalanol A (5 uM) 2 min after onset of stimulation resulted in a two- to threefold increase
of the percentage of neurons exhibiting a delayed rise of [Ca?*] (UO126: 28.3 + 5.7%, n=
420; P=0.0004; purvalanol A: 23.8 + 5.6%, n= 330; £=0.005; Fig. 7c). By contrast,
kinase inhibitors did not change the percentage of Presol™'~ spinal cord neurons showing
this delayed response (UO126: 27.6 + 6.6%, n=270; P=0.32; purvalanol A: 25.0 + 5.3%, n
=190; P=0.60; Fig. 7c). Although kinase inhibitors are likely to alter multiple signaling
pathways, their acute action in blocking mGIluR-dependent increases of [Ca2*] is consistent
with our model of Presol function.

DISCUSSION

The present study indicates that Presol functions as an essential part of the group | mGIuR
signaling complex, and supports its role as an anchoring protein for proline-directed kinases
that mediate activity- dependent, negative regulation of mGIuR. The Presol-proline-
directed kinase—-Homer mechanism is highly dynamic, and findings support a consistent
model across biochemical and behavioral phenotypes in several genetic models that modify
Homer expression or Homer binding to mGIuR. This mechanism is distinct from the
canonical mechanism of GPCR desensitization mediated by G protein— coupled receptor
kinases and B-arrestin pathway3 in several ways. First, Presol and dynamic Homer binding
do not influence the level of surface mGIuR expression either in steady state conditions or
after activation of the mGIuR receptor. Inhibition of mGIuR signaling appears to result as a
direct consequence of Homer binding rather than of removal from the plasma membrane.
Second, the proline-directed kinases that mediate this response are not specific for the
receptor, but rather are activated by many signaling pathways. This affords the possibility of
receptor crosstalk, but it also highlights the importance of an anchoring protein for mGIuR
that can confer specificity to broad-substrate proline-directed kinases and thereby mimic the
intrinsic specificity of G protein—coupled receptor kinases. Group | mGIuRs reportedly
desensitize in response to G protein—coupled receptor kinases3®, but the natural relevance of
the suggested pathways remains unknown. The Presol mechanism is distinct from other
proteins that bind group | mGIuR and modify signaling by changing expression of mGIuR
on the ggll surface, including Tamalin??, calcineurin inhibitor protein (CAIN)28 and
Norbin<”.

Presol appears to limit the amplitude and duration of mGIuR5 activation that underlies
inflammatory pain in the formalin model and chronic pain in the CFA model. Presol-
dependent inhibition of MGIuR5 may occur normally as part of a homologous receptor
down-regulation due to increased mGIuRS5 activation by glutamate, or as a heterologous
receptor response due to increased proline-directed Kinase activation by receptors such as
TrkB26 or the bradykinin receptor3®. Phosphorylated ERK is upregulated during
inflammatory pain and has been implicated as a mediator of neuronal excitability due to
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phosphorylation of a potassium channel4?. CDK5 expression and activity is also elevated
during inflammation and regulates pain signaling®!. Previous studies have demonstrated that
group | mGIuR signaling becomes agonist independent if Homer does not bind and crosslink
the receptor®. This mechanism underlies the effect of Homer1la in driving homeostatic
scaling of AMPA receptors3 and has been suggested to contribute to stress effects in fear
conditioning®2. Accordingly, agonist- independent mGIuR5 signaling may contribute to
inflammatory pain. Pain induced by inflammation also causes central sensitization and
hypersensitivity#3, and recent studies suggest a special role for the amygdala®. Hence, it is
possible that Presol also contributes to central sensitization through regulation of mGIuR
function.

Group | mGIuRs are important targets for therapies of cognitive diseases including fragile X
mental retardation syndrome*® and Alzheimer’s disease®, and are notable for the ability of
pharmacological agents to differentially alter signaling outputs (biased ligands)?6. It is
possible that Presol contributes to this distinctive pharmacology. Although Presol and
Homer binding uniformly inhibited the responses of group I mGIluRs monitored here, group
I mGluRs signal in several output pathways (see introduction), and Homer binding to
mGIuRS5 does not uniformly inhibit all outputs. For example, mGIuR1 coupling to
intracellular 1P receptors is increased by Homer crosslinking®’. Accordingly, the effect of
Presol on the signaling of group I mGIluRs could be output specific.

The yeast protein STES provides a precedent for a proline-directed kinase anchoring
protein®®, but Presol appears to be the first example of a proline-directed kinase anchoring
protein for higher organisms. This action is similar to that of AKAPSs, which coordinate
signal transduction complexes by recruiting multiple signaling enzymes near potential
substrates, including G protein—coupled receptors*. Consistent with the notion that Presol
functions as an anchoring protein, Presol includes domains that can interact with the
cytoskeleton, including the Rac-activation domain, and has been reported to interact with -
Pix16. Many GPCRs encode predicted FERM domain binding sites and D-domains (GPCR
databases; http://www.gpcr.org/7tm/), suggesting that Preso family members may have a
broader role in GPCR signaling. However, only group | mGIuRs contain a Homer binding
site that is also a consensus for proline-directed kinases, which predicts that Presos uniquely
coordinate dynamic changes of Homer binding to group | mGIuR. Preso2 and Preso3
mRNAs are broadly expressed in the nervous system, but they have not been examined for
their role in regulating GPCR signaling. Presos are also expressed outside of the central
nervous system18, and they will be important for a comprehensive understanding of GPCR
signaling.

ONLINE METHODS

Expression constructs

Antibodies

All the expression constructs were made by PCR. Internal deletions and point mutations
were made either using QuikChange Site-Directed Mutagenesis Kit (Stratagene) or by
megaprimer method. The sequence for each mutant will be supplied upon request. PCR
products were cloned into expression vectors pEGFPC1 (Clontech), pGEX 4T2
(Pharmacia), and pRKS5 (Genentech), with Myc or HA tags. All constructs were verified by
sequencing.

Presol antibodies were generated in rabbits using the rat Presol C terminal 20 aa or 330 aa
as antigens. The antibody from 20-aa antigen was used for immunoelectron microscopy
(1:100), and the antibody from 330-aa antigen was used for western blot (1:2,000) and
immunostaining (1:100). Group | mGIuR phospho-Ser antibody was generated in two
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female rabbits using rat mGIuR5 peptide (ELVALTPPpSPFRD) as antigen (1:3,000 for
western blot). These rabbit antibodies were generated by Covance, except the Presol
antibody against the 330-aa antigen, which was generated at Sichuan University under a
rabbit protocol approved by Animal Care and Use Committee of Sichuan University. All
other antibodies were previously described or were acquired commercially, and their
dilutions are as follows: mGIuR5 (Upstate, 06-451) at 1:10,000, mGluR1 (BD, 610965) at
1:10,000, IP3R (gift from Alan Sharp (Johns Hopkins University School of Medicine)) at
1:1,000, Shank (Neuromab, clone N23B/49) at 1:2, PSD95 (Neuromab, clone K28/43) at
1:5,000, GluA1 (JH1710) at 1:1000, GluA2 (JH1707) at 1:500, NR1 (Millipore, 05-432) at
1:1,000, pan-Homer (Santa Cruz, sc-17842) for immunoprecipitation, Homerl (JH2621) at
1:5,000, Homer2 (JH2623) at 1:5,000, Homer3 (JH2793) at 1:5,000, ERK (Cell Signaling,
9102) at 1:1,000, CDKS5 (Santa Cruz, sc-173) at 1:1,000, actin (Sigma-Aldrich, clone
AC-74) at 1:10,000, c-Fos (Calbiochem, PC38) at 1:4,000, HA-HRP (Roche, clone 3F10) at
1:4,000, Myc-HRP (Santa Cruz, clone 9E10) at 1:3,000.

Mouse models

Preso1”'~ mice were generated as follows. A 13-kb Nhel BAC fragment containing exon 3
of Preso was subcloned into the pBS vector. Exon 3 was released by Bsu361 and BstBI and
subcloned into a loxP/PGK-neo vector. The Presol targeting construct was generated by
inserting the loxP/PGK-neo/Exon 3 back into Bsu361 and BstBI sites of the 13-kb BAC
fragment of the mouse Presol gene (Supplementary Fig. 7). The resulting targeting
construct was linearized and electroporated into ES cells. ES cells were selected with G-418,
and clones were picked, screened by PCR, and confirmed by Southern blotting for
homologous recombination. Correctly targeted ES cell clones were injected into blastocysts,
and chimeras were mated to C57BL/6 mice to produce Presol floxed heterozygotes. These
Preso1 floxed heterozygotes were mated to CMV/-cre mice to produce PresoI*'~ mice,
which were crossed to generate WT and PresoZ~/~ mice.

Grm5™1~ (mGIuR5™") mice were obtained from John Roder®0. Grm5R/R (mGIURSFR) mice
replace the mGIuR5 gene with a mutant that does not bind Homer, and were described
previously33. Homer2™'~ Homer3™'~ mice were generated as previously reported?2, and are
healthy, fertile and not different from WT mice in size or behavior by casual observation.

Mice were group housed in plastic mouse cages with free access to standard rodent chow
and water. The colony room was maintained at 22 + 2 °C with a 12 h:12 h light:dark cycle.
Preso1™!~ mice were backcrossed at least five generations onto C57/BI6J mice, and all the
experiments were performed on littermate controls and blind to mouse genotype. Grm57~
mice, Grm5~/R mice or Homer2'~ Homer3'~ mice and their age-matched, same-
background WT mice were used in all the experiments. Only adult male mice were used for
behavioral experiments, and total 250 mice were used for all the experiments. All
experiments were performed under protocols approved by the Animal Care and Use
Committee of Johns Hopkins University School of Medicine for mice and rats.

Cell culture and transfection

HEK?293T cells were cultured in DMEM medium with 10% FBS. Transfections were
performed with Fugene 6 to manufacture’s specifications. Cells were harvested 2 d after
transfection.

Neuronal culture and electroporation

Neuronal cortical cultures from embryonic day 18 pups were prepared as reported
previously3C. Dorsal spinal cord neurons were prepared from embryonic day 15 pups. 5 x
10° neurons were added to each well of a 12-well plate (Corning) with cover slips coated
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with poly-L-lysine. Growth medium consisted of MEM (Invitrogen) supplemented with 5%
horse serum (Hyclone), 2% B27, 1% glutamine (Invitrogen), 100 U/ml penicillin, and 100
U/ml streptomycin (Invitrogen). Neurons were fed twice per week with glia-conditioned
growth medium. DIV 14 neurons were used for calcium imaging. For the rescue experiment,
electroporation was performed using a Nucleofector kit (Amaxa) after neuron dissociation.
Calcium imaging was performed after 2 d.

Coimmunoprecipitation assays

Mouse brain tissues or HEK293T cells were used for the coimmunoprecipitation assay as
previous reported3C. Briefly, 500 microliters of immunoprecipitation buffer (PBS, pH 7.4,
with 5 mM EDTA, 5 mM EGTA, 1 mM NazVOy, 10 mM sodium pyrophosphate, 50 mM
NaF, and 1% Triton X-100) containing Complete EDTA-Free protease inhibitors (Roche)
was added and samples were sonicated. After centrifugation, the supernatant (300 w.l) was
then mixed with 0.5-2 g of the appropriate antibody for 3 h at 4 °C. Then 50 pl of 1:1
protein A— or protein G=Sepharose slurry (Amersham-Pharmacia Biotech) was added for an
additional 1 h. The protein beads were washed three times with immunoprecipitation buffer
containing 1% Triton X-100. The protein samples were eluted with SDS loading buffer and
analyzed by gel electrophoresis and western blotting.

Surface biotinylation assay

DIV 14 cortical neurons were used for surface biotinylation assay as previously reported30.
Briefly, cortical neurons were cooled on ice, washed twice with ice-cold PBS++ (PBS, 1
mM CaCl,, 0.5 mM MgCly) and then incubated with PBS++ containing 1 mg/ml sulfo-
NHS-SS-biotin (Pierce) for 30 min at 4 °C. Unreacted biotin was quenched by washing cells
three times with PBS++ containing 100 mM glycine (pH 7.4) (briefly once and for 5 min
twice). Cultures were harvested in RIPA buffer and sonicated. Homogenates were
centrifuged at 13,200 r.p.m. (16,1009) for 20 min at 4 °C. Fifteen percent of the supernatant
was saved as the total protein. The remaining 85% of the homogenate was rotated with
streptavidin beads (Pierce) for 2 h. Precipitates were washed with RIPA buffer three times (5
min each time). All procedures were done at 4 °C.

Immunoelectron microscopy

Immunoelectron microscopy was performed by postfixation immunogold labeling as
described®?, using rabbit Presol antibody against the Presol C-terminal 20 aa.

Immunohistochemistry

Mouse spinal cord L4-5 sections were washed in PBS and incubated with 0.3% H,0, in
PBS for 30 min. After washing with PBS, sections were then blocked for 2 h at room
temperature in blocking solution. c-Fos antibody was diluted in blocking solution (1:4,000)
and incubated with sections overnight at 4 °C. After washing with PBS six times, sections
were processed using an ABC kit (Vector) according to the manufacturer’s instructions.
Slices were mounted and photographed with a Nikon microscope.

Calcium imaging

HEK293T cells were loaded at 37 °C in aCSF buffer with 1 wM Fura-2/AM for 45 min.
Dorsal spinal cord neurons were loaded at room temperature in aCSF buffer with 1 uM
Fura-2/AM for 30 min. Ratiometric Ca2* imaging was performed at 340 and 380 nm in 2
mM Ca2* solution with a Nikon Eclipse 2000-U inverted microscope equipped with a
fluorescence arc lamp, excitation filter wheel, and a Hamamatsu Orca CCD camera. Images
were collected with Openlab (Improvision) and analyzed with Igor Pro.
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Electrophysiology

Group | mGluR—coupled calcium current in the SCG neurons was measured as previously
reported’. Briefly, both ganglia were removed from adult male Wistar rats (175-225 g, total
14 rats) following CO, euthanasia and decapitation, enzymatically and mechanically
dissociated, and cultured overnight at 37 °C. Patch clamp experiments were performed the
following day. All mGIuR1 and mGIuRS5 constructs were injected at 100-130 ng ™2
(PCDNAZ3.1+; Invitrogen); Presol was injected at 100 ng/wl where indicated. All neurons
were coinjected with enhanced green fluorescent protein cDNA (0.02 g / l; pEGFPNL,;
BD Biosciences-Clontech, Palo Alto, CA) for identification of expressing cells.

Whole-cell current-clamp recordings were made using cultured DRG neurons. DRG neurons
were cultured on cover slips for 1 d, and were transferred into a chamber with medium (the
extracellular solution: ECS) of the following composition (in mM): NaCl 140, KCI 4, CaCl,
2, MgCl, 2, HEPES 10, glucose 5, with pH adjusted to 7.39 using NaOH and osmolarity
adjusted to 310 mOsm with sucrose. The intracellular pipette solution (ICS) contained (in
mM): KCI 135, Mg-ATP 3, Na,-ATP 0.5, CaCl, 1.1, EGTA 2, HEPES 10, glucose 5, with
pH adjusted to 7.36 using KOH and osmolarity adjusted to 300 mOsm with sucrose. In
current clamp recordings, action potential measurements were performed with an Axon
700B amplifier and the pCLAMP 9.2 software package (Axon Instruments). All experiments
were performed at room temperature (~25 °C).

Behavioral assays

Inflammatory pain responsiveness was assessed using formalin, as described®2. Mice were
injected subcutaneously with formalin (10 I, 5% in saline) into the dorsal side of one hind
paw. The total time spent licking or biting the injected hind paw was recorded during each
5-min interval for 60 min. For pharmacologic studies, MPEP (30 mg/kg in 10% Tween-80;
Tocris) was administered subcutaneously 20 min before formalin injection.

CFA-induced pain response was performed as described®3. Briefly, the intra-plantar region
of one hind paw of each mouse was injected with 6 .l 50% CFA solution in saline.
Thermal-pain sensitivity was assessed by recording paw withdrawal latency on exposure to
a defined radiant-heat stimulus (Hargreaves test) before CFA injection and 1-5 d after
injection.

Statistical analysis

All data were analyzed by two-tailed Student’s #test except the behavior data, which were
analyzed by one-way ANOVA. Values are presented as means + 95% confidence interval.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Presol binds to Homer and localizes to the postsynaptic density. (&) Domain structure of rat
Presol protein. F806, Homer binding site. (b) Various Presol and Homer constructs were
transfected into HEK293T cells. Anti-Presol immunoprecipitated Homerlc, and this was
disrupted by the F806R (FR) mutation in Presol, or G89N (GN) or W24A (WA) mutation in
Homerlc. (c) Rat cerebellum was lysed and incubated with anti-Presol. Homer3, mGIluR1,
IP3R, Shank and PSD95 immunoprecipitated with Presol. PI, preimmune serum control; IP,
immunoprecipitation. (d) Cultured hippocampal neurons immunostained with anti-Presol
along with anti-PSD95 or anti-GADG65. Presol colocalized with PSD95 (a marker for
excitatory synapses), but not with GADG65 (a marker for GABAergic inhibitory synapses).
Scale bars represent 30 wm in main panels, 5 wm in the magnified dendrites (boxed). (€)
Immunogold electron microscopy labeling of Presol in the hilus of the adult hippocampus.
Gold particles (arrows) are enriched in and subjacent to the postsynaptic density (*). p,
presynaptic terminal. Scale bar, 100 nm. Full-length western blots for this figure are shown
in Supplementary Figure 9.
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Figure2.

Presol binds to the mGIuR5 C terminus by means of its FERM domain. (a) mGIuR5 and
progressive N-terminal deletion and point mutants of Presol were cotransfected into
HEK?293T cells. Detergent lysates were incubated with anti-Presol and analyzed by western
blotting with anti-HA. FL, Full length. AWW, APDZ and AFERM delete the indicated
domain from the N terminus. Only the Presol-AFERM mutant failed to bind mGIuR5. (b)
The Presol FERM domain is sufficient to bind mGIuR5. PresolFERM and mGIuR5
constructs were cotransfected into HEK293T cells, and detergent lysates were incubated
with anti-Myc and analyzed by western blotting with anti-HA or anti-Myc. (c) Region of
mGIuRS5 between amino acids 920 and 1020 is critical for its interaction with Presol. Presol
and various mGIuR5 mutants were cotransfected into HEK293T cells. Detergent lysates
were incubated with anti-Myc and analyzed by western blotting with anti-HA or anti-Myc.
(d) mGIuR5 structure showing the amino acid sequence between 920 and 1020 and Homer
ligand. A predicted binding site for Presol FERM domain is shown in blue; a predicted D-
domain for ERK binding is shown in green, with critical amino acids italicized. The Homer
binding site is shown in yellow, and phosphorylation site in red. (€) Presol and various
mGIuR5 mutants were cotransfected into HEK293T cells and assayed for
coimmunoprecipitation. Mutation of mGIuR5 FERM (Y965A, VI967A; YV) and mGIuR5
Homer (F1128R; FR) binding sites (mGIuR5 YVF) abolished Presol binding. Full-length
western blots for this figure are shown in Supplementary Figure 10.
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Figure 3.

Presol enhances mGIuR5 phosphorylation and Homer—-mGIuRS5 binding, and inhibits group
I mGIuR coupling to voltage-gated Ca2* channels. (a) HA-tagged Homerlc, HA-tagged
mGIuR5 and HA-tagged Presol constructs were cotransfected into HEK293T cells. Lysates
were immunoprecipitated with anti-Homerlc and analyzed by western blotting with anti-
HA. Lysates were also blotted with anti—-pSer-mGIuR (right). (b) Presol-dependent
enhancement of mGluR5-Homer binding requires phosphorylation sites of mGIuR5, but
does not require Homer binding to Presol. HA-tagged Homerlc, HA-tagged mGIuR5TSAA
and HA-tagged PresolFR constructs were cotransfected into HEK293T cells. Same analysis
as a. n= 6 for each group. (c,d) Coupling of group | mGIuRs to voltage-gated calcium
channels in superior cervical ganglion neurons. (c) Sample currents (inset) and time course
illustrating reduction of inhibition by 100 .M glutamate but not 10 .M norepinephrine (NE)
in a superior cervical ganglion neuron expressing mGIuR5 with or without Presol. Con,
control; Glu, glutamate. (d) Expression of Presol reduces mGluR1/5-dependent modulation
of calcium current by glutamate, and requires Homer binding and phosphorylation sites of
mGIuR1/5. Summary of data from cells expressing various mGIuR constructs with or
without Presol: mGIuR5YVF (does not bind Homer or Presol), mGIuR5FR (does not bind
Homer), mGIuR1/5TSAA (binds Homer but cannot be phosphorylated at the Homer binding
site). Presol did not alter response of mGIuR2. n=15, 11, 24,22,7,8,7,11,9, 13, 14,6, 7,
5, from left to right; **P < 0.01. Error bars, 95% confidence intervals. Full-length western
blots for this figure are shown in Supplementary Figure 11.
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Figure 4.

Presol binds proline-directed kinases and enhances kinase-mGIuR5 binding. (a) CDK5/p35
or MEK DD expression increases mGIuR5 phosphorylation. HA-tagged mGIuR5 and HA-
CDK5/HA-p35 or HA-MEK DD (constitutively active) were cotransfected into HEK293T
cells. Lysates were blotted with anti-mGIuRS5, anti—-pSer-mGIuR and anti-HA. Quantitation
(below): **P < 0.01, n= 3 each group. (b) Inhibitors of MEK (UO126, 4 M) or CDK5
(purvalanol A, 20 uM) for 30 min reduced basal phosphorylation of mGIuRS5 in cortical
neurons at 14 days /n vitro (DIV). mGIuR5 was immunoprecipitated and blotted with
mGIuR5 or pSer-mGIuR. Quantitation (a,b, below): *P< 0.05, **P< 0.01, n= 4 for each
group. (c) CDK5 immunoprecipitates with Presol from HEK293T cells. (d) ERK1
immunoprecipitates with Presol from HEK293T cells. (€) Presol increases
immunoprecipitation of ERK1 with mGIuR5. HA-tagged mGIuR5 and HA-tagged Presol
were cotransfected into HEK293T cells, and lysates were precipitated with anti-mGIuR5 and
blotted with anti-HA and anti-ERKZ1. (f) Presol immunoprecipitates with CDK5 from
mouse brain detergent lysate. (g) Presol immunoprecipitates with ERK1/2 from mouse
brain detergent lysate. PI, preimmune; IP, immunoprecipitation. Error bars, 95% confidence
intervals. Full-length western blots for this figure are shown in Supplementary Figure 12.
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Figure5.

Presol is required for activity-dependent increase of mGIuR5 phosphorylation and Homer
binding. (&) mGIuR phosphorylation and Homer-mGIuR5 coimmunoprecipitation are
decreased in cortex and spinal cord of PresoI™~ mice. Cortex (Cx) and spinal cord (Sc)
lysates from WT and Preso1~/~ mice were blotted with anti-pSer-mGIuR or
immunoprecipitated with pan-anti-Homer and blotted with indicated antibodies. *~ < 0.05,
**P<0.01, n=5-8 for each group. (b) ERK1/2 immunoprecipitation with mGIuR5 is
decreased in PresoZ"mice. Forebrain lysates from WT and PresoZ'"mice were
immunoprecipitated with anti-mGIuR5, and the lysates (bottom panels) and
immunoprecipitates were blotted with anti-ERK or anti-mGIuR5. (c) Activation of mGIuR5
or BDNF receptor TrkB increases mGIuR5 serine phosphorylation and Homer-mGIuR5
coimmunoprecipitation in WT but not PresoZ~/~ DIV 14 cortical neurons. Cultures were
treated with DHPG (DH; 100 M) or BDNF (BD; 20 ng mlI~1) for 30 min and lysed for pan-
Homer immunoprecipitation and western blot. Ctl, control. Quantitation (right): *£< 0.05,
**p<0.01, n= 3-8 for each group. (d) Surface and total expression of mGIuR5 is not
different between WT and PresoZ~/~ DIV 14 cortical neurons. Cultures were treated with
DHPG (100 M) for 5 min or 30 min and processed for surface biotinylation and western
blotting. Quantitation (right): *£< 0.05, n= 3-6 for each group. D5, DHPG 5 min; D30,
DHPG 30 min. Error bars, 95% confidence intervals. Full-length western blots for this
figure are shown in Supplementary Figure 13.
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Figure®6.

Increased pain response to formalin or complete Freund’s adjuvant in PresoZ~/~ mice. (a,b)
Formalin-induced inflammatory pain is increased in PresoI™~ mice and is dependent on
mGIuR5. (a) The duration of behavioral responses to hind paw formalin injection in 5-min
intervals comparing littermate WT and PresoZ~/~ mice with or without MPEP before
injection. (b) Results from a grouped into two phases. *£< 0.05, **P< 0.01, n=6-9 for
each group. (c,d) Formalin-induced c-Fos expression in PresoI~ mice. (c) c-Fos
immunohistochemistry of L4-L5 of spinal cord 90 min after formalin. Boxed regions are
magnified at right. Scale bars, 500 um at left, 200 wm at right. Con, contralateral; Ip,
ipsilateral. (d) Statistical data from c. n= 18-25 sections from 3-5 mice in each group. *P<
0.05, **P< 0.01. (€) Pain response to complete Freund’s adjuvant is increased in Presol™~
mice. Latency to withdrawal was monitored before and for 5 d after injection of complete
Freund’s adjuvant into hind paw of littermate WT and PresoZ~~ mice. *P< 0.05, n=9 for
each group. Error bars, 95% confidence intervals.
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Figure?7.

Enhanced group | mGluR-mediated calcium response in the spinal cord neurons of
Preso1”'~ mice. (a) Representative traces (left) and population (right) peak Ca?* responses
of WT and Preso1~/~ DIV 14 dorsal spinal cord neurons stimulated with glutamate (100
wM), APV (100 M) and NBQX (100 pM). Pretreatment with group | mGIuR antagonists
Bay 36-7620 (mGIuR1 antagonist, 20 .M) and MPEP (mGIuRS5 antagonist, 10 tM) blocked
the Ca2* response. Calcium concentration was measured by Fura-2 340 nm/380 nm ratio. 77
=90 for WT neurons; 7= 74 for Preso1™'~ neurons. (b) A Presol transgene reduces Ca2*
response in DIV 2 PresoI™~ dorsal spinal cord neurons. Representative traces and
population responses of PresoZ'~ neurons expressing GFP or GFP-Presol. Same assay as in
a; n=23 for GFP neurons, n= 19 for GFP-Presol neurons. (¢) MEK or CDK5 inhibitors
increase the percentage of neurons showing a delayed Ca2* increase in WT but not
Preso1”!~ dorsal spinal cord neurons. Neurons were stimulated as in a, and after 2 min,
kinase inhibitors UO126 (4 wM) or purvalanol A (5 M) or vehicle (control) were added,
followed by washout at 10 min. Left panel shows traces of Ca2* responses from WT
neurons, with example of delayed rise of [Ca2*] that reverses on washout. For WT neurons,
n=390 neurons in 8 experiments, 420 neurons in 9 experiments and 330 neurons in 10
experiments for vehicle, UO126 and purvalanol A, respectively. For Preso1~/~ neurons, n=
360 neurons in 8 experiments, 270 neurons in 7 experiments and 190 neurons in 6
experiments for vehicle, UO126 and purvalanol A conditions, respectively. *P< 0.05, **P<
0.01. Error bars, 95% confidence intervals.
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