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Homer family proteins are encoded by three genes, homerl, 2 and 3. Most of these
proteins are expressed constitutively in nervous systems and accumulated in post-
synaptic regions. However, the functional significance of these proteins, especially
the significance of the distinction among the proteins encoded by homerl, 2 and 3, is
still obscure. In the present study, we isolated a cDNA clone encoding a novel protein
by two-hybrid system screening using the C-terminal half of Homer2b as the bait.
This protein, termed 2B28, has 297 amino acid residues and contains three major
domains: a UBA domain, a coiled-coil region, and a UBX domain. When expressed in
HEK293T cells, 2B28 showed colocalization with uniquitin and enhanced the expres-
sion levels of IkB or Homerla proteins, which are known to be degraded by proteas-
omes, indicating that 2B28 is involved in ubiquitin-proteasome functions. 2B28 specif-
ically interacted and colocalized with Homer2 proteins, but not with Homerl
proteins. So far, we have identified no counterpart of 2B28 for Homerl experimen-
tally or in the protein databases. These results suggest that the specific interaction of
2B28 with Homer2 may play a role in regulation of protein degradation by ubiquitin-
proteasome systems and that this function may be specific to Homer2 proteins among
Homer family proteins.

Key words: Homer, novel Homer-binding protein, protein degradation, ubiquitin, Ub-
proteasome related domains.

Abbreviations: CFP, cyan fluorescent protein; GST, glutathione S-transferase; HA, hemagglutinin; HEK, human

embryonic kidney; IxB, I-kappa-B; MBP, maltose binding protein; Ub, ubiquitin.

Homer proteins were originally identified as synaptic
plasticity-related proteins in mammalian nervous sys-
tems (1, 2) and are now known to be expressed in many
other mammalian tissues (3). Homer family proteins are
transcribed from three separate genes (homer-1, homer-2,
and homer-3) and include a short-form protein (Homerla)
and several long-form proteins (such as Homerlb and c,
Homer2a and 2b, and Homer3). These proteins are derived
from the three genes by alternative splicing. Long form
Homer proteins have EVH1 domains in their N-termi-
nals and a coiled-coil region and leucine zipper motifs in
their C-terminals, whereas the short-form Homerla
lacks the C-terminal region and consists mainly of the
corresponding N-terminal region (3—5). The EVH1 domain
of Homer proteins bind to their target proteins such as
groupl metabotropic glutamate receptors and several
cytoskeleton-binding proteins, and the coiled-coil region
is required for formation of multimers (3, 4, 6, 7). There-
fore, Homer proteins are thought to control intracellular
signaling pathways by linking receptors and cytoskeleton-
binding proteins. However, detailed roles of Homer pro-
teins, especially the specific roles of each isoform of Homer
proteins (Homer1, 2 and 3), are still obscure.

Although the N-terminal regions of Homer proteins
are highly conserved (over 85% identical), the C-terminal
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regions are more divergent (approximately 30% identi-
cal), and few proteins that interact with this region have
been identified. Therefore, to investigate the distinct
functions of individual Homer isoforms, we focused on
their C-terminal regions and attempted to isolate the bind-
ing proteins using yeast two-hybrid screenings. In this
study, we identified a novel protein designated as 2B28,
which specifically binds to Homer2b. Our results suggest
that 2B28 may interact with ubiquitin (Ub) and may be
involved in the Ub-proteasome proteolytic pathways.

MATERIALS AND METHODS

Yeast Two-Hybrid Assay—Two-hybrid screening was
performed with the Matchemaker LexA two-hybrid sys-
tem (Clontech) according to the manufacturer’s instruc-
tions. EGY48 cells, which have a LexA operator upstream
of the LEU2 gene, were transformed with a reporter
plasmid p8op-lacZ, which contains lacZ located down-
stream of the LexA operator. The pLexA plasmid contain-
ing C-terminal 233 amino acid residues of Homer2b and
the candidate plasmid isolated from pB42AD based
library (Clontech) were cotransfected into EGY48. Posi-
tive clones were detected by B-galactosidase activity in
the in vivo plate assay: the positive yeast colonies were
selected on X-gal plates lacking urasil, histidine, and
tryptophan with blue color developed after 6-36 h. We
screened 1 x 106 independent clones and 10 positive
clones were found.

© 2005 The Japanese Biochemical Society.
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Fig. 1. (A) Schematic diagram of domain structure of 2B28
protein. (B) Alignment of amino acid sequences of mouse, rat
and human 2B28. Identical amino acids are indicated by shading.
The predicted domains are indicated by underlines. (C) Homer2b
interacts specifically with 2B28 in yeast. Interactions between
Homer proteins (in pLexA) and 2B28 (in pB42) were assayed by the
LacZ/Leu2 induction in the yeast two-hybrid system. “+” and “~”
indicate positive and negative interactions, respectively. (D) Specific

Cloning of rat 2B28 ¢cDNA and Generating Deletion
Mutants—Plaque hybridization was performed with a
MZAPII cDNA library constructed from rat hippocampal
mRNA (Stratagene). The DNA probes for plaque hybridi-
zation were labeled with [a-32P]dCTP using a random-
prime labeling kit (Amersham Pharmacia Biotech). The
nucleotide sequences of positive clones were determined
with a Big-Dye terminator kit (Perkin Elmer) and a
Prism 377 automatic sequencer (Perkin Elmer). Three
2B28 deletion mutants were generated by PCR using
specific primers.

In Vitro Binding Assay—The coding regions of Homerla,
Homerlc, and Homer2b were subcloned into pGEX 5X-1
(Amersham Pharmacia Biotech) for production of GST
fusion proteins. The GST-fused Homer constructions
GST-Homerla, GST-Homerle, and GST-Homer2b have
been described elsewhere (4). cDNA fragments encoding
rat 2B28 and its deletion mutants were subcloned into
pPMAL-c2 vector (New England Biolabs) for production of
MBP fusion protein.

GST fusion proteins were expressed in Escherichia coli
XL1-Blue cells and purified with glutathione-Sepharose
4B (Amersham Pharmacia Biotech) according to the
manufacturer’s instructions. For MBP fusion proteins,
cells were lysed in lysis buffer (PBS containing 1% Triton
X-100, 1 mg/ml lysozyme, 1 mM PMSF, 100 uM EDTA,
and 5 mM DDT) and centrifuged to remove cell debris.

in vitro binding of 2B28 with Homer2b. Left panel, the lysates pre-
pared from MBP-2B28 expressed in E. coli were subjected to West-
ern blotting using anti-MBP antibody. Right panel, the bacterial
lysates containing MBP-2B28 were added to GST-Homer proteins
and bound proteins were analyzed by Western blotting using anti-
MBP antibody. Arrowheads indicate the immunosignals of MBP-
2B28 protein.

The resin bound to GST fusion protein (1 pg) was added
to the bacterial lysate of MBP fusion proteins (40 pl) con-
taining 0.1% BSA. After incubation at 10°C for 1 h, the
resin was washed three times with TNN buffer [50 mM
Tris-HCI (pH 7.5), 150 mM NaCl, 0.5% Nonidet-P40, 1%
Triton X-100]. The bound proteins were eluted from the
resin by boiling in 100 pl of 2x SDS sample buffer. The
eluates (20 pl) were analyzed by Western blotting using a
rabbit anti-MBP antibody (New England Biolabs). Anti-
rabbit antibody conjugated with alkaline phosphatase
(Sigma) was used as a secondary antibody. Immuno-
signals were visualized with Vistra ECF (Amersham
Pharmacia Biotech) and a FluorImager (Amersham
Pharmacia Biotech).

Mammalian Expression Constructs—The FLAG (DYK-
DDDDK) -tagged Homer constructs FLAG-Homerlc and
FLAG-Homer2b have been described elsewhere (4). Myc
(EQKLISEEDL)-tagged 2B28 construct was generated
by PCR using specific primers and subcloned into a mam-
malian expression vector pcDNA3 (Invitrogen). FLAG-
tagged I-kappa-B (IxB) construct was prepared as
described (8). Fusion proteins of Homer2 and 2B28 with
fluorescent proteins CFP or “Venus” (9) were prepared as
described (10).

Cell Culture—COS-7 and HEK293T cells were cultured
in Dulbecco’s modified Eagle’s medium supplemented
with 4 mM glutamate and 10% (v/v) FBS. Cultures were
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Fig. 2. 2B28 specifically co-localized with Homer2b in mam-
malian cells. COS-7 cells were transfected with FLAG-tagged
Homerlc or Homer2b alone (A), Myc-tagged 2B28 (B), or both (C).
After fixation, cells were stained with anti-FLAG antibody (red, for

maintained at 37°C in a humidified atmosphere contain-
ing 5% CO,. Rat hippocampal neurons were cultured as
described (10).

Immunocytochemistry—Transfections of COS-7 and
HEK293T cells were performed with 20 pg of each plasmid
DNA by electroporation (Electro Cell Manipulator 600;
BTX) according to manufacturer’s instructions. Trans-
fected cells were plated onto glass coverslips. Forty-eight
hours after the transfection, cells were rinsed with PBS,
fixed with 4% (w/v) paraformaldehyde in PBS for 15 min,
and permeabilized with PBS containing 0.2% Triton X-
100 for 5 min. After blocking with 8% BSA in PBS for 1 h,
cells were incubated with a mixture of mouse anti-FLAG
and rabbit anti-Myc antibodies (Sigma) in PBS contain-
ing 1% BSA for 1 h at room temperature. They were
washed twice for 15 min with PBS and stained with
DTAF-conjugated anti-rabbit IgG (Chemicon) and Rhod-
amine-conjugated anti-mouse IgG (Chemicon) for 1 h,
and then the coverslips were rinsed twice for 15 min with
PBS. To visualize nuclei, the cells were incubated with
H33258 in PBS (1 mg/ml) for 15 min, and mounted with
PBS containing 0.5 mg/ml paraphenylenediamine and
80% glycerol. Specimens were examined using a LSM410

Vol. 137, No. 5, 2005

Homerlce/2b) and anti-Myc antibody (green, for 2B28), and observed
by confocal microscopy. Hoechst33258 was used to stain the cell
nuclei in panels (B) and (C). Merged are superimposed composite
images using two colors (green and red). Scale bars, 10 pm.

laser scanning confocal microscope equipped with Zeiss
Axiovert 135M.

Immunoblots for Detecting Transiently Expressed Pro-
teins in HEK293T Cells—HEK293T cells were transfected
with DNA constructs by the calcium phosphate methods
or lipofection using Lipofectamine2000 (Life Technolo-
gies) according to the manufacturer’s instructions. After
48-60 h, proteins were extracted in 2x SDS sample
buffer. Equal amounts of cell extract were analyzed by
Western blotting using anti-FLAG or anti-Myc antibody.

For measuring FLAG-IxB or FLAG-Homerla expres-
sion levels, PVDF membranes were fixed for 45 min with
4% PFA in PBS at 4°C and rinsed three times for 20 min
with PBS before blocking.

RESULTS

We isolated a 2B28 clone by yeast two-hybrid screening
from a mouse brain ¢cDNA library, using the C-terminal
half of rat Homer2 as the bait (Fig. 1C). 2B28 is a novel
297aa protein composed of three domains: a UBA
domain, a coiled-coil region, and a UBX domain (Fig. 1, A
and B). The domain structure of 2B28, the UBA domain
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Fig. 3. Colocalization of 2B28
and Homer2b in cultured hip-
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Fig. 4. (A) Schematic structures of 2B28 deletion mutants. (B)
In vitro binding of Homer2b with 2B28 deletion mutants. Left
panel, E. coli cell lysates of MBP-fused full-length 2B28 or each of
the deletion mutants were added to GST-Homer2b Sepharose beads
and bound proteins were analyzed by Western blotting using anti-
MBP antibody. Right panel, the E. coli cell lysates were applied to
SDS-polyacrylamide gel electrophoresis and stained with Coomassie
Brilliant Blue (CBB). Arrowheads indicate the predicted sizes of

individual MBP-fusion proteins. (C and D) Intracellular localiza-
tion of 2B28 deletion mutants and coexpressions with
Homer2b in mammalian cells. HEK293T cells were transfected
with Myc-2B28 deletion mutants alone (C), or with a mutant and
FLAG-Homer2b (D). The cells were stained with anti-Myc antibody
(green), and anti-FLAG antibody (red) in (D), after fixation and
examined by confocal microscopy. Scale bars, 10 um.
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Fig. 5. (A and B) 2B28 is co-localized with ubiquitin in mam-
malian cells. HEK293T cells were transfected with HA-tagged ubi-
quitin alone (A), or co-transfected with HA-ubiquitin and Myc-2B28
(B). The cells were fixed and stained with anti-HA antibody (red) and
anti-Myc antibody (green in B), and observed by confocal microscopy.
Scale bars, 10 um. (C) Expression of 2B28 increases the stabil-
ity of Homerla, which is known to be rapidly degraded by
proteasomes. HEK293T cells were co-transfected with FLAG-
tagged proteins and Myc-2B28 (right-hand) or vector alone (left-
hand). pcDNA3 with a Myc-tag was used as a vector control. Forty-
eight to 60 h after the transfection, these cells were lysed and ana-
lyzed by Western blotting using anti-FLAG antibody. (D) Quantita-

in the N-terminal region and the UBX domain in the C-
terminal region, implies that 2B28 is related to Ub-
proteasome proteolytic system (11, 12). We then obtained
a rat homologue of 2B28 by screening a rat brain cDNA
library. The homologous sequence was also found for
human in GenBank, EMBL, and DDBJ databases. The
amino acid sequences of 2B28 were highly conserved in
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tive analysis of the data depicted in (C). Relative intensities of
immunoreactivity compared to the vector controls are shown. Error
bars represent SE. (E) The UBA and UBX domains of 2B28 are
required for the enhancement of the stability of IxkB.
HEK293T cells were co-transfected with FLAG-IxkB and Myc-tagged
2B28 or deletion mutants, or vector. Forty-eight to 60 h after the
transfection, these cells were lysed and analyzed by Western blotting
using anti-FLAG antibody (top panel) or anti-Myc antibody (bottom
panel). (F) Quantitative analysis of the data depicted in (E).
Relative intensities of immunoreactivity compared to the vector con-
trol are shown. Error bars represent SE.

rat, mouse, and human (99.6%, 91.6%, and 91.3% identi-
cal between rat and mouse, rat and human, and mouse
and human, respectively; Fig. 1B), suggesting that 2B28
may play important roles in mammals. No other isoforms
of 2B28 were found in the databases.

To examine whether 2B28 specifically interacts with
Homer2, we performed in vitro binding assays (Fig. 1D).
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GST-fused Homer proteins bound to glutathion-Sepharose
resins were suspended in bacterial lysates containing
2B28 fused with MBP. The bound proteins were eluted
and subjected to Western blot analyses using anti-MBP
antibody. We found that MBP-2B28 bound specifically to
GST-Homer2b but not to GST-Homer1lc or GST-Homer1a.

To investigate the subcellular localization of 2B28,
Myc-tagged 2B28 was expressed in COS7 and HEK293T
cells, and immunocytochemical analyses were performed
(Fig. 2). When expressed alone, 2B28 displayed a spotty
distribution in cytoplasmic and nuclear regions 48 to 72 h
after the transfection (Fig. 2B).

FLAG-tagged Homer2 and Myc-2B28 were coex-
pressed to examine whether Homer2 and 2B28 show
colocalization. When expressed alone, Homer2 was dis-
tributed in a diffused manner in cytoplasm (Fig. 2A).
However, when coexpressed with 2B28, Homer2 showed
a spotty distribution and colocalized with 2B28 48 h after
transfection (Fig. 2C). In contrast, FLAG-Homerlc showed
a diffused distribution even in the presence of 2B28 and
was not colocalized (Fig. 2C). These results indicate that
2B28 specifically interacts with Homer2b, but not
Homerle, in mammalian cells, and that 2B28 enhances
clustering of Homer2b.

We next examined the distributions of 2B28 and
Homer2b in rat hippocampal neurons. Fusion proteins of
2B28 fused with Venus and Homer?2 fused with CFP pro-
teins were coexpressed in cultured rat neurons. As shown
in Fig. 3, 2B28 and Homer2b were colocalized in den-
drites and somata of hippocampal neurons, suggesting
the intimate association of endogenous 2B28 and Homer2b
in neurons.

To examine which domain of 2B28 is required for the
association with Homer2b, we generated three deletion
mutants of 2B28, AUBA, ACC and AUBX, lacking UBA,
coiled-coil and UBX domains, respectively (Fig. 4A). We
first examined the association by in vitro binding assay
(Fig. 4B). When MBP-tagged 2B28 or 2B28 mutants were
incubated with Homer2b, only the full-length 2B28 and
AUBA, but not ACC and AUBX, were able to bind to
Homer2b. This result indicates that coiled-coil and UBX
domains of 2B28 are required for the interaction with
Homer2b.

We further examined the interaction of 2B28 deletion
mutants and Homer2b in mammalian cell lines. When
the deletion mutants of 2B28 were expressed alone in
HEK293T cells, AUBA and AUBX were found to be dis-
persed in the cytoplasm, whereas ACC produced a spotty
distribution as seen in the full-length 2B28 (Fig. 4C),
indicating that UBA and UBX domains are required for
clustering of 2B28. We next coexpressed 2B28 mutants
and Homer2b in HEK293T cells and examined their
subcellular localization. Coexpression of AUBA and
Homer2b produced similar subcellular distribution to
that observed for the full-length 2B28 and Homer2b (see
Fig. 2C), in which both AUBA and Homer2b formed clus-
ters and localized together (Fig. 4D). On the other hand,
ACC and AUBX failed to colocalize with 2B28 and also
did not induce Homer2b puncta, indicating that coiled-
coil and UBX domains of 2B28 mediate the interaction
with Homer2b and the subsequent clustering of Homer2b.

It has been suggested that UBA and UBX domains
may associate with Ub (11, 12). To examine the possible

T. Ishibashi et al.

implication of 2B28 in Ub systems in mammalian cells,
Myc-2B28 and HA-tagged Ub were expressed in
HEK293T cells. HA-Ub showed both diffused and spotty
distributions when expressed alone (Fig. 5A). In coex-
pressed cells with 2B28, each dot of HA-Ub was well colo-
calized with one of Myc-2B28 (Fig. 5B), suggesting that
2B28 interacts with Ub in vivo.

The degradation of poly-ubiquitinated proteins by pro-
teasomes is an important cellular process that is regu-
lated by Ub and Ub-related proteins (14). We examined
whether the overexpression of 2B28 could affect the lev-
els of IkB and Homerla, known to be regulated by the
Ub-proteasome proteolytic systems (15, 8). Western blot
analyses showed that the protein amounts of FLAG-
tagged IxB and Homerla were increased dramatically by
the coexpression of Myc-2B28 in HEK293T cells (Fig. 5, C
and D). In contrast, amounts of Homerlc and Homer2b,
which are less influenced by Ub-proteasome systems,
remained stable after expression of 2B28 (Fig. 5, C and
D). We have also examined three deletion mutants of
2B28 and found that AUBA and AUBX do not affect the
amount of IxB (Fig. 5, E and F). These results suggest
that 2B28 may be a component of Ub-proteasome system
and may regulate the efficiency of protein degradation.

DISCUSSION

In this study, we identified a novel protein 2B28 as a spe-
cific binding partner of Homer2. The in vitro binding
assay showed that 2B28 specifically binds to Homer2.
Immuno- and fluorocytochemical studies also showed the
specific colocalization of 2B28 and Homer2 in both mam-
malian cell lines and rat hippocampal neurons. 2B28 spe-
cifically recognized Homer2 but not Homerl. Homerl
and Homer2 are 51% identical overall, but their C-termi-
nal regions including a coiled-coil region and a leucine
zipper domain are more divergent (34% identical). This
suggests that possible differences in function among
Homer isoforms may mainly depend on the properties of
binding proteins that specifically recognize the C-termi-
nal regions. We initially investigated whether Homerl
has a similar counterpart corresponding to 2B28. How-
ever, two-hybrid screenings using the C-terminal half of
Homerlc as a bait failed to detect any Homerl counter-
part (unpublished results). In addition, we did not find
any isoforms of 2B28 in GenBank, SwissProt, and PIR
databases. Thus, our results suggest that 2B28 may par-
ticipate in a novel function of Homer family proteins, and
that this function may be relevant to Homer2 but not to
Homerlec.

The domain organization of 2B28 implied that it is
involved in Ub-proteasome proteolytic pathways. 2B28
indeed colocalized with Ub in mammalian cells, indicat-
ing that it interacts with Ub. When 2B28 was over-
expressed in cells, the stability of IxkB and Homerla,
proteins known to be naturally degraded by the proteas-
omes, increased significantly. We also found that both
UBA and UBX domains of 2B28 are required for these
stabilizing effects of 2B28. Similar phenomena of protec-
tion against protein degradation by proteasomes were
observed when a co-factor of proteasomes, which in itself
helps proteasomes to degrade substrates, was over-
expressed (16). Consistent with our results, surplus
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amounts of such co-factors, contrary to their original
function, can inhibit normal functions of proteasomes in
cells. Therefore, it is possible that 2B28 may function as a
co-factor of proteasomes, and that the cooperation of
Homer2 and 2B28 may bring ubiquitinated proteins to
proteasomes. Homer2 may thus be involved in the regu-
lation of proteasome-dependent protein degradation by
2B28.

Recent studies on p47 and VCP provide strong support
for the notion that 2B28 may be a co-factor of proteas-
omes. VCP, also called p97/Cdc48, is an AAA-ATPase
which links the ubiquitinated substrates to proteasomes
and promotes the degradation of substrates (17). p47 has,
like 2B28, UBA and UBX domains in its N-terminal and
C-terminal regions, respectively. VCP needs to interact
with p47 to promote the degradation (18). In this interac-
tion, p47 uses the UBX domain as the interface. p47 is
thus an adopter protein of VCP, and functions as a co-fac-
tor of proteasomes to promote Ub-dependent protein deg-
radation. These properties of p47 are thought to be appli-
cable to the case of 2B28. 2B28 may act as the co-factor of
some proteasome-interacting proteins like AAA-ATPases
which interconnect proteasomes and ubiquitinated sub-
strates.

McNeill et al. (13) have recently reported a protein sub-
strate for stress-activated protein kinases, termed
SAKS1. This protein turned out to be a human homo-
logue of 2B28. They suggested that the protein may act
as a linker of VCP and polyubiquitinated proteins (13).
VCP is found in nervous systems and implied to be
involved in some neurodegenerative disorders (19). Thus,
it is tempting to speculate that 2B28 might be a co-factor
of VCP itself and maintain proteolytic machineries in the
nervous system. Although detailed roles and mecha-
nisms of 2B28 are still not clear, our results suggest a
specific and distinct role of Homer2 proteins in neuronal
functions.

In summary, we have identified a novel protein 2B28
and propose that Homer isoforms may have separate
roles, in which Homer2 but not Homerl may regulate Ub-
proteasome system through this protein.

We are grateful to Dr. A. Miyawaki, Brain Science Institute,
RIKEN, Japan, for Venus-pCS2 plasmid.
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