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Summary

Homer is a neuronal immediate early gene (IEG) that
is enriched at excitatory synapses and binds group 1
metabotropic glutamate receptors (mGIluRs). Here, we
characterize a family of Homer-related proteins de-
rived from three distinct genes. Like Homer IEG (now
termed Homer 1a), all new members bind group 1
mMGIuRs. In contrast to Homer la, new members are
constitutively expressed and encode a C-terminal
coiled-coil (CC) domain that mediates self-multimeri-
zation. CC-Homers form natural complexes that cross-
link mGIluRs and are enriched at the postsynaptic den-
sity. Homer la does not multimerize and blocks the
association of mGIluRs with CC-Homer complexes.
These observations support a model in which the dy-
namic expression of Homer 1a competes with consti-
tutively expressed CC-Homers to modify synaptic
mMGIuR properties.

Introduction

Homer was identified based on its rapid induction in rat
hippocampal granule cell neurons following excitatory
synaptic activity (Brakeman et al.,, 1997; Kato et al.,
1997). As part of our analysis of Homer, we established
that it is induced by synaptic mechanisms in association
with long-term potentiation in the hippocampus (Brake-
man et al., 1997). Homer is also dynamically responsive
to natural neuronal activity in the developing postnatal
visual cortex (Brakeman et al., 1997), to drugs that alter
dopamine signaling in the striatum (Brakeman et al.,
1997), and to visual stimuli that alter the circadian cycle
(Park et al., 1997). Accordingly, the gene regulatory as-
pects of Homer are similar to other immediate early
genes (IEGs) that are rapidly responsive to specific
forms of natural and pathological activity, and they sug-
gest a role for Homer in a broad range of activity-depen-
dent neuronal responses.

In contrast to the more widely studied IEGs that en-
code transcription factors, Homer encodes a protein
that appears to function directly at the synapse. This
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premise was based on the discovery that Homer specifi-
cally binds the C terminus of group 1 metabotropic gluta-
mate receptors (MGIuRs) (Brakeman et al., 1997). More-
over, Homer protein was found to localize at excitatory
synapses (Brakeman et al., 1997). While its precise con-
tribution to activity-dependent plasticity remains to be
established, Homer provides precedent that IEGs may
play a direct role in activity-dependent modulation of
synaptic glutamate receptors.

In our initial report, we noted several Homer-related
sequences in the EST databases. This suggested that
Homer might be part of a family of evolutionarily con-
served proteins. Here, we present a comprehensive pic-
ture of the family of Homer-related proteins and define
their functional properties. These studies support a
mechanism in which the Homer IEG acts as a natural
“dominant negative,” in dynamic competition with con-
stitutively expressed Homer family members, to regulate
synaptic metabotropic function.

Results

Homer Family Members
The original Homer sequence (Homer la) was used to
screen cDNA libraries prepared from rat and mouse brain
for related gene products. Homer la sequence was also
used to search GenBank databases. Several related ro-
dent, human, and Drosophilia sequences were identi-
fied, and their alignments are presented in Figure 1.

cDNAs that are most closely related to Homer 1a ap-
pear to represent alternative splice forms. This inference
is based on nucleotide sequence identity of their 5’UTRs
and the first 175 aa of the open reading frames (ORF).
The presumptive novel splice variants, termed Homer
1b and 1c, are completely divergent from Homer 1a after
aa 175 of the ORF and possess entirely distinct 3’ UTRs.
Comparison at the point of sequence divergence indi-
cates that Homer 1a encodes a unique 11 aa C terminus
of the ORF and a ~5 kb 3’ UTR region. The unique 11
aa C-terminal sequence of Homer 1a does not possess
a recognizable motif. Homer 1b and 1lc substitute an
additional 168/180 aa that is predicted to possess coiled-
coil (CC) secondary structure (Lupas, 1996). While the
3’UTR sequence of Homer la includes multiple AUUUA
repeats, which are implicated in destabilizing mRNAs
of IEGs (Shaw and Kamen, 1986), the 3'UTR sequence
of Homer 1b/c does not include this motif. The only
difference between Homer 1b and 1c is the inclusion in
Homer 1c of a 12 aa sequence insertion at aa position
177 between the conserved N terminus and the CC do-
main. Thus, Homer 1b/c appear to be formed by a splic-
ing event that substitutes a relatively long and unique
C terminus of the ORF and shorter 3'UTR sequence that
lacks the characteristic IEG motif. Multiple independent
isolates of rat and mouse Homer 1b and 1c were identi-
fied and sequenced to confirm their natural expression
in brain. cDNAs of all reported sequences were con-
firmed to possess a poly A tail.

Further searches identified cDNA sequences that ap-
pear to represent two additional Homer genes, termed
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Homer 2 and 3 (Figure 1). We report the sequence of
two slice forms of Homer 2 and one Homer 3 cDNA
sequence. The predicted size of the protein products
and general domain structures are similar to Homer
1b/c. Like Homer 1b/c, each of the Homer 2 and Homer
3 predicted proteins contains an N-terminal ~120 aa
that is highly similar to the N-terminal domain of Homer
la. The degree of amino acid identity in these regions
is 88% between Homer 1/Homer 2 and 86% between
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Figure 1. Homer Family Proteins

(A) Amino acid sequence alignment of mam-
50 malian Homer 1, 2, 3 proteins and Drosophila
50 Homer homolog (R, rat; M, mouse; H, human;
D, Drosophila) showing that the N-terminal
50 ~120 aa is well conserved between Homer
family members.
100 (B) Phylogenetic tree of all the Homer family
100 members generated by using Higgins-Sharp
100 algorithm (CLUSTAL4) on MacDNASIS.
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Homer 1/3. Many of the amino acid differences are con-
servative.

In contrast to the high degree of conservation in the
N-terminal 120 aa, the C-terminal regions of Homer 2
and 3 are only ~22% identical to Homer 1b, but like
Homer 1b/c they are predicted to possess a CC second-
ary structure (Lupas, 1996). The CC domains of all Homer
family members exhibit significant homology (40%-45%
aa similarity) to the CC regions of myosin heavy chain



Homer-Related Genes
709

(Strehler et al., 1986), kinesin heavy chain (Yang et al.,
1989), and dynactin (Gill et al., 1991). The distinct splice
forms of Homer 2, termed Homer 2a and 2b, are differen-
tiated by an 11 aa insertion at position 131 in Homer
2b. Northern analysis of mouse forebrain indicates the
size of Homer mRNAs to be as follows: Homer 1a, ~7
kb; Homer 1b/c, 4.8 and 5.5 kb; Homer 2a/b, 2 and 7
kb; and Homer 3, ~2.2 kb (data not shown; probes did
not distinguish splice forms of Homer 1b/c or 2a/b).
Human Homer 1, 2, and 3 are mapped to chromosomes
5, 15, and 19, respectively, by the Human Genome
Project.

Drosophila Homer possesses the basic domain struc-
ture of mammalian Homers. The N terminus is highly
homologous to that of mammalian Homer, and the C
terminus is predicted to form a CC secondary structure.
We have not detected a Homer la-like form in Dro-
sophilia.

Homer 1a Expression in Brain Is Uniquely Dynamic
Rat Homer 1a was cloned based on its rapid upregula-
tion in hippocampal granule cell neurons following maxi-
mum electroconvulsive seizure (MECS) (Brakeman et
al., 1997). We therefore examined and compared the
regulation of mouse Homer family members in brain
following seizure. Radiolabelled riboprobes were pre-
pared using unique sequence for Homer 1a, Homer 1b/
¢, Homer 2a/b, and Homer 3. Probes did not distinguish
between the splice forms of Homer 1b and 1c or Homer
2a and 2b. Figure 2 illustrates the in situ hybridization
pattern for each mRNA in the mouse brain of control
mice and mice that were sacrificed 3 hr following MECS.
The seizure-stimulated mouse was pretreated with the
protein synthesis inhibitor cycloheximide to stabilize IEG
mRNAs (Worley et al., 1990; Lanahan et al., 1997).

In situ studies illustrate the dramatic induction of
Homer 1a in response to MECS. Comparisons of the
anatomic distribution reveal that expression of Homer
lain both the control and MECS-stimulated brains gen-
erally parallels that of Homer 1b/c with high-level ex-
pression in the hippocampus, striatum, and cortex. As
previously described in rat, Homer 1la is induced in
mouse brain following MECS. The magnitude of induc-
tion is estimated to be 8- to 10-fold by densitometry
of autoradiographic images. By contrast, Homer 1b/c,
Homer 2a/b, and Homer 3 mRNAs are not significantly
upregulated after MECS. This differential regulation of
Homer mRNAs was confirmed by Northern analysis
(data not shown). Since Homer 1a and Homer 1b/c ap-
pear to represent products of the same gene, the
uniquely dynamic expression of Homer 1a suggests that
either the splicing, transcript termination, or turnover of
the Homer latranscriptis regulated by neuronal activity.

Expression of both Homer 1la and Homer 1 b/c in
cortex is laminar with highest levels in the superficial
and deep layers. By contrast, Homer 2a/b is discretely
enriched in the thalamus, olfactory bulb, and principle
neurons of the hippocampus, with lower levels in the
cortex. Homer 3 mRNA is expressed at highest levels
in the cerebellum and hippocampus. Thus, Homer genes
appear to be expressed in the forebrain with distinct,
yet overlapping patterns. The riboprobe activity and ex-
posure times for each of the images were similar (2
days), suggesting approximately comparable levels of
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Figure 2. Expression and Regulation of Homer Family Members in
Mouse Brain

In situ hybridization of MECS-stimulated mouse (S) and naive control
mouse (C) brain. Adjacent sections reveal mRNA expression of
Homer 1a, Homer 1b/c, Homer 2a/b, and Homer 3. Homer 1a expres-
sion in cortex, hippocampus, and striatum is induced by MECS.
Homer 1b/c is expressed in cortex, hippocampus, and olfactory
bulb. Homer 2 is expressed in olfactory bulb, hippocampus, and
thalamus. Homer 3 is expressed in cerebellum and hippocampus.
Note that only Homer 1a is strongly induced by MECS.

MRNA expression for each of the CC-Homer family
members in brain.

Homer Family Proteins Are Enriched in Brain
Synaptic Fractions and Are Expressed
in Select Peripheral Tissues
Rabbit polyclonal antibodies were generated against
synthetic peptides derived from the unique C termini of
Homer 1b/c, Homer 2a/b, and Homer 3 and used to
examine the brain tissue expression of Homer family
members (Figure 3A). Unpurified antibodies were first
tested for their sensitivity and specificity in detecting
heterologously expressed, full-length Homer proteins
with N-terminal c-myc tags. Each Homer protein was
selectively detected on Western blot by the appropriate
Homer Ab in soluble extracts of transfected HEK293
cells. The myc-tagged Homer proteins migrated with an
apparent molecular mass of 50 kDa. There was no cross-
reactivity between antibodies for one Homer form and
other family members. Affinity purification of the antisera
did not enhance the quality of the reagents, and in all
subsequent studies we used crude antisera.

We next examined immunoblot staining of SDS (2%)
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extracts of various brain regions. Homer 1b/c Ab de-
tected a single band of ~47 kDa in cortex, hippocampus,
and cerebellum. These regions have similar levels of
expression. The Homer 2a/b Ab also detected a single
major band in each of cortex, hippocampus, and cere-
bellum. Less intense, higher apparent molecular mass
bands were detected at ~60 and ~80 kDa. Homer 3
immunoblots showed low-level expression in cortex and
hippocampus and intense staining of a single band in
cerebellum (47 kDa). Immunostaining was completely
blocked by preincubating the antibody with 10 ng/ml of
the relevant peptide antigen.

Homer proteins are also expressed in peripheral tis-
sues (Figure 3A). Homer 1b/c Ab detects a single 47
kDa band in detergent extracts of heart and kidney, and
a complex of three bands, ranging from ~44-47 kDa,
was detected in liver. The Homer 2a/b Ab detected stain-
ing in heart (~40 and 47 kDa), liver (42 and 47 kDa),
intestine (42 and 47 kDa), and intense staining in skeletal
muscle (~42 kDa). Homer 3 immunoreactivity was de-
tected in lung and thymus.

To examine the subcellular distribution of Homer pro-
teins, a biochemical fractionation of rat forebrain was
performed and fractions were analyzed by Western blot-
ting with Homer antibodies (Figure 3B). Fractions were
also blotted for mGIuR5, BIP, and synaptophysin to
monitor anticipated enrichment of fractions. Homer

o Homer-2a/b

14

Homer-1b/c

Homer-3
mGIuR5

A — BIP

Figure 3. Tissue Expression of Homer Family
Proteins

(A) Immunoblots with antibodies for Homer
5 1b/c, 2a/b, and 3. Lanes 1-3, HEK293 cell
lysates transfected with Myc-tagged Homer
1b, Homer 2b, and Homer 3, respectively.
Homer antibodies specifically recognize the
appropriate fusion proteins. Lanes 4-6, cor-
tex, hippocampus, and cerebellum extracts
probed with indicated Homer Ab. Lane 7, cer-
ebellum probed with Homer antibody pre-
adsorbed with relevant peptide. Note that
Homer 1b/c and Homer 2a/b are similarly ex-
pressed in different brain regions, while Homer
3is enriched in the cerebellum. Homer family
members are expressed in select peripheral
tissues. Lane 8, heart; lane 9, lung; lane 10,
kidney; lane 11, liver; lane 12, intestine; lane
13, thymus; and lane 14, skeleton muscle.
(B) Subcellular fractions from rat brain were
prepared according to the method of Huttner
et al. (1983), resolved by SDS-PAGE, trans-
ferred to nitrocellulose membranes, and blot-
ted with antibodies specific for Homer 1,
Homer 2, Homer 3, mGIuR5, and BIP. Equal
amounts of proteins were loaded on each
lane (24 pg). Homer 1 and 3 were enriched
in the PSD-enriched LP1 fraction, whereas
Homer 2 was also present in the LP1 fraction
but was most concentrated in the cytosol S3
and LS2 fractions. The blot was also probed
with mGIuR5, and BIP yielding bands at the
appropriate indicated molecular masses.

Homer-1b/c

Homer-3

1b/c, 2a/b, and 3 were present in the crude nuclear
pellet (P1), the medium spin crude synaptosomal pellet
(P2), and the high-speed microsomal pellet (P3). BIP, a
78 kDa ER resident protein (Munro and Pelham, 1987),
was enriched in both the P3 and the S3 fractions. While
Homer 1b/c and Homer 3 were not abundant in the
soluble (S3) fraction, Homer 2 was enriched in the S3
fraction. The P2 fraction was subfractionated after hypo-
tonic lysis. The 25,000 X g pellet (LP1), which is enriched
in PSDs (Huttner et al., 1983), showed enriched presence
of mGIuRS5. The high-speed pellet (165,000 X g; LP2)
showed the anticipated enrichment in the synaptic vesi-
cle protein synaptophysin (data not shown). Each of the
Homers was enriched in the LP1 fraction relative to LP2.
The final soluble fraction (LS2) was uniquely enriched
in Homer 2.

These observations demonstrate the region-specific
expression of Homer family proteins in brain and indi-
cate that Homer 1b/c and Homer 3 are enriched in the
PSD fraction. Because Homer family proteins do not
encode membrane spanning or highly hydrophobic do-
mains, enrichment in the LP1 fraction suggests a tight
association with other membrane-associated proteins.
The relative solubility of Homer 2 is more consistent with
the native biochemical character of the molecule.

These patterns of brain and tissue expression for each
of the Homer proteins generally parallel the expression
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Figure 4. Immunolocalization of Homer 1b/c and Homer 3 in Rat
Cerebellum

(A) Light microscopic localization of Homer 1b/c peroxidase stain-
ing. Magnification, 100X. Purkinje neuron cell bodies and dendrites
are intensely stained.

(B and C) Immunogold localization of Homer 1b/c (B) and Homer 3
(C). Magnification, 55,000X; bar, 0.5 um. Gold particles localize to
the region of the postsynaptic density and subjacent cytoplasm.

of their mMRNAs (Figure 2 and data not shown) and are
consistent with reported EST sequences corresponding
to Homer 1b/c, Homer 2a/b, and Homer 3 from various
tissue sources, including brain, thymus, heart, testis,
spleen, and placenta.

Homer Proteins Localize to the

Postsynaptic Density

We performed immunohistochemistry to determine the
cellular localization of Homer 1b/c, Homer 2a/b, and
Homer 3 in rat brain. Light microscopic examinations
indicated that all three Homer proteins are enriched in
Purkinje neurons. Figure 4A demonstrates Homer 1b/c
immunoreactivity as detected with peroxidase. Immu-
noreactivity is present in the cytoplasmic region of the
soma and extends prominently into the dendritic arbor.
The nucleus is not stained. Little or no staining is de-
tected in the contiguous granule cell layer. A similar light
microscopic pattern of cellular localization was detected

for Homer 3 (data not shown). Homer 2 immunostaining
in cerebellum also showed staining in Purkinje neurons
but appeared technically less differentiated (data not
shown).

To examine whether Homer family proteins are associ-
ated with synaptic structures, we performed immuno-
gold EM of Purkinje neurons of the cerebellum. Homer
1b/c showed striking localization to the region of the
postsynaptic spine. Gold particles are densely concen-
trated in the region of the PSD (Figure 4B). A very similar
distribution is noted for Homer 3 immunoreactivity (Fig-
ure 4C). We note that rather than being concentrated
directly over the PSD or the contiguous plasma mem-
brane, the majority of the gold particles appear to be
present in the cytoplasm immediately subjacent to these
structures.

Homer Family Members Bind Group 1 mGIluRs

We previously demonstrated that the N-terminal 131
aa of Homer 1la is sufficient to bind group 1 mGIuRs
(Brakeman et al., 1997). In view of the high degree of
sequence conservation in this region of Homer family
members, we examined the possibility that they would
also bind group 1 receptors. GST fusion proteins were
prepared of Homer 1a, Homer 1c, Homer 2b, Homer 3,
and two N-terminal fragments of Homer 2. The GST
fusion proteins were bound to glutathione agarose and
assayed for binding to full-length mGIuR5 or full-length
MGIuR1a expressed in HEK293 cells. Binding studies
with mGIuR5 are illustrated in Figure 5A. As reported
previously, mGIuR5 bound GST Homer 1a. mGIuR5 also
bound to all full-length Homer constructs and to a Homer
2 N-terminal fragment (aa 2-141) but not GST alone.
While we did not measure binding affinity, the relative
binding in these assays was comparable for each of the
three Homers. A Homer 2 deletion mutant that includes
only the N-terminal 92 aa (aa 2-92) did not bind mGIuRS5.
These experiments demonstrate the functional conser-
vation and approximate size of the mGIuR binding do-
main of the Homer family. A GST fusion protein of Dro-
sophila Homer also bound mGIuR5 (data not shown).
Identical binding specificities were found with mGIuR1a
(data not shown).

We next examined the possibility that the various
Homer family members might naturally be associated
with group 1 mGIuRs in brain. For this analysis, we fo-
cused on the cerebellum, since all three Homer family
members are expressed in this tissue (Figure 3). Deter-
gent extracts of whole adult rat cerebellum were incu-
bated with antibodies for Homer 1b/c, Homer 2a/b, or
Homer 3, and immunoprecipitates were blotted with a
mouse monoclonal antibody for mGluR1«a (Figure 5B).
Preimmune and peptide-blocked antisera were used as
negative controls. mGluR1« coimmunoprecipitated with
each of the Homer antibodies. The predominate band
corresponded to the monomer form of mGluR1« (~150
kDa), but immunoprecipitates also contained lesser
amounts of higher molecular weight proteins that are
presumed multimers of mGluR1a. These observations
indicate that all three Homers are involved in natural
complexes with mGluR1«a in brain.
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Figure 5. Homer Family Members Bind and Coimmunoprecipitate
Group 1 mGIluRs

(A) Upper panel: Homer family members bind full-length mGIuR5
via N-terminal EVH domain. mGIuR5 was expressed in HEK293 cells,
and extracts were mixed with bead-linked Homer-GST fusion pro-
teins. Bound proteins were eluted with SDS sample buffer and blot-
ted with anti-mGIuR5 C-terminal antibody.

Lower panel: Homer-GST fusion proteins used in each binding ex-
periment probed with anti-GST antibody. Lane 1, Homer 1a; lane 2,
Homer 1c; lane 3, Homer 2b; lane 4, Homer 3; lane 5, Homer 2N (aa
2-141); lane 6, Homer 2N (aa 2-92); lane 7, GST alone; lane 8, offered
mGIuRS lysates.

(B) mGIluR1a coimmunoprecipitates with Homer 1b/c, 2a/b, and 3.
Rat cerebellum lysates were precipitated with Homer 1b/c, 2a/b,
and 3 antiserum, with relevant preimmune serum as a negative
control. The precipitates were separated on 8% SDS-PAGE gels,
transferred to nitrocellulose membrane, and probed with anti-
mGIuR1a monoclonal antibody. Lane 1, offered rat cerebellum ly-
sates; lane 2, preimmune for Homer 1 antibody; lane 3, anti-Homer
1b/c; lane 4, preimmune for Homer 2a/b; lane 5, anti-Homer 2a/b;
lane 6, preimmune for Homer 3; and lane 7, anti-Homer 3.

The CC Domain of Homer Family Members

Confers Specific Multimerization

The CC secondary structure is implicated in protein-
protein interactions (Lupas, 1996). We therefore exam-
ined the possibility that this domain might confer the
ability to form homo- or heteromultimers between Homer
family members.

In the first set of experiments, we tested the ability of
full-length, bacterially expressed GST fusion proteins of
Homer to bind full-length myc-tagged Homer proteins
expressed in HEK293 cells (Figure 6A). myc Homer 1c
bound Homer 1b, Homer 2b, Homer 3, Homer 1b, and
Homer 2b C-terminal CC domain, but not Homer 1a or
Homer 2 N terminus. This is consistent with the notion
that the CC domain is important in the interaction, since
Homer 1a and Homer 2 N terminus do not encode the
CC domain. To test the specificity of the CC domain
interactions, we generated GST fusions of dynein IC-1a
and dynein IC-2c. The CC domains of these proteins
show modest sequence homology to Homer family CC

domains and bind to the CC domain of dynactin (Gill et
al., 1991). None of the myc-tagged Homer family mem-
bers bound to either dynein IC-1a (Figure 6A) or dynein
IC-2c (data not shown).

To determine whether Homer family members natu-
rally form multimers in brain, we again examined immu-
noprecipitates of cerebellum (Figure 6B). Extracts immu-
noprecipitated with Homer 1b/c Ab contained Homer 3,
while extracts immunoprecipitated with Homer 3 con-
tained Homer 1b/c. While it is possible that these coim-
munoprecipitated Homer family members are associ-
ated by means other than their CC domains, the fact
that the N terminus of Homer is monovalent and cannot
form extended concatomers supports a model of multi-
merization mediated by the CC domains. We did not
detect Homer 2 multimerized with either Homer 1 or
Homer 3 in these immunoprecipitation experiments.

Expression of Homer l1a Selectively Blocks Binding
of Homer 1b/c to mGIuRS5 In Vivo

Homer 1a is unique within the family of Homer-related
proteins in that it is dynamically regulated and lacks the
CC domain. Accordingly, we hypothesized that the IEG
form will bind to group 1 mGIluRs and disrupt the forma-
tion of multivalent complexes of Homer and mGIuR.
To examine this hypothesis, we generated a transgenic
mouse that expresses Homer la under the control of a
modified Thy-1 promoter (Gordon et al., 1987), which
drives neuron-specific expression in postnatal brain
(Aigner et al., 1995). Transgenic mice expressed Homer
la at high levels in cortex, hippocampus, cerebellum,
and thalamus/brainstem relative to levels in wild-type
littermate controls (Figure 7A). The pattern of Homer 1a
transgene expression is consistent with the previously
reported activity of this promoter (Gordon et al., 1987).
As anticipated, antibodies for both Homer 1lb/c and
Homer 2a/b co-IPed mGIuR5 from detergent extracts
of wild-type forebrain (Figure 7B). By contrast, Homer
1b/c Ab did not co-IP mGIuRS5 from transgenic forebrain.
mGIuR5 was expressed at comparable levels in wild-
type and transgenic mice. The effect of Homer 1la
transgene expression was selective in that it did not
disrupt the coimmunoprecipitation of Homer 3 with
Homer 1b/c (Figure 7C). The latter observation is consis-
tent with the notion that the Homer 1b/c-Homer 3 inter-
action is mediated by the CC domain and is predicted
not to be altered by Homer la expression. Homer la
was not part of the complex co-IPed with Homer 1b/c,
suggesting that the CC is necessary for association with
the complex (data not shown). The effect of the Homer
la transgene in blocking the in vivo coupling of mGIuR5
and Homer 1b/c was additionally selective in that Homer
2 Ab coimmunoprecipitated mGIuR5 similarly from ex-
tracts of wild-type and transgenic mice. Thus, Homer
la appears to selectively disrupt the interaction of
Homer 1b/c with mGIuR5, but not Homer 2 with mGIuRS.
Competition between Homer 1a and Homer 3 was as-
sessed in the cerebellum (Figures 7D and 7E). Homer 3
co-IPs mGluR1a from detergent extracts of wild-type,
but not transgenic, cerebellum. The association be-
tween Homer 1 and Homer 3 was not altered in the
cerebellum of transgenic mouse. Identical results were
obtained in three independent mouse lines that express
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Figure 6. Homer Family Members Form Nat-
ural Multimers and Coimmunoprecipitate
from Cerebellum

(A) In vitro binding assay. Upper panel: myc-
tagged Homer 1c was expressed in HEK293
cells, and cell extracts were mixed with equal
amounts of Homer-GST fusion proteins on
beads and eluted with SDS sample buffer.
Bound proteins were assayed by immu-
noblotting with anti-myc monoclonal anti-
body. Lane 1, offered HEK293 cell lysates
transfected with myc-tagged Homer 1c; lane
2, Homer 1a GST; lane 3, Homer 1b GST; lane
4, Homer 1b CC (aa 175-354)GST; lane 5,
Homer 2 N terminus (aa 2-141)GST; lane 6,
Homer 2b GST; lane 7, Homer 2b CC (aa 121~
354)GST,; lane 8, Homer 3 GST; lane 9, Dynein
1C-1a GST; and lane 10, GST only. Lower
panel: identical GST fusion proteins were
mixed with myc-tagged Homer 2b. Lane 1 is

i:? the offered myc-Homer 2b cell lysate.
& (B) Homer 1 and Homer 3 co-IP from cerebel-
£ lum. Rat cerebellum lysates were precipitated

with either Homer 3 or Homer 1 antibody,
and with preimmune serum as control. The
precipitates were analyzed by Western blot
with Homer 1 or Homer 3 antibody detected
with HRP-protein A. Left panel: lanes 1, of-

fered rat cerebellum lysate probed with
3 revell . Ve

Homer 1 antibody; lane 2, immunoprecipi-

tated with preimmune serum and probed with Homer 1 antibody; and lane 3, immunoprecipitated with Homer 3 antibody and probed with
Homer 1 antibody. Right panel: lane 1, offered rat cerebellum lysate probed with Homer 3 antibody; lane 2, immunoprecipitated with preimmune
serum and probed with Homer 3 antibody; and lane 3, immunoprecipitated with Homer 1 antibody and probed with Homer 3 antibody. The
~60 kDa band present in both the preimmune and immune lanes is the rabbit IgG heavy chain.

Homer 1la transgene. These observations support the
hypothesis that Homer 1a functions as a natural domi-
nant negative to selectively regulate association of group
1 mGIluRs with multimeric complexes of Homer 1 and
Homer 3.

Discussion

The present study describes a novel mechanism by
which an IEG can regulate the function of signaling mole-
cules at the excitatory synapse. Homer la is proposed
to function as a natural dominant negative splice form
that regulates the association of group 1 mGIluRs with
multivalent complexes of constitutively expressed, CC-
containing forms of Homer 1 and 3. Since these CC-
Homers are enriched at postsynaptic sites, it is hypothe-
sized that Homer la expression will impact synaptic
metabotropic glutamate function.

The present study provides several observations that
support the dominant negative hypothesis for Homer 1a
function. First, cloning studies demonstrate that Homer
la represents a brain-enriched splice form of a family
of closely related proteins. Homer family proteins pos-
sess a highly conserved N-terminal ~120 aa. The bio-
chemical correlate of this conservation is that all Homer
family proteins bind group 1 mGIluRs. This appears to
be a highly conserved core property of the Homer family.
Previously, we demonstrated that an N-terminal 131 aa
deletion mutant of Homer 1a is sufficient to bind group
1 mGIuRs (Brakeman et al., 1997). This region of Homer
was noted to include a RXsGLGF sequence suggestive
of a PDZ domain (Doyle et al., 1996). Subsequent to our
report, others noted the stronger homology of Homer

to the recently described EVH1 domain (Enabled/VASP
homology) (Gertler et al., 1996; Kato et al., 1997; Ponting
and Phillips, 1997). Proteins that encode the EVH1 do-
main include Drosophila enabled (termed Mena in
mouse) (Gertler et al., 1996), yeast Beelp (Li, 1997),
vasodilator-stimulated phosphoprotein (VASP) (Haffner
et al., 1995), and the Wiscott-Aldrich syndrome protein
(WASP) (Symons et al., 1996). These proteins appear to
function in the transduction of cell surface signals to
the actin-based cytoskeleton.

Cloning studies further revealed the surprising finding
that Homer 1a is actually the exception to the Homer
family. Thus, Homer 1lalacks the characteristic CC multi-
merization motif present in all other Homer-related pro-
teins. The CC domain is moderately divergent between
different Homer genes but is conserved in predicted
secondary structure from Drosophila to mammals. In
vitro binding assays illustrate that the CC domains bind
specifically to themselves and to the CC domains of
other Homer family members. Consistent with a physio-
logical role for the CC domain, we demonstrate the pres-
ence of natural heteromultimers of Homer 1b/c and 3
in cerebellum and forebrain. Thus, while each Homer
molecule is monovalent with regard to binding group 1
mMGIuRs, the CC domain confers the functional capacity
to cross-link group 1 mGIuRs (or related Homer-inter-
acting proteins). Homer 1la IEG lacks this ability to cross-
link.

Homer la is uniquely dynamic in its expression, con-
sistent with the notion that neurons regulate the cross-
linking activity of constitutively expressed CC-Homers.
Homer 1a mRNA is markedly enriched in brain but is
also detected by RT-PCR in heart, skeletal muscle, and
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Figure 7. Homer la Blocks Association of
Group 1 mGIuRs with Specific CC-Homer
Complexes

(A) Expression of Homer 1a in wild-type and
transgenic mouse brain. Crude detergent (2%
SDS) extracts were prepared from hippocam-
pus (Hipp), cerebellum (Cereb), cortex, and
combined thalamus and brainstem (Th/BS)
and blotted (10 p.g protein) with an antibody
that recognizes all forms of Homer 1 (pan-
Homer 1 Ab). Note the presence of the Homer
1a protein in each of the transgenic (TG) brain
regions.
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® (B-E) Co-IP analysis of group 1 mGIuRs and
& CC-Homers in Homer la transgenic mice. (B)
Detergent (1% CHAPSs) extracts of forebrain
were precipitated with antibodies for Homer
1b/c (H1Ab) or Homer 2 (H2Ab) and blotted
with antibodies for mGIuR5. Control lanes use
the preimmune serum (H1PI, H2PI). Offered
samples show similar expression of mGIuR5
monomer (~150 kDa) and dimer forms. Note
co-IP of mGIuR5 monomer and dimer forms
from wild type, but not from transgenic fore-
brain. By contrast, mGIuR5 co-IPs with Homer
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liver (unpublished observation). This suggests that Homer
la represents a general cellular mechanism to regulate
CC-Homers.

In vivo studies also support the dominant negative hy-
pothesis for the function of Homer la. Group 1 mGIluRs
are selectively uncoupled from Homer 1b/c and Homer
3 in forebrain and cerebellum of mice that express
Homer la transgene. Homer la did not alter the pre-
sumed CC-dependent association of Homer 1b/c and
Homer 3, nor did it block the association of Homer 2
with mGIluR5. The block of association of group 1
mGIuRs with Homer 1b/c and Homer 3 is in direct ac-
cordance with biochemically based predictions for a
competitive interaction of Homer 1a with constitutively
expressed family members. Failure to interrupt the asso-
ciation of mGIuR5 with Homer 2 in the transgenic mouse
was not anticipated based on biochemical analyses and
suggests additional mechanisms that can confer this
specificity.

Ultrastructural studies demonstrate a striking local-
ization of both Homer 1b/c and Homer 3 to the PSD
and provide strong support for the notion that Homer
proteins function at the synapse. Biochemical fraction-
ation studies also indicate an enrichment of Homer in the
PSD fraction. The ultrastructural localization of Homer is
similar to that of the mGIluR1a receptor at Purkinje neu-
ron synapses. mGluR1a is enriched at the plasma mem-
brane at the periphery of the PSD and may also be

z\”’Q\ é’w

anti-Homer

& © 2 from both wild-type and transgenic fore-
F@ brain. The monomer band is partially ob-
scured by the IgG heavy chain. (C) The blot
from (B) was reprobed in with a Homer 3 Ab.
Homer 3 is expressed and similarly co-IPed
with H1lb/c from wild-type and transgenic
forebrain. (D) IP of cerebellum with Homer 3
Ab (H3Ab) demonstrates an association with
mGluR1a in wild-type mouse that is blocked
in the transgenic mouse. (E) The blot from (D)
reprobed with Homer 1b/c Ab demonstrates
that the Homer 3-Homer 1b/c association is
not altered in the transgenic cerebellum.

—125kD

—47kD
-

associated with ER in the spine cytosol (Baude et al.,
1993; Petralia et al., 1997). Homer is also present at the
lateral margin of the PSD and appears be enriched at
this site. Accordingly, the present ultrastructural local-
izations of CC-Homers are consistent with their hypoth-
esized functional interaction with synaptic group 1
mMGIuRs.

The present study offers insight into the role of IEGs
in synaptic plasticity. The present study indicates that
CC-Homers may be viewed as bimodular adapter pro-
teins that can bind group 1 mGluRs and either cross-
link the receptor or couple the receptor to other proteins.
In the accompanying paper, we demonstrate that CC-
Homers couple mGIuRs to the inositol trisphosphate
receptor and appear to form a functional signaling com-
plex (Tu et al., 1998 [this issue of Neuron]). Homer l1a
modifies linkage of these receptors and may thereby pro-
duce long-term changes at synapses by altering sig-
naling.

Experimental Procedures

Identification of Homer Family Members
We performed low-stringency screens of phage cDNA libraries and
EST database searches to identify Homer family members. cDNA
libraries were screened using rat Homer 1a coding region as a probe.
Screens of mouse and rat brain cDNA libraries identified two iso-
forms (Homer 1b and Homer 1c) of Homer 1.

Searches of EST databases identified a mouse EST sequence
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(ID#442801) that is about 73% homologous to a portion of 5’ coding
region of Homer 1 cDNA sequence. Based on the EST, we used RT-
PCR (forward: 5'-GAC AGC AGA GCC AAC ACC GTG-3'; reverse: 5'-
GTC TGC AGC TCC ATC TCC CAC-3’) to amplify the corresponding
region from various mouse tissues. The PCR products (~330 bp)
consisted of two different sequences, one of which contained an
additional insertion of 33 bp. We used a mixture of these two cDNA
fragments as probes to screen an adult mouse brain cDNA library
and cloned Homer 2. Out of 10° clones screened, five clones hybrid-
ized well to the probe. Sequence analysis of these clones indicated
that they were partial cDNA clones representing two isoforms of
Homer 2 gene and were identical to the isoforms amplified by RT-
PCR. The 5’ region of Homer 2 was cloned using 5'-RACE technique.
Total RNA from E14.5 mouse brain was reverse-transcribed using
the above reverse primer. Another gene-specific primer (5'-CAC
GGT GTT GGC TCT GCT GTC-3’) was used in the amplification of
the 5’ region of Homer 2. The sequence authenticity of the 5' RACE
clones was further confirmed by sequencing a partial mouse EST
clone #441857.

By searching the EST database, we were also be able to identify
several human ESTs corresponding to mouse and rat Homer 1b and
Homer 2a/b cDNA sequences. RT-PCR was used to clone the human
Homer 1b and Homer 2a and 2b coding regions. A 5’ degenerate
primer (5'-ATG GG(A/G/C) GA(A/G) CA(A/G) CC(T/C/G) AT(T/C) TTC-
3’) was designed based on the N-terminal 7 aa (MGEQPIF) that
is conserved among human EST clone #HCE003, mouse, rat, and
Drosophila Homer homolog sequences. The 3’ primers (5'-GAG GGT
AGC CAG TTC AGC CTC-3’) for human Homer 1 and human Homer
2 (5'-GTT GAT CTC ACT GCA TTG TTC-3') were made from the
sequences of human EST clones #562862 and #HIBAB15, respec-
tively. We amplified human Homer 1b and Homer 2a/b from newborn
human frontal cortex. The sequences of human Homer 1b and
Homer 2a/b shown in Figure 1 were derived from sequencing several
PCR clones and EST clones.

Human and mouse Homer 3 were identified by searching EST
database, using Homer 1 and Homer 2 sequences. Two full-length
human Homer 3 clones were identified (clone ID# 284002 and
#38753) and sequenced. Numerous mouse Homer 3 were found,
and one of them (clone ID# 1162828) contains almost full coding
region. We also identified several Drosophila EST sequences exhib-
iting significant homology at the amino acid level to the N-terminal
region of Homer family members. The sequence presented in Figure
1 is derived from clone #LD3829 (BDGF EST Project).

Expression Constructs

Mammalian expression constructs were made by cloning cDNA into
Sall and Notl sites of pRK5 (Genentech), so that the cDNA was fused
in-frame to an N-terminal c-Myc tag. GST-fusion constructs were
made by cloning Homer cDNA into the Sall and Notl sites of
PGEX4T-2 (Pharmacia). The full-length coding regions of mouse
Homer 1b, rat Homer 1c, mouse Homer 2b, and human Homer 3
were engineered with Sall and Notl sites at the 5’ and 3’ ends by
PCR using high-fidelity DNA polymerase Pfu (Stratagene). Various
truncations of Homer 1b/c and Homer 2b coding regions were made
by PCR with specific primers containing Sall and Notl sites. All the
PCR-based constructs were sequenced to confirm the sequences
and in-frame fusion.

In Situ Hybridization

Antisense and sense cRNA probes were generated from each mouse
Homer plasmid by in vitro transcription in the presence of [*S]UTP,
as previously described (Lyford et al., 1995). Probe for Homer 1a
(GenBank # AF093257) was derived from nucleotides 1342-2140,
for Homer 1b/c (GenBank # AF093258) from nucleotides 785-1396,
for Homer 2a/b (GenBank # AF093260 submission) from nucleotides
486-1561, and for Homer 3 (GenBank # AF093261) from nucleotides
371-2123. (Identical cDNA sequences were used for Northern analy-
sis.) Probe (about 10° cpm in 75 pl hybridization buffer) was applied
to each slide. Coverslipped slides were then incubated in humidified
chambers overnight at 56°C. Following completion of wash steps,
slides were air dried and exposed to Kodak Biomax MR film for 2-3
days.

Generation and Characterization of Homer Antisera

Synthetic C-terminal peptides of Homer 1, 2, or 3 were conjugated
to thyroglobulin with glutaraldehyde and used to immunize rabbits
according to previously published protocol (Martin et al., 1992).
Peptide sequences used are as follows: Homer 1b/c, IFELTELRDNL
AKLLECS; Homer 2a/b, GKIDDLHDFRRGLSKLGTDN; and Homer 3,
RLFELSELREGLARLAEAA. Detergent (2% SDS) extracts from rat
cortex, hippocampus, and cerebellum were separated on 8% SDS-
PAGE gels and transferred to nitrocellulose membranes. Blot was
probed with polyclonal anti-Homer sera. Specificity was tested by
incubating the antiserum with 10 wg/ml of relevant peptide at room
temperature for 1 hr prior to use. Rabbit polyclonal antiserum was
also generated against the full-length GST-Homer 1a fusion protein,
as described previously (Brakeman et al., 1997). This antiserum
recognizes all Homer 1 isoforms.

In Vitro Binding

To examine the Homer and mGIuR 1/5 interaction, HEK293 cells
were transiently transfected (calcium phosphate) with full-length
mGluR1a and mGIURS constructs in pRK5 (Brakeman et al., 1997).
Cell lysates were made 24-48 hr posttransfection. For examining
the CC interaction of Homer family members, myc-tagged Homer
1c and Homer 2b were transfected into HEK293 cells and cell ex-
tracts were made 2-3 days posttransfection. Cell lysates were incu-
bated with equivalent amounts of various Homer-GST fusion pro-
teins at 4°C for 2 hr and washed with PBS and 1% Triton X-100.
Proteins were eluted in 2% SDS sample buffer and separated on
8% or 12.5% SDS-PAGE gels and probed with appropriate antibody.

Coimmunoprecipitation

Rat or mouse brain tissues were sonicated (three times for 10 s
each) in PBS (~200 mg/ml wet weight) containing 1% Triton X-100
or 1% CHAPs with protease inhibitors and centrifuged for 10 min
at 15,000 g. Three microliters of Homer 1b/c, Homer 2a/b, or Homer
3 antiserum was added to 60 l of tissue extract and incubated for
1.5 hr at 4°C, 60 pl of protein A Sepharose (Pharmacia) was added
for an additional 1 hr, and then washed three times with PBS/Triton.
Proteins were eluted in 2% SDS loading buffer. The samples were
analyzed by gel electrophoresis and Western blot analysis. mGluR1a
monoclonal antibody was obtained from PharMingen (San Diego,
CA). Rabbit polyclonal mGIuR5 Ab was a gift from Dr. Richard Hu-
ganir, John Hopkins School of Medicine.

Immunohistochemistry

For light microscopy, rats were deeply anesthetized with sevoflur-
ane and perfused through the aorta with 250 ml of saline followed
by 400 cc each of 4% paraformaldehyde in 0.1% phosphate buffer
(pH 6.5) and 4% paraformaldehyde in 0.1% phosphate buffer (pH
8.5). The rat was allowed to postfix for 1 hr at room temperature
and then prefused with 15% sucrose in 0.1% phosphate buffer (pH
7.4). The brain was removed and sectioned at 40 pm on a freezing
sliding block microtome and collected in PBS. Tissue was stained
with an immunoperoxidase technique, as follows. Brain sections
were incubated in PBS containing 0.3% H,0, and 0.25% Triton X-100
for 30 min and then washed three times for 5 min each in PBS.
Sections were incubated in a buffer “PGT” containing 3% normal
goat serum (Colorado Serum Co.) and 0.25% Triton X-100 in PBS
for 1 hr and then transferred to the primary antiserum diluted 1:750
in the same PGT buffer. Sections were gently shaken for 48 hr at
4°C, washed four times for 5 min each in PBS and then incubated
for 1 hr at room temperature in a goat anti-rabbit IgG conjugated
to horseradish peroxidase (Biosource International) diluted 1:100 in
PGT. Sections were washed four times for 5 min each in PBS and
incubated for 6 min at room temperature in 0.05% diaminobenzidine
dihydrochloride (DAB: Sigma) and 0.01% H,O, in 0.1 M phosphate
buffer. Sections were washed in PBS, mounted onto gelatin chrome-
alum subbed slides, dehydrated in a series of graded ethanol,
cleared in xylene, and coverslipped with DPX (BDH Limited).

For EM, we used a postembedding immunogold method as de-
scribed previously (Wang et al., 1998) and modified from the method
of Matsubara et al. (1996). Briefly, a male Sprague-Dawley rat was
perfused with 4% paraformaldehyde plus 0.5% glutaraldehyde in
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0.1 M phosphate buffer. Two hundred micrometer parasagittal sec-
tions of the rostral cerebellum (folia lI-V) were cryoprotected in 30%
glycerol and frozen in liquid propane in a Leica EM CPC. Frozen
sections were immersed in 1.5% uranyl acetate in methanol at
—90°C in a Leica AFS freeze-substitution instrument, infiltrated with
Lowicryl HM 20 resin at -45°C, and polymerized with UV light. Thin
sections were incubated in 0.1% sodium borohydride plus 50 mM
glycine in Tris-buffered saline/0.1% Triton X-100 (TBST), followed
by 10% normal goat serum (NGS) in TBST, primary antibody in 1%
NGS/TBST, 10 nm immunogold (Amersham) in 1% NGS/TBST plus
0.5% polyethylene glycol, and finally staining in uranyl acetate and
lead citrate. Primary antibodies were used at dilutions of 1:500 for
Homer 1b and 1:100-1:400 for Homer 3.

Transgenic Mice

N-terminal myc-tagged full-length Homer 1a ORF was cloned into
the expression vector pT2 (Gordon et al., 1987; Aigner et al., 1995).
Transgenic mice were generated at the University of Alabama
Transgenic Facility. Expression of the transgene protein was as-
sayed by Western blot with rabbit polyclonal antisera that recog-
nizes all Homer 1 isoforms (pan-Homer 1 Ab) and myc Ab.
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