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Fig. 3 Role of the post-synaptic density-95/Dig/Z0-1 (PDZ) binding
motif of GluR1 in the interaction with mouse Shank3 (mShank3)/SH3-
PDZ. (a) The schematic description of glutathione S-transferase
(GST)-fused GluR1/C and C-terminal segment of NMDA receptor 2B
(NR2B/C) proteins. (b) Puli-down assay. The upper panel shows the
purified GST and GST-fused proteins separated by sodium dodecyl
sulfate—polyacrylamide gel electrophoresis (SDS-PAGE) and the
lower pane! shows the immunoblots. GST alone or each of the GST-
fusion proteins bound to glutathione sepharose beads was incubated
with 200 ug of extract from Chinese hamster ovary (CHO) cells
transfected with myc-tagged mShank3/SH3-PDZ. After washing, the
" proteins on the beads were eluted with SDS-PAGE sample buffer and
immunoblotted with anti-myc antibody. The input lane was loaded with
10 ug of the CHO cells extract. Molecular weight standards are shown
on the left. SH3, Src homology 3; IB, immunoblot.

protein and coprecipitated GluR1 subunit, while normal IgG
immunoprecipitated neither mShank3 nor GluR1 subunit.
This finding suggests that mShank3 interacts with GluR1
AMPA receptor in mouse cortex.

We next used this antibody to examine cortical primary
neurons for expression of mShank3 and the pattem of
mShank3 immunoreactivity was found to be strikingly
punctate. To clarify the distribution of mShank3, EGFP
was transfected into neurons and its signal was superim-
posed on the mShank3 staining. As shown in Fig. 5(d),
judging from their morphology mShank3 was mainly
expressed in the spines. Moreover, the punctate signals of
mShank3 closely coincided with those of PSD-95 (Fig. Se),
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indicating that mShank3 was colocalized with PSD-95 in
the spines.

Mouse Shank3 interacts with membrane-surface GluR1
subunit in the spines

As the GST pull-down and immunoprecipitation experiments
demonstrated the biochemical interaction of mShank3 with
GluR1 subunit, we investigated the interaction of these
proteins in neurons. We constructed a plasmid, EGFP-
GluR1, in which EGFP had been fused with the extracellular
region of GluR1, and transfected it into cortical neurons
cultured for 12 days. When we examined them 2 days later,
the EGFP fluorescence perfectly matched the GluR1 staining
(data not shown). Under permeant conditions, in which
proteins located on both the intracellular and membrane
surface are detected, immunostaining with anti-EGFP anti-
body revealed expression of EGFP-GluR1 in the cell body,
neuritis and spines (Fig. 5f, i). By contrast, the EGFP-GluR1
staining was punctate when the anti-EGFP antibody was
applied to a living culture under non-permeant conditions to
detect EGFP-GluR1 delivered onto the membrane surface
(Fig. 5f, ii), indicating that the membrane-surface EGFP-
GluR1 forms clusters. Subsequent staining of the same
neurons for PSD-95 under permeant conditions showed that
the punctate EGFP-GIuR1 staining coincided with the PSD-
95 staining (Fig. 5f, iii), implying that the membrane-surface
EGFP-GluR1 was distributed in the spines. This finding is
consistent with previous reports that almost all membrane-
surface GluR1 clusters are synaptic (Shi et al. 1999). At
2 days after cotransfection with myc-mShank3 and EGFP-
GluR1, EGFP-GluR1 staining was performed with anti-
EGFP antibody under non-permeant conditions and followed
by myc-mShank3 staining with anti-myc antibody under
permeant conditions. Many punctate myc-mShank3 staining
signals were colocalized with those of EGFP-GluR1 staining
(EGFP-GluR1/myc-mShank3 colocalization rate 80.0 +
3.8%; n = 5) (Fig. 5g). At 1 week after cotransfection, the
mShank3 staining was as strikingly punctate as native
mShank3 staining and merged well with the EGFP-GluR1
staining in the spines (Fig. 5h). These results suggest that
mShank3 interacts with membrane-surface GluR1 subunit.

All members of the mouse Shank family are expressed
in the cortex and may interact with GluR1 subunit
Previous studies have shown that all three members of the
Shank family are expressed in rat cortex. We investigated the
expression and distribution of Shank mRNAs in the mouse
cortex by in site hybridization during post-natal development
on post-natal days 1 and 15 and at 8 weeks of age. Antisense
cRNA probes transcribed from each mShank gene specific-
ally recognized particular mShank transcripts whereas sense
¢RNA probes did not (data not shown). As shown in
Fig. 6(a), the hybridization signals for mShankl and
mShank?2 mRNAs were detected at all post-natal stages
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measured; however, expression of mShank3 mRNA was
clearly seen at post-natal days 1 and 15 and the signals at
8 weeks of age were very faint. These results were confirmed
by RT-PCT (Fig. 6b) and immunoblot analysis (Fig. 6¢). On
the other hand, the distribution of the mRNAs of all members
of the Shank family in the cortex was not significantly
different. Thus, it appears that mShankl, mShank? and
‘mShank3 are expressed in the same neurons in cortex.
Finally, we investigated whether mShankl and mShank?2
interact with GluR1 subunit, because the SH3-PDZ domain
is well conserved among all members of the Shank family.
As shown in Fig. 6(d), mShank1/SH3-PDZ and mShank2/
SH3-PDZ also bound GluR1/C, the same as mShank3/SH3-
PDZ.

Discussion

In this study we used a yeast two-hybrid screening system
and identified a synaptic molecule that interacts with GluR1
subunit of AMPA receptors. The molecule, named Shank3/
ProSAP2, is a multidomain protein localized in PSDs which
links cell-surface receptors, including various types of
GluRs, to the actin-based cytoskeleton (Lim ez al. 1999;

© 2006 The Authors

density-95/DIg/Z0-1 (PDZ) domain of
mouse Shank3 (mShank3). (a) Schematic
structure of myc-tagged mShank3 mutants.
(b) Immunoblot analysis. COS7 cells were
transfected with each of the myc-tagged
mShank3 mutants together with enhanced
green fluorescent protein-fused GluR1
subunit (EGFP-GIuR1). Lysates of trans-
fected COS7 cells (5 pug of proteins) were
separated by sodium dodecyl sutfate—poly-
acrylamide gel electrophoresis (SDS-
PAGE) and immunoblotted with anti-myc
antibody (upper panel) and with anti-en-
hanced green fluorescent protein (EGFP)
antibody (lower panel). (c) Immunoprecipi-
tation assay. Normal rabbit I1gG or anti-
EGFP antibedy bound to Protein A- and
G-Sepharose beads was incubated with
300 pg of extract from COS7 cells cofrans-
fected with EGFP-GIuR1 and myc-tagged
mShank3 mutant. After washing, the pro-
teins on the beads were eluted with SDS-
PAGE sample buffer and immunoblotted
with anti-myc antibody. Molecular weight
standards are shown on the left. ANK,
Ankyrin repeats 1-7; SH3, Src homology 3
domain; SAM, sterile alpha motif; 1B,
immunoblot.

<«— full length

<«—PDZ+C

<«—C

<— SH3-PDZ

< PDZ

Naisbitt et al. 1999; Sheng and Kim 2000; Béckers et al.
2001, 2002). The most striking finding in our study was that
GIuR1 subunit is capable of directly binding to the PDZ
domain of the Shank3 via its C-terminal PDZ-binding motif
(four aa sequence, -ATGL), while GluR2 subunit indirectly
binds to the SH3 domain of the Shank protein mediated by
glutamate receptor-interacting protein (GRIP) (Sheng and
Kim 2000). The PDZ domain is a stretch of 80-100 aa
residues which plays an important role in protein—protein
interaction (Songyang et al. 1997). Thus far it has been
reported that synaptic proteins containing a type I PDZ-
binding motif (the C-terminal four-amino-acid sequence
-X-T/8-X-V/L/, where X represents any aa), such as GKAP/
SAP90/PSD-95-associated protein (SAPAP) (-QTRL), the
somatostatin receptor 2 (-QTSI) and the calcium-independ-
ent o-latrotoxin receptor (-VTSL), bind to the PDZ domain
of Shank (Bockers et al. 2002) and thus, the PDZ domain of
Shank is thought to be a type I PDZ. As expected, no
binding of the GIuR2 subunit of AMPA receptors was
observed in our study, as GluR2 subunit possesses a type II,
not type [, PDZ-binding motif. Interestingly, however, liitle
or no binding of the NR2B subunit was observed, even
though NR2B subunit has a type I PDZ-binding motif
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Fig. 5 Expression and distribution of mouse Shank3 (mShank3) in
cortical neurons. (a) Immunoblot analysis. Lysatas of COS7 cells (5 pg
of proteins) transfected with myc (lane 1) or myc-mShank3 (lanes 2 and
3) were separated by sodium dodecyl sulfate—polyacrylamide gel
slectrophoresis (SDS-PAGE) and immunoblotted with ant-mShank3
antibody (lanes 1 and 2) and with anti-myc antibody (lane 3). (b) Im-
munoblot analysis. Synaptosomal proteins (30 1g) were separated by
SDS-PAGE and immunoblotted with anti-mShank3 antibody (lane 1),
anti-post-synaptic density-95 (PSD-95) antibody (lane 2) or anti-GluR1
antibody (lane 3). Molecular weight standards are shown on the left. (c)
Immunoprecipitation assay. Normal rabbit IgG or anti-Shank3 antibody
bound to Protein A- and G-Sepharose beads was incubated with 1 mg
of membrane fraction from mouse cortex. After washing, the proteins on
the beads were eluted with SDS-PAGE sample buffer and immuno-
blotted with anti-GluR 1 antibody. The input lane was loaded with 50 g
of membrane fraction. (d) Cortical neurons cultured for 12 days were
transfected with enhanced green fluorescent protein (EGFP). At 2 days
later, the neurons were fixed and stained with anti-mShank3 antibody.

@ 2006 The Authors

An enlargement of the square field indicated is shown in the right panel.
(e) Cortical neurons were cultured for 18 days and double-stained with
anti-mShank3 antibody (red) and anti-PSD-95 antibody (green). (f)
Cortical neurons cultured for 12 days were transfected with EGFP-
fused GluR1 subunit (EGFP-GIuR1). After 2 days, the neurons were
stained with anti-EGFP antibody under permeant (i) or non-permeant
(i) conditions. The immunoreactive signals for anti-EGFP antibody
(green) under non-permeant conditions were maiched with those for
anti-PSD-95 antibody (red) (iii). (g) Cortical neurons cultured for
12 days were transfected with myc-mShank3 and EGFP-GluR1. At
2 days later, the neurons were stained with anti-EGFP antibody (green)
under non-parmeant conditions and with anti-myc antibody (red) after
fixation. The armows point to examples of overlapping signals. (h) Cor-
tical neurons cultured for 12 days were transfectad with myc-mShank3
and EGFP-GIuR1. At 7 days later, the neurons were stained with anti-
EGFP antibody (green) and anti-myc antibody (red). Scale bars: 30 pm
(d) and 15 pm (e, panels i and iiin f), 10 pm (h) and 5 pm (panel i in f
and g). 1B, immunoblot; TF, transfection.
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Fig. 6 Expression of mouse Shank (mShank) mRNAs in developing
mouse cortex and interaction of mShank proteins with GluR1 subunit.
(a) In situ hybridization analysis. Distribution of mShank mRNAs in the
post-natal mouse cortex. Cx, cortex; Hi, hippocampus. Scale bar,
500 um. (b) RT-PCR analysis. Amounts of total RNA used for the PCR
were nomalized to glyceraldehyde-3-phosphate dehydrogenase. The
relative strength of the band signals was measured with NiH Imaging
software and the ratio was calculated by dividing the value at each
stage by the value at post-natal day (P)1. (c) Immunoblot analysis.
Lysates of cortex (30 pg) prepared from P15 or 8-week-old mice were
separated by sodium dodecyl sulfate-polyacrylamide ge! electro-
phoresis (SDS-PAGE) and immunoblotted with ant-mShank3 anti-

(-ESDV) by which NR2B subunit binds to the type I PDZ
domain of PSD-95. The above findings suggest that the
binding partners of Shank via the PDZ domain are highly
selective molecules. A recent analysis of the crystal structure
of the PDZ domain of the Shank—peptide ligand (EAQTRL)
complex has revealed that the carboxylate binding loop
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body. (d) Pulldown assay. The left panel shows the purified
glutathione S-transferase (GST) and GST-fused GIuR1/C separated
by SDS-PAGE and the right panels show the immunoblots. GST
alone or GST-fused GluR1/C bound to glutathione sepharose beads
was incubated with 300 ug of extract from Chinese hamster ovary
(CHO) cells transfected with myc-tagged mShank/SH3-PDZ. Aiter
washing, the proteins on the beads were eluted with SDS-PAGE
sample buffer and immunoblotted with anti-myc antibody. The input
lane was loaded with 10 pg of the CHO cell extract. Molecular weight
standards are shown on the left. PDZ, post-synaptic density-95/Dig/
ZO-1; SH3, Src homology 3 domain; 8W, 8 weeks of age; IB,
immunoblot.

formed by the second B-strand within the PDZ domain is
critical for binding to the peptide ligand (Im et al. 2003).
The aa sequence of the second B-strand is identical in all
three members of the Shank family. The recent structural
studies support our result showing that GluR1/C not only
bound to Shank3 but also to Shankl and Shank?2.
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The biochemical interaction of mShank3 with GluR1
subunit was complemented by coimmunoprecipitation assay
with membrane fraction prepared from mouse cortex using
anti-Shank3 antibody and by transfection experiments
showing colocalization of Shank3 with GluR1 subunit in
the spines of mouse cultured cortical neurons. When myc-
mShank3 was expressed with EGFP-GluR1 in maturing
cortical neurons, many myc-mShank3 clusters colocalized
with cell-surface EGFP-GluR1. Shi et al. (1999) reported
that cell-surface recombinant EGFP-GluR1, the same con-
struct as our plasmid, expressed in hippocampal neurons
displayed a punctate distribution that colocalized with both
surface labeling of endogenous GluR2 subunit and with a
pre-synaptic marker, synapsin. Therefore, our results suggest
that myc-mShank3 colocalizes with functional AMPA
receptors containing GluR1 subunit at synaptic sites.

Recent cumulative evidence has shown that the clustering
of AMPA receptors at the post-synaptic membrane is critical
for synaptic maturation and plasticity. As trafficking of GluR1
subunit to synapses was diminished by mutating the PDZ
interacting region of GluR1 subunit, the trafficking may be
mediated by a family of PDZ-domain-containing proteins
(Hayashi e? al. 2000; Shi et al. 2001). However, the binding
partmer of GluR1 subunit remains to be determined. One
candidate is SAP-97, a type I PDZ protein homologous to
PSD-95, and the biochemical interaction of SAP-97 with
GHhuR1 subunit has actually been demonstrated (Leonard et al.
1998). During development, however, expression of SAP-97
is distributed more in the somatic region than in the dendrites,
although it is found along dendrites, presumably at synaptic
sites, in mature neurons (Valtschanoff e al. 2000). Thus,
SAP-97 is thought to be associated with intracellular AMPA
receptors, including GluR1 subunit, and to be involved in the
early secretory pathway, endoplasmic reticulum/cis-Golgi
pathway, of AMPA receptors trafficking during development
(Sans et al. 2001). Shank3, on the other hand, is expressed in
post-synaptic sites where the functional AMPA receptors are

localized. Roussignol et al. (2005) recently showed that:

transfection of Shank3 into cerebellar granule cells increased
the AMPA component of mEPSCs. Thus, Shank3 is an
intrigning molecule that interacts with AMPA receptors and
regulates their function at post-synaptic sites. The mechanism
of activity-depending AMPA receptor trafficking to synapses
involving Shank3 needs to be more thoroughly elucidated.
In situ hybridization and RT-PCR analyses have shown
that Shank3 mRNA expression in mouse cortex increases
after birth and gradually decreases during later development,
consistent with previous studies on rat brain (Bockers et al.
2001, 2004). Thus, Shank3 may play an important role in
neural functions, such as synaptogenesis and synapse
maturation, at an early stage of post-natal development
rather in adulthood. However, Shankl and Shank2 mRNAs
are also expressed in cortical neurons after birth and their
expression levels are sustained into adulthood. Furthermore,

© 2006 The Authors
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the expression patterns of all three Shank mRNAs in the
cortex do not significantly differ. The members of the Shank
family share essentially the same domain structures, such as
the SH3 and PDZ domains, and lower homologous regions,
such as the proline-rich region. Thus, it has been thought that
the individual members of the Shank family may have
unique functions in addition to their common function as
scaffold proteins but little is known about their -other
functions. Further study, especially in Shank knock-out and
transgenic mouse, should provide useful insights into the
functions of the individual members of the Shank family in
regard to synaptogenesis, synapse maturation and subsequent
formation of neural networks. Interestingly, recent genetic
analyses of the 22q13.3 deletion syndrome, which is
characterized by global developmental delay, absent or
severely delayed speech and hypotonia, have suggested that
the haplo-insufficiency for Shank3 is probably the cause of
the pathological state as the Shank3 gene is located on
chromosome 22q13.3 (Bonaglia et al. 2001; Wilson et al.
2003). Thus, clinical studies may lead to elucidation of the
particular function of Shank3 and clarification of the specific
function of Shank3 may lead to novel strategies for the
treatment of this syndrome.
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Abstract

GGAs (Golgi-localizing, y-adaptin ear domain homology, ADP-ribosylation factor (ARF)-binding proteins), constitute a family of
monomeric adaptor proteins and are associated with protein trafficking from the trans-Golgi network to endosomes. Here, we show that
GGA3 is monoubiquitylated by a RING-H2 type-ubiquitin ligase hVPS18 (human homologue of vacuolar protein sorting 18). By in vitro
ubiquitylation assays, we have identified lysine 258 in the GAT domain as a major ubiquitylation site that resides adjacent to the ubig-
uitin-binding site. The ubiquitylation is abolished by a mutation in either the GAT domain or ubiquitin that disrupts the GAT-ubiquitin
interaction, indicating that the ubiquitin binding is a prerequisite for the ubiquitylation. Furthermore, the GAT domain ubiquitylated by -
hVPS18 no longer binds to ubiquitin, indicating that ubiquitylation negatively regulates the ubiquitin-binding ability of the GAT
domain. These results suggest that the ubiquitin binding and ubiquitylation of GGA3-GAT domain are mutually inseparable through

a ubiquitin ligase activity of hVPS18.
© 2006 Elsevier Inc. All rights reserved.
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In eukaryotic cells, vesicular trafficking of proteins
between intracellular compartments, such as the Golgi
complex and the multivesicular body (MVB)/lysosome,
plays an important role in cellular functions. GGAs (Gol-
gi-localizing, y-adaptin ear domain homology, ADP-ribo-
sylation factor (ARF)-binding proteins) are a family of
monomeric adaptor proteins that regulate delivery of clath-
rin-coated vesicles from the TGN to endosomes [1-3]. In
mammals, there are three GGAs (GGAl, GGA2, and
GGA3) that share four functional domains, named VHS
(Vps27/Hrs/Stam), GAT (GGA and Toml (target of
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Myb 1)), hinge, and GAE (y-adaptin ear) [4-7]. The N-ter-
minal VHS domain directly binds to acidic cluster-dileu-
cine motifs found in the cytoplasmic domains of
transmembrane cargo proteins [8-10]. The GAT domain
is responsible for association of GGAs with the TGN
membrane through interacting with activated ARF (a
GTP-bound form) [11]. The proline-rich hinge region, the
most variable among the GGA isoforms, mediates recruit-
ment of clathrin [12]. The C-terminal GAE domain associ-
ates with various accessory proteins that modulate vesicle
transport [1,3]

In the past few years, a number of proteins that are
involved in membrane trafficking, especially in endocytosis
and degradation in lysosomes, have been shown to be
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functionally modulated by their ubiquitin binding and ubiqg-
uitylation [13-16]. Recently, it has also been shown that
ubiquitin binding and ubiquitylation play an important role
in selective transport of proteins from the TGN. The GAT
domains of GGAs bind to ubiquitin and/or ubiquitylated
proteins and undergo monoubiquitylation in the cell [17-
20]. The interaction between the GAT domain and ubiqui-
tin may endow GGAs with the ability to sort ubiquitylated
transmembrane proteins at both the TGN and endosomes.
Several ubiquitin ligases (E3) have been shown to be
involved in monoubiquitylation of membrane-associated
proteins and to participate in the endocytic and degradation
pathways [21]. For example, c-Cbl, a RING-type ligase,
ubiquitylates epidermal growth factor receptor (EGFR)
depending on ligand-stimulated phosphorylation of the
receptor [22], and Nedd4, a HECT-type ligase, is required
for monoubiquitylation of epsl15 and Hrs [23,24)].

The Class C Vps (vacuolar protein sorting) complex is
required for vesicle transport from the late endosome to
vacuole in yeast [25,26]. In mammals, VPS proteins also
appear to control the fusion events of late endosomes
and lysosomes [27,28]. In humans, four Class C VPS pro-
teins, hVPS11, hVPS16, hVPS18, and hVPS33, constitute
a large hetero-oligomeric complex that interacts with syn-
taxin 7 at late endosomes/lysosomes [29]. Moreover, they
also exist as a large detergent-insoluble HOPS (homotypic
fusion and vacuole protein sorting) complex that contains
additional components, hVPS39/Vamé6, and hVPS41/
Vam?2 [27]. Overexpression of VPS39/VaméS alters the late
endosome function in mammalian cells [30]. Thus, it is nec-
essary to discuss specific functions of Class C VPS proteins
based on the biochemical properties.

In this report, we have demonstrated that GGAs
(GGAI and GGA3 but not GGA2) are monoubiquitylated
by hVPS18, a RING-H2 type ubiquitin ligase, and identi-
fied a lysine residue in the C-terminal subdomain of the
GAT domain as a major ubiquitylation site. Furthermore,
we have shown that the monoubiquitylation negatively reg-
ulates the ubiquitin-binding ability of GGA itself. These
observations shed light on the regulatory mechanisms of
GGA to participate in membrane trafficking through the
association of hVPS18.

Materials and methods

Plasmid construction. Full-length and various truncated human GGA
c¢DNAs, as described previous, [17], were subcloned into the following
vector: the pGEX-4T2 (Amersham Biosciences) prokaryotic expression
vector for the production of GST-tagged fusion proteins. Myc-tagged
hVPS18 and hVPS11 mammalian expression vectors were prepared as
described previously [29]. The full-length hVPS18, hVPS11, and hVPS16
were subcloned into pFastBacHTDb insect expression vector (Invitrogen) to
generate Hisg-tagged fusion proteins.

Expression and preparation of recombinant proteins. E2 ubiquitin-con-
Jjugating enzyme, human Ubcd, was produced in Escherichia coli strain
BL21-Al (Invitrogen). GST-GGA (wild-type and truncated mutants)
and GST-ubiquitin (Ub) (wild-type and mutants) were expressed in
E. coli strain BL21-Al and the recombinant proteins were purified by
using glutathione-Sepharose 4B beads (Amersham Biosciences) in PBS

containing 1 mM PMSF, Complete protease inhibitor mixture, and 1%
Triton X-100. Hise-tagged hVPS18, hVPS11, and hVPS16 were expressed
in Sf-9 insect cells using baculovirus protein expression system (Invitro-
gen) and the recombinant proteins were purified under the denatured
condition (8 M urea), and followed by using TALON metal affinity beads
{BD Biosciences), and renatured in PBS. Circular dichroism spectra of the
wild-type and mutant proteins were recorded on a Jasco J-820 spectro-
polarimeter at 25°C using a cuvette with | mm path length with the
protein concentration of 30 uM in PBS.

Antibody. Polyclonal antibody against human GGAl, GGA2, and
GGA3 was raised in rats by immunization with purified full-length GGAL,
GGA2, and GGA3, respectively. These antibodies were affinity-purified
on HiTrap NHS-activated columns (Amersham Biosciences) conjugated
with immunogens. Monoclonal GGA3 antibody was purchased from BD
Transduction Laboratories. Anti-hVPSI8, hVPS11, and hVPS16 anti-
bodies were prepared as described previously [29].

Immunocytochemistry. Hela cells were immunostained with mouse
anti-GGA3 antibody and rabbit anti-hVPS18 as described previously {29].
To confirm intracellular colocalization, immunoreactivities were analyzed
by the sectioning microscope (Delta Vision) calibrated by using fluorescent
beads (TetraSpeck Fluorescent Microsphere Standards, 0.1 um,
Invitrogen).

Immunoprecipitation. Immunoprecipitation was performed as descri-
bed previously [29]. Briefly, the cells were transfected with various plas-
mids by Fugene 6 reagent (Roche Molecular Biochemicals) according to
the manufacturer’s instructions. At 24 h after transfection, total cell
lysates were incubated with 4 pg of anti-FLAG antibodies (monoclonal
M2, Sigma) at 4 °C overnight. Immunoprecipitation of the antigen-anti-
body complex was accomplished by adding 40 pl of protein G~Sepharose
for 1 h at 4 °C. Sepharose bound proteins were subjected to SDS-PAGE
and detected by Western blot analyses with anti-Myc antibody (Roche
Molecular Biochemicals) or anti-FLAG M2 antibody, respectively.

In vitro pull-down assay. In vitro pull-down assay was performed as
described previously [31]. Briefly, GST-GGA-GAT proteins were immo-
bihzed on glutathione-Sepharose 4B beads and incubated with Hisg-
hVPS18 at 25°C for 30 min. The resin was washed, subjected to SDS-
PAGE, and detected by Western blot analyses with either anti-Hisg anti-
body (Santa Cruz Biotechnology) or anti-GST antibody.

We performed assays of GGA3 binding to ubiquitin as described
previous [17]. Briefly, various GGA3 proteins were incubated with Ub-
(10 pi) or protein A-agarose (15 pl) beads (Sigma) for 1 h at room tem-
perature. The beads were washed, subjected to SDS-PAGE, and detected
by Western blot analyses using anti-GST antibody.

To prepare ubiquitylated GGA3 C-GAT proteins, GGA3 C-GAT
proteins were subjected to in vifro ubiquitylation assay and immobilized on
glutathione-Sepharose 4B beads. The beads were then washed with a buffer
(25 mM Hepes, pH 7.4, 0.1% Nonidet P-40, 0.5 M NaCl. and 50% ethylene
glycol) and eluted with 25 mM Hepes, pH 7.4. 20 mM reduced glutathione.

In vitro ubiquitylation assay. An in vitro ubiquitylation assay was
performed as described previously [29]. Briefly, GST-GGA proteins were
mixed with yeast E1 (500 ng) (Boston Biochem), human Ubc4, ubiquitin
(Boston Biochem) or GST-Ub (10 or 5 pg, respectively). and Hisg-tagged
hVPS18 (or hVPS11 or hVPS16). The mixture was incubated at 25 °C for
30 or 60 min in the presence of 50 mM Tris—HCI, pH 7.4, 5 mM MgCl,,
2 mM dithiothreitol (DTT), and 4 mM ATP in a 20 pl volume. After
incubation, the mixtures were immobilized on glutathione-Sepharose 4B
beads and washed with wash buffer for three times. The resin was sub-
jected to SDS-PAGE and detected by Western blot analyses using anti-
GST antibody or anti-Hisg antibody or specific antibody.

Results and discussion
Direct interaction with GGAs and hVPSI8

Recent studies identified the GAT domain as a ubiqui-
tin-binding module [17-20]. Furthermore, our recent yeast
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two-hybrid screening using hVPS18 as bait identified a par-
tial fragment of GGA3 [31]. We first confirmed the molec-
ular interaction by an in vitrro pull-down assay using
recombinant GGAs and hVPS18. As shown in Fig. [A,
Hise-hVPS18 was pulled down with the GST fusion of
the GAT domain of GGAl, GGA2 or GGA3. We next
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analyzed the in vivo interaction by a co-immunoprecipita-
tion experiment using lysates of cells cotransfected with
FLAG-GGAs and either Myc-hVPS18 or Myc-hVPSII.
As shown in Fig. 1B, all GGAs co-immunoprecipitated
hVPS18. By contrast, either GGA could not interact with
hVPS11, another Class C component having a RING-H2

Fig. |. GGA-GAT domains interact with hVPS18. (A) Hise-hVPS18 bound to three GST-GGA-GAT proteins was detected by Western blot analyses
using anti-GST antibody. (B) Cos7 cells were co-transfected with Hiss-FLAG-GGAs and Myc-hVPS11 or hVPSI8. At 24 h post-transfection, whole-cell
lysates were co-immunoprecipitated using anti-FLAG M2 antibody. Immunoprecipitates were resolved by SDS-PAGE and detected by Western blot
analyses using indicated antibody. (C) The interaction of endogenous GGA3 (Red) and hVPS18 (Green) in HeLa cells was detected by
immunocytochemistry. Colocalizing profiles are pointed out with arrows. Bar, 2 pm.
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domain. Considering the molecular interaction between
GGAs and hVPS18, a major issue that arises is the intracel-
lular localization of these proteins. GGAs have been char-
acterized as TGN-associated clathrin adaptors, whereas the
Class C VPS complex has been proposed to function in
endosomal/lysosomal compariments. We therefore ana-
lyzed the precise intracellular localization of endogenous
GGA3 and hVPS138 in Hela cells by the sectioning micros-
copy. The optical pathways were calibrated using fluores-
ceni labeled beads (0.1 um diameter). The thirty series of
sections covering 5 pm thickness were captured and decon-
voluted images were analyzed. As shown in a representa-
tive image Fig. 1C, GGA3 immunoreactivities (colored in
Red) and hVPS18 immunoreactivities (colored in Green)
were often colocalized on punctuates (colored in Yellows)
of perinuclear structures (indicated by arrowheads).

Monoubiquitylation of GGAs by hVPSI8, RING-H2 type
ubiquitin ligase

Our recent study, showed that the RING-H2 domain of
hVPSI18 displays a E3 ubiquitin ligase activity [31]. To
examine whether GGAs are ubiquitylated by the hVPS18,
we performed an in vitro ubiquitylation assay using full-
length GGAs as substrates. As shown in Fig. 2A, the
molecular weight of GGAl and GGA3 was shifted by ~8
kDa only in the simultaneous presence of ubiquitin, El,
E2 (UbcH4), and hVPS18 (lanes 2 and 6, respectively).
By contrast, the shift was not observed in the case of
GGA2 (lane 4), being compatible with our previous study
showing that GGA2 is not able to interact with ubiquitin
nor ubiquitylated in the cell. We next examined whether
the in vitro modification represents monoubiquitylation/
multiubiquitylation or not. In this experiment, we used
wild-type (WT) ubiquitin fused to GST, and its K48R
and KO (all lysine residues were replaced with arginine)
mutants, since these mutants are not conjugaied to conven-
tional polyubiquitin chains. As shown in Fig. 2B, when
GST-ubiquitin WT was used, the molecular weight of the
GGA3-GAT domain was shifted by 35 kDa, which corre-
sponds to the size of GST-ubiquitin. Essentially the same
band shift was observed using the K48R and KO mutants,
indicating that GGA3 is mainly monoubiquitylated by
hvPS18.

Since hVPS18 forms a complex with other Class C VPS
compeonents [29], we then examined whether hVPS11 and
hVPS16 were also involved in the monoubiquitylation of
GGA3. Although hVPSI1 also has a RING-H2 domain
and shows a ubiquitin ligase activity (data not shown),
it did not ubiquitylate the GGA3-VHS+GAT domain
irrespective of the presence of hVPS16 (Fig. 2C lanes 2
and 3). However, the monoubiquitylation of GGA3 by
hVPS18 was extremely enhanced in the presence of
hVPS11 and hVPS16 (compare lane 5 with lanes 6 and
7). This result makes it likely that hVPSIS8 is involved

in the monoubiquitylation of GGA3 as a Class C VPS

complex.
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Fig. 2. GGAs are monoubiquitylated by hVPSI8. (A) The in vitro
ubiquitylation of GST-GGAs wild-type by Hise-hVPS18. The sample was
detected by Western blot analyses using anti-GGAl, GGA2, or GGA3
(upper panel). Purified Hiss-hVPS18 protein was detected by Western blot
analyses using anti-Hiss antibody (lower panel). Asterisks represent
ubiquitylated form of GGAs. (B) The in vitro ubiquitylation of GST-
GGA3-GAT proiein in the presence of no-tagged ubiquitin (Ub) or GST-
fused ubiquitin (GST-Ub); wild-type (WT), K48R, or all lysines mutated
to arginines (KO). The sample was detected by Western blot analyses
using anti-GST or anti-Hiss antibody. Asterisks represent ubiquitylated
forms of GGA3 that conjugate to Ub (left panel) or GST-Ub (right panel).
(C) The in vitro ubiquitylation of GST-GGA3-VG (VHS+GAT) by
hVPS11 or hVPSI8 in the presence or absence of hVPS16. Purified Hise-
tagged hVPSI13 (or hVPSI1 or hVPS16) protein was detected by Western
blot analyses using specific antibodies.

Ubiquitin binding-dependent monoubiquitylation of GGA3-
GAT

Identification of the ubiquitylation site is of great signif-
icance to discuss the molecular mechanism underlying the
GGA ubiquitylation. We have recently shown that
GGA3 is ubiquitylated in the C-terminal subdomain of
its GAT domain (C-GAT) in vivo [17). We therefore,
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Fig. 3. GGA3 is ubiquitylated in the C-GAT domain. (A) Schematic
representation of GGA3. (B) The in vitro ubiquitylation of GST-GGA3
full-length or truncated mutants. The sample was detected by Western blot
analyses using anti-GST or anti-Hise antibody. The positions of ubiqui-
tylated GGA3 are indicated by a bracket.

performed an in vitro ubiquitylation assay using various
truncation mutants of GGA3 (Fig. 3A). As shown in
Fig. 3B, ubiquitylation occurred in the GGA3 fragments
covering the C-GAT subdomain (lanes 4, 8, 10, and 12)
but not in the GST protein (lane 2) nor the VHS domain
alone (lane 6), in agreement with our previous ubiquityla-
tion data in the cell [17].

Recent studies have shown, that many proteins contain-
ing ubiquitin-binding modules undergo monoubiquityla-
tion and more importantly, their ubiquitin-binding ability
is required for their own monoubuquitylation [23,32,33].
Therefore, we tested in vitro whether various GGA3
mutants that lack ubiquitin-binding ability were monoub-
iquitylated by hVPS18. As shown in Supplementary
Fig. 1, the GGA3-GAT helix «3 mutant (L280R or
D284G) defective in ubiquitin binding was not monoubiq-
uitylated (compare lane 2 with lanes 6 and 8). Essentially
the same result was obtained with a GGA3-GAT helix
a2/«3 double mutant, E250N/D284G. These results indi-
cate that binding to ubiquitin is a prerequisite for the
GGA3 ubiquitylation. Next we constructed various trun-
cated mutants of the GGA3-GAT domain (Supplementary
Fig. 2A) and compared their ubiquitin binding (in Supple-
mentary Fig. 2B) and ubiquitylation by hVPS18 (Supple-
mentary Fig. 2C). Remarkably, all of the GAT fragments
that retained ubiquitin-binding ability were monoubiquity-
lated by hVPS18, whereas the fragments lacking the ability
were not monoubiquitylated. These data indicate that
binding to ubiquitin and ubiquitylation of the GAT
domain are intimately coupled events.

Lys238 is the major ubiquitylation site

In the C-GAT subdomain of GGA3, there are six lysine
residues that can be conjugated to ubiquitin. To determine
which lysine residue(s) was ubiquitylated, we systematically
replaced the lysine residues with arginines (Fig. 4A) and
examined binding to ubiquitin and monoubiquitylation of
these lysine mutants. As shown in Fig. 4B, all of the C-
GAT mutants examined retained their ubiquitin-binding
ability. In striking contrast, they were variable in the ubig-
uitylation efficiency (Fig. 4C). Namely, (i) a mutant,
5KR(258), in which all the lysine residues except for
K258 were replaced with arginines (Fig. 4A), underwent
monoubiquitylation (lane 10) at comparable efficiency to
that of the WT C-GAT subdomain (lane 2); (ii) the

- 5KR(249), SKR(264), and SKR(294) mutants underwent

ubiquitylation at extremely low efficiency (lanes 8, 12,
and 14); and (iii) ubiquitylation of SKR(210), 5KR(213),
and 6KR mutants was under the detection level (lanes 4,
6, and 16). As shown in Supplemental Figure 4, the circular
dichroism spectra of WT and 5KR(258) were almost iden-
tical, suggesting that the mutations did not significantly
affect the overall conformation of the C-GAT subdomain.
Taken together, we conclude that lysine 258 is the major
site ubiquitylated by hVPS18, although other lysine resi-
dues at positions 249, 264, and 294 were also ubiquitylated
to some extent.

Model of GGA3-GAT domain ubigquitylated at Lys258

Previously, we determined the crystal structure of the
complex between GGA3 C-GAT and ubiquitin, and
showed primarily hydrophobic interactions in which the
site 1 in C-CAT constitutes the binding site with three times
higher affinity than the site 2 [34]. To understand the
molecular basis for the coupling of ubiquitin binding and
ubiquitylation of the GGA3-GAT domain, we mapped
the positions of lysine residues of GGA3 C-GAT in the
complex structure (Fig. 5). Among the six candidate lysine
residues, lysine 258 is the closest to the C-terminus of ubiq-
uitin (Fig. 5, Table 1), suggesting that this lysine is most
susceptible to ubiquitin conjugation. This model also sug-
gests that no major structural rearrangement between ubiq-
uitin and the GGA3 C-GAT domain is required for the
ubiquitylation of lysine 258.

Ubiquitvlated GGA3 C-GAT loses its ubiquitin-binding
ability

Hicke et al. have proposed a possibility that ubiquityla-
tion of ubiquitin-binding proteins might generally have a
regulatory function by affecting association of their ubiqui-
tin-binding modules with either free ubiquitin or ubiquity-
lated proteins [13]. To address this possibility, we
performed in vitro pull-down assay using reaction products
of the in vitro ubiquitylation, in which both ubiquitylated
and non-ubiquitylated C-GAT proteins were included. As
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Fig. 4. GGA3 is mainly ubiquitylated at lysine 258 that resides in the two ubiquitin-binding sites. (A} Schematic representation of GGA3-GAT. (B) The
in vitro pull-down assay of GGA3 C-GAT. Equal amounts of purified GGA3 C-GAT proteins were incubated with Ub- or Protein-A-agarose. The resin
was washed, subjected to SDS-PAGE, and detected by Western blot analyses with anti-GST antibody. Ten percent of input samples were loaded on inpuz
lanes. (C) The in vitro ubiquitylation of GST-GGA3 C-GAT proteins. The sample was detected by Western blot analyses using anti-GGA3 antibody.

shown in Fig. 6, the ubiquitylated form of C-GAT WT or
its SKR(258) mutant was not pulled down with ubiquitin-
agarose beads (lanes 3 and 7, indicated by asterisks),
whereas their non-ubiquitylated forms were pulled down
well. This result indicates that covalent modification by
ubiquitin at lysine 258 makes C-GAT inaccessible to
ubiquitin.

Recent advances have uncovered that several mem-
brane-trafficking events are mediated by ubiquitin binding
and monoubiquitylation, including changes in subcellular
localization, protein conformation, activity, and protein-
protein interaction. [16,35,36]. GGA might have evolved
to allow a wide variety of proteins to interact directly with
ubiquitin or ubiquitylated proteins during various cellular
processes {1,20,37,38]. In this study, we first identified that

hVPSI8 acts as a genuine ubiquitin ligase of GGAs
(Fig. 2A). The modification by hVPSI$ slightly differs
among GGAs; the monoubiquitylation occurs in one or
multiple lysine sites of GGAl and GGA3 but not of
GGAZ2 (Figs. 2A and B). We then focused on GGA3 and
tried to identify the responsible lysine. By taking an advan-
tage of E3 identification, we utilized various KR mutants
(Fig. 4). Finally, we identified the lysine 258 is the main tar-
get lysine for the ubiquitylation by hVPSI18. If we closely
look at the results of co-crystallization of GGA3 C-GAT
and ubiquitin, the lysine 258 is located at the closest posi-
tion to the C-terminus of ubiquitin, suggesting that the
ubiquitin binding is necessary for ubiquitylation.

It has been recently shown that a free ubiquitin or ubig-
uvitylated proteins are recognized by small (20-150 amino
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GGA3 GAT

ubiquitin

Fig. 5. Molecular surface representation of GGA3 C-GAT. The model
was built by combining the crystal structures of the complex between
ubiquitin and GGA3 C-GAT subdomain [34] and the entire GGAl GAT
domain [44). Ubiquitin and GGA3 GAT domain are shown as ribbon
diagrams with transparent surface representations (ubiquitin, Orange;
GGA3 GAT, Green). Six lysine residues of the GGA3 C-GAT subdomain
are shown with space-filling atoms (carbon atoms, Yellow; nitrogen atoms,
blue). The C-terminal of ubiquitin (The last visible residue in the crystal,
Leu73) and the side chain of Lys258 of GGA3 GAT are connected by an
orange dotted line. Figure was drawn using PyMOL (http://pymol.
sourceforge.net).

Table 1
Distances between the nitrogen atoms of the lysine side chains of C-GAT

and the x carbon atom of Leu73 of ubiquitin, in the model structure in
Fig. 5

Lysine . 210 213 249 258 264 294
Distance (A) 32.0 24.1 14.3 12:7 24.5 21.5

Leu73 of ubiquitin is the C-terminal residue visible in the crystal.

acids), independently folded motifs; ubiquitin-interacting
motif (UIM), ubiquitin-associated (UBA), ubiquitin-conju-
gating enzyme-like (UBC)/ubiquitin E2 variant (UEV), or
Cuel-homologous (CUE) domains [39]. These domains
are also referred to as ubiquitin receptors [40]. However,
in most cases, little is understood how biochemical interac-
tions are transferred to downstream signals by these ubiq-
uitin-binding proteins. Immediately after ubiquitin-binding
abilities were reported, it was generally accepted that ubig-
uitin receptors are themselves ubiquitylated. Interestingly,
the ubiquitylation of ubiquitin receptors requires ubiquitin
binding. From our results, all of the GAT mutants that
lack ubiquitin binding also inhibit ubiquitylation (Fig. 6).
Conversely, a ubiquitin mutant (Ile44Ala) that cannot bind

WT 5KR(258)
. < L <
kDa 2 o 2 32 o 2

ES5858 85858

Ub-C-GAT

WB:GST

C-GAT

1 2 3 4

5 67 8

Fig. 6. Ubiquitylated GGA3 prevents further attachment to ubiquitin.
The in vitro pull-down assay of ubiquitylated GGA3-GAT proteins. Equal
amounts of ubiquitylated GGA3-GAT proteins were incubated with Ub-
or Protein-A-agarose. The resin was washed, subjected to SDS-PAGE,
and detected by Western blot analyses with anti-GST antibody. The
supernatants were subjected to incubate with glutathione-Sepharose 4B
(lanes 4 and 8). The 25% of input samples were loaded on input lanes (lane
1 and 5). Asterisks indicate that ubiquitylated forms of GGA3-GAT could
not bind to Ub-agarose.

ubiquitin receptors per se cannot be conjugated to GAT
domain. Previous reports described that the GAT domain
contains two binding sites for ubiquitin [34]. The site 1 cen-
ters on leucine 227 and the site 2 centers on leucine 276.
The site 1 has a higher affinity for ubiquitin than does site
2. When a ubiquitin was conjugated to the lysine 258 that is
close to the site 1, no more ubiquitin can bind to the GGA3
C-GAT. This type of autoinhibition is reminiscent of intra-
molecular SH2-domain-phosphotyrosine interaction [41].
There has been a strong link between the presence of ubig-
uitin binding in a protein and its ubiquitylation. Ubiquitin
binding and ubiquitylation of ubiquitin receptors are close-
ly coupled and mutually inseparable [42,43]. But so far no
ubiquitylation of lysine in the UBD has been reported. This
is the first example demonstrating the ubiquitylated lysine
resides in the UBD and consequently inhibit further ubiq-
uitin binding. hVPSI18 is one of the responsible E3 ubiqui-
tin ligases that directly regulate the ubiquitin binding by
conjugating ubiquitin in UBD of GGA3. A major question
that has not been answered is to test how E3 hVPSI8 is
recruited to ubiquitin-binding proteins.

The ubiquitin ligase E3 functions as a monomer or a
complex with other cofactors, such as SCF (Skpl/cullin/
F-box protein) and the anaphase-promoting complex or
cyclosome (APC/C) [35]. But none of the ligase activity
has been observed when the catalytic subunit was solely
added. Our study showed hVPS18, in the presence of El
and E2, is sufficient for the in vitro ubiquitylation of
GGA3, but the modification was significantly enhanced
when equal molar of hVPS11 and hVPS16 are mixed. Pre-
vious report demonstrated that hVPSI8, hVPSII, and
hVPS16 constitute a hetero-oligomeric complex in the
cytosolic membrane of endosome/lysosome [29]. The aug-
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mented ligase-activity implies that the complex formation
plays the functionally significant role both in vivo and
in vitro.

In this report, we identified hVPS18 as a ubiquitin ligase
(E3) for the monoubiquitylation of GGAs through their
abilty ol ubiguitin-interaction. A number of molecules
have been reported to interact with GGA, such as ARF,
Rabaptin-5, clathrin, AP-1, and v-synergin [1,3]. It will
be a next issue to address whether these interactions are
regulated via monoubiquitylation by hVPS18.

Appendix A. Supplementary data

Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.bbrc.2006.
09.013.
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Photoreceptor Cell Apoptosis in the Retinal
Degeneration of Uchl3-Deficient Mice
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UCH-L3 belongs to the ubiquitin C-terminal hydro-
lase family that deubiquitinates ubiquitin-protein
conjugates in the ubiquitin-proteasome system. A
murine Uchl3 deletion mutant displays retinal de-
generation, muscular degeneration, and mild
growth retardation. To elucidate the function of
UCH-L3, we investigated histopathological changes
and expression of apoptosis- and oxidative stress-
related proteins during retinal degeneration. In the
normal retina, UCH-L3 was enriched in the photo-
receptor inner segment that contains abundant mi-
tochondria. Although the retina of UchlI3-deficient
mice showed no significant morphological abnor-
malities during retinal development, prominent
retinal degeneration became manifested after 3
weeks of age associated with photoreceptor cell
apoptosis. Ultrastructurally, a decreased area of mi-
tochondrial cristae and vacuolar changes were ob-
served in the degenerated inner segment. Increased
immunoreactivities for manganese superoxide dis-
mutase, cytochrome ¢ oxidase I, and apoptosis-

inducing factor in the inner segment indicated-

mitochondrial oxidative stress. Expression of cyto-
chrome c, caspase-1, and cleaved caspase-3 did not
differ between wild-type and mutant mice; how-
ever, immunoreactivity for endonuclease G was
found in the photoreceptor nuclei in the mutant
retina. Hence, loss of UCH-L3 leads to mitochon-
drial oxidative stress-related photoreceptor cell ap-
optosis in a caspase-independent manner. Thus,
Uchli3-deficient mice represent a model for adult-
onset retinal degeneration associated with mito-
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chondrial impairment. (4mJ Patbol 2006, 169:132-141;
DOI: 10.2353/ajpath.2006.060085)

The ubiquitin system has been implicated in numerous
cellular processes, including protein guality control, cell
cycle, cell proliferation, signal transduction, membrane
protein internalization, and apoptosis.’? Ubiquitin-de-
pendent processes are regulated by ubiquitinating en-
zymes, E1, E2, and E3, and deubiquitinating enzymes
such as ubiquitin-specific proteases and ubiquitin C-
terminal hydrolases (UCHs)." 2> To date, four isozymes
of UCHs, UCH-L1, UCH-L3, UCH-L4, and UCH-L5, have
been cloned in mouse or human.®~8 UCH-L1, also known
as PGP 9.5, has been well characterized among the
isozymes. UCH-L1 is selectively localized to brains and
testis/ovaries” and functions as a ubiquitin ligase in ad-
dition to a deubiquitinating enzyme.® Furthermore, two
distinct mutations are linked to Parkinson’'s disease in
human'® and gracile axonal dystrophy (gad) in mice."’
UCH-L3, on the other hand, displays 52% amino acid
identity to UCH-L1."2 Uchi3 mRNA is expressed through-
out various tissues and is especially enriched in testis
and thymus."® In addition to its ubiquitin hydrolase activ-
ity, in vitro studies indicate that UCH-L3 cleaves the C
terminus of the ubiquitin-like protein Nedd-8.'%'S Al-
though UCH-L1 and UCH-L3 are suggested to function
as reciprocal modulators of germ cell apoptosis in exper-
imental cryptorchid testis,'® the cellular locafization and
function of UCH-L3 remain unknown in other organs.
Recently, Uchi3-deficient mice were generated with a
deletion of exons 3 to 7, which are essential for hydrolase
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activity.’® These mutant mice display postnatal retinal
and muscular degenerations as well as mild growth re-
tardation.’” Retinal development is morphologically nor-
mal, but progressive retinal degeneration is reported to
be evident at 3 months after birth."” However, precise
chronological changes and the mechanism of the retinal
degeneration in -Uchl3-deficient mice has not been
studied.

Both the caspase-dependent pathway and the
caspase-independent pathway have been proposed to
be involved in the models of retinal degeneration, includ-
ing model animals for retinitis pigmentosa (such as Royal
College of Surgeons (RCS) rat and retinal degeneration
(rd) mice),'® retinal detachment,® light injury,2%2" isch-
emic injury,?? and age-related macular degeneration.®®
In the ubiquitin system, UCH-L1 is involved in ischemia-
induced apoptosis in the inner retina.?* The role of
UCH-L3 in retinal degeneration, however, is unclear.

To elucidate the function of UCH-L3, we investigated
the histopathological changes and protein expression
with respect to apoptotic pathways in Uch/3-deficient
mice. Our resuits show that UCH-L3 is mainly localized to
the photoreceptor inner segment that contains abundant
mitochondria in the normal retina. Uch/3-deficient mice
displayed caspase-independent apoptosis during post-
natal retinal degeneration associated with increased ex-
pression of the markers for mitochondrial oxidative stress
at the inner segment. We propose a possible antiapop-
totic role of UCH-L3 in photoreceptor cells.

Materials and Methods

Animals

We used age-matched Uchf3-deficient mice and wild-
type mice, all of which were offspring male from 15 to 20
pairs of heterozygotes that had been backcrossed with
C57BL/6J at postnatal ages of O days (P0O), 10 days
(P10), 3 weeks (3w), 6 weeks (6w), 8 weeks (8w), and 12
weeks (12w). The total number of wild-type and Uchi3-
deficient mice examined in the present study was 79, of
which 30 mice were used for Western blotting, 42 mice
were used for hematoxylin and eosin staining, immuno-
histochemistry, and terminal deoxynucleotidy! trans-
ferase-mediated dUTP nick end labeling (TUNEL) assay,
and 7 mice were used for electron microscopy. The mice
were maintained at the National Institute of Neuro-
science, National Center of Neurology and Psychiatry
(Tokyo, Japan). The experiments using the mice were
approved Dby the Institute’'s Animal Investigation
Committee.

Western Blotting

Eyes from P10-, 3w-, and 6w-old mice of both genotypes
(10 mice in each time point, for a total of 30 mice) were
lysed in protein lysis buffer (100 mmol/L Tris-HCI, pH 8.0,
300 mmol/L NaCli, 2% Triton X-100, 0.2% SDS, 2% so-
dium deoxycholate, 2 mmol/L EDTA) containing protease
inhibitor (Complete protease inhibitor cocktail; Sigma-
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Aldrich, St. Louis, MO). The amount of total protein of
each sample was determined by the Bio-Rad protein
assay (Bio-Rad, Hercules, CA) using bovine serum albu-
min as a standard. Total protein (50 ugflane) was sepa-
rated by 15% SDS-polyacrylamide gels (Perfect NT Gel,
DRC, Tokyo, Japan). Proteins were transferred to im-
muno-Blot polyvinylidene difluoride membranes (Bio-
Rad) and incubated with 5% skim milk in TBST (50
mmol/L Tris-HClI-butfered saline, pH 7.0, containing
0.05% Triton X-100) for 1 hour at room temperature. The
membranes were incubated with a 1:1000 dilution of
each primary antibody for UCH-L1, UCH-L3,2> and B-ac-
tin (1:1000; Sigma-Aldrich) overnight at 4°C. For the
preparation of anti-mouse UCH-L1 antibody, histidine--
tagged mouse UCH-L1 (6His-mUCH-L1) was prepared
as described previously®® and used to generate a poly-
clonal antiserum in rabbit (Takara, Tokushima, Japan).
The polyclonal antibody was purified by affinity chroma-
tography. The specificity of this antibody to the mouse
UCH-L1 was verified by Western blotting using brain
lysates from gad mice and wild-type mice (data not
shown). The membranes were washed in TBST and fur-
ther incubated with antimouse or rabbit 1gG-horseradish
peroxidase conjugate (1:1000; Chemicon, Temecula,
CA). After washing in TBST, the membranes were devel-
oped with the Super Signal West Dura or Femto Extended
Duration Substrate (Pierce, Rockford, IL) and analyzed
with a Chemilmager (Alpha Innotech, San Leandro, CA).
Western blotting was performed five times per each
antibody.

Morphometric Analysis and
Immunohistochemistry of Retina

Mice of both genotypes at PO, P10, 3w, 6w, 8w, and
12w of age (7 mice in each time point, total of 42 mice)
were deeply anesthetized with diethylether, decapi-
tated, and the eyes removed, immersion-fixed with 4%
paraformaldehyde overnight at 4°C, and embedded in
paraffin wax. Deparaffinized sections were stained with
hematoxylin and eosin and examined under an Axio-
plan2 microscope (Carl Zeiss, Oberkochen, Germany)
at a magnification X400, and the thickness of each
layer was measured using WinRoof software (Mitani
Shoji, Tokyo, Japan).

For immunohistochemical studies, 5-um-thick sagittal
sections at the level of the optic nerve were deparaf-
finized and treated with 1% hydrogen peroxide (H,0,) for
30 minutes, incubated with 1% skim milk in phosphate-
buffered saline (PBS, pH 7.4) for 1 hour at room temper-
ature followed by incubation cvernight at 4°C with each
primary antibody for UCH-L1 and UCH-L3%% diluted
1:500 in 1% skim milk in PBS. To characterize apoptosis-
and oxidative stress-related proteins, antibodies to the
following proteins were used; apoptosis-inducing factor
(AIF; 1:500, Chemicon), caspase-1 (1:100; Cell Signaling
Technology, Beverly, MA), caspase-3 (1:1000; Cell Sig-
naling Technology), cleaved caspase-3 (1:50; Cell Sig-
naling Technology), cytochrome ¢ (1:1000; Santa Cruz
Biotechnology, Santa Cruz, CA), cytochrome ¢ oxidase |
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(COX, 1:10.000; Molecular Protes, Eugene, OR), endo-
nuclease G (Endo G; 1:500, Chemicon) and manganese
superoxide dismutase (Mn-SOD; 1:10,000, Stressgen,
Victoria, BC, Canada). The sections were washed in PBS
and then incubated with biotinylated secondary antibod-
ies diluted 1:500 in PBS containing 1% skim milk. The
sections were treated with the VECTASTAIN Elite ABC kit
(Vector Laboratories, Burlingame, CA) according to the
manufacturer's protocol and developed with 0.02% 3.3'-
diaminobenzidine tetrahydrochloride solution containing
0.003% H,0,. After visualization, sections were counter-
stained with hematoxylin. Sections were examined with
an Axioplan2 microscope (Carl Zeiss). Immunohisto-
chemistry was performed in at least three repeated ex-
periments. The relative immunoreactivity for COX, Mn-
SQOD, AlF, and Endo G in each layer of mutant mice was
compared with that of wild-type mice and was classified
into no change (—), slight increase (%), mild increase
(+), and marked increase (+ +).

TUNEL Staining

Apoptotic cells were examined in mice of both genotypes
at PO, P10, 3w, 6w, Bw, and 12w (7 mice in each time
point, for a total of 42 mice) by TUNEL stain using the
Dead-End Fluorimetric TUNEL system kit (Promega,
Madison, WI) according to the manufacturer's instruc-
tions. The sections were examined by using a confocal
laser scanning microscope (Olympus, Tokyo, Japan).
The microphotographs were captured at magnification
X400 (0.066 mmZ/each retinal section), positive cells
were counted (Fluoview 2.0; Olympus), and the data
were subjected to statistical analysis.

Electron Microscopic Analysis

3w-old mice of both genotypes (total 7 mice) were
deeply anesthetized with 20% chloral hydrate aqueous
solution and perfused with the following fixative: 2%
paraformaldehyde, 2% glutaraldehyde in PBS, or so-
dium cacodylate buffer (pH 7.4). The eyes were re-
moved and postfixed with the same fixative overnight
at 4°C. The posterior segments of eyes were trimmed
and washed with PBS or sodium cacodylate buffer,
incubated in phosphate-buffered 1% osmium tetroxide
for 1 hour, and dehydrated in ethanol and embedded
in Epon 812 resin (TAAB, Berks, UK). Ultrathin sections
(75 nm) were mounted on copper grids and stained
with uranium acetate and lead citrate. The sections
were cbserved using an H-7000 electron microscope
(Hitachi, Tokyo, Japan). Morphometric analysis of mi-
tochondria was performed by measuring average per-
centage of area occupied by cristae within a mitochon-
drion at the inner segment

Statistical Analysis

In statistical analysis of thickness of retinal layers and
TUNEL-positive cells, three wild-type and four Uchi3-ds-
ficlent mice were used in each tima pont (PO, P10, 3w.

Uchi3 -/-
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Figure 1. Expression of UCH-L1 and UCH-L3 in the reuna of wild-type and
Lchi3-deficient mice A: Western blot analysis of UCH-L3 and UCH-L1 using
whole-eye lysates from wild-type and lich!3-deficient mice at P10, 3w, and
6w The immunareactive band for UCH-L3 is undetectable in fchi3-deficient
mice Expression of UCH-L1 is similar between both genotypes. B and C:
Immunohistochemistry for UCH-L3 (B) and UCH-L1 (C) in wild-type and
tchi3-deficient mice retinae at 3w [mmunoreactivity of UCH-L3 is found at
the inner segment of the wild-rype retina (arrowheads). whereas there is no
significant immunoreactivity in Lchl3-deficient mice (B) UCH-L1 is ex-
pressed at the inner retina in both genotypes D: Immunohistochemistry of
UCH-L3 at P10, 3w. and 6w in wild-type retinae UCH-L3 is faintly expressed
in the outer plexiform layer at P10 (arrowheads ) Thereafter. immunoreac
uvity for UCH-L3 is found in inner segment at 3w and 6w (arrowheads) PR,
photoreceptor: OS, outer segment: IS, inner segment: ONL, outer nuclear
layer: OPL, outer plexiform layver: INL, inner nuclear laver. IPL. nner plexi-
form laver GCL. ganghon cell laver Scale bars = 50 wm (Band Chand 20 pm
(D
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Figure 2. Histopathological changes of postnatal development in wild-type (A) and retinal degeneration of Uchl3-deficient mice (B) at PO, P10, 3w, 6w, 8w, and
12w. There is no morphological difference between both genotypes at PO and P10, whereas outer and inner segments, outer nuclear layers, and outer plexiform
layers are progressively degenerated after 3w of age. The illustration indicates a rod photoreceptor cell. VZ, ventricular zone; PR, photoreceptor; OS, outer
segment; 1S, inner segment; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer: GCL, ganglion cell layer

H&E staining. Scale bar = 20 pm (A and B).

6w, Bw, and 12w; for a total of 42 mice). The percentage
of cristae area to whole mitochondrion in ultramicropho-
tographs was measured in 50 mitochondria of each ge-
notype from three wild-type mice and four Uchi3-deficient
mice, and the data were subjected to statistical analysis.
All statistical analyses were carried out by Student's t-test
using Microsoft Excel.

Results

Expression of UCH-L3 in the Murine Retina

Western blotting detected UCH-L3 (~30 kd) in extracts of
eyes from wild-type mice at P10, 3w, and 6w, but the
band was undetectable in Uchi3-deficient mice (Figure

1A). The expression level of UCH-L1 was similar in both
genotypes. There was a tendency that the level of
UCH-L3 decreased with age while the level of UCH-L1
increased with age in wild-type mice of all samples ex-
amined (five blots per antibody). Immunohistochemically,
the cellular distribution of UCH-L3 differed from that of
UCH-L1. UCH-L3 was enriched in the photoreceptor in-
ner segment in wild-type mice at 3w of age (Figure 1B),
whereas UCH-L1 was expressed in both genotypes in the
inner retina, which consists of the inner nuclear layer,
inner plexiform layer, and ganglion cell layer (Figure 1C).
Localization of UCH-L3 in the wild-type retina was altered
with age (Figure 1D). Immunoreactivity for UCH-L3 was
not found at PO. UCH-L3 was faintly expressed in the
outer plexiform layer at P10. Thereafter, it was localized to
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inner segment at 3w. The inner segment was less immu-
noreactive for UCH-L3 at 6w, 8w, and 12w, compared
with 3w.

Histopathological Changes of Retinal
Degeneration in the Uchl3-Deficient Mice

Microscopic examination of retinal cross-sections re-
vealed no obvious histopathological changes during
early postnatal development at PO and P10 in the retina of
Uchi3-deficient mice (Figure 2). At 3w of age, the mutant
retina began to degenerate in the inner segment and
ultimately disappeared at 12w (Figures 2B and 3D).
Thickness of the outer segment, outer nuclear layer, and
outer plexiform layer was also significantly decreased in
the mutant mice at 6w of age (Figure 3, C, E, and F).
Despite the conspicuous change in the photoreceptor
cells, the thickness of the mutant inner retina up to 12w of
age was not altered compared with that of the wild-type
(Figure 3, G-1).

Ultrastructurally, vacuolar changes were found in the
inner segment of Uchi3-deficient mice at 3w of age (Fig-
ure 4). Mitochondria at the inner segment of mutant mice
were slightly swollen. Groups of small round-to-oval
structures were observed in the degenerated inner seg-
ment (Figure 4D), and these structures were considered
to be the cross-sections of cell processes. Chromatin
condensation in photoreceptor nuclei was sometimes
seen in the outer nuclear layer at 3w (Figure 4F). Mor-
phometric analysis showed that the percentage of cristae
area to whole area of mitochondrion in the inner segment
of Uchi3-deficient mice was significantly lower than that of
wild-type mice (Figure 4, G and H).

Altered Expressions of Apoptosis-Related
Proteins in the Degenerated Retina

Apoptotic cells in the retinal cross-sections were identi-
fied using the TUNEL staining. TUNEL-positive cells were
identified in the ventricular zone at PO and inner nuclear
layer at P10 of both genotypes during the developmental
period (Figure 5, A and C). The number of TUNEL-posi-
tive cells slightly increased in the inner nuclear layer at
P10. After 3w of age, TUNEL-positive cells of mutant
retina significantly increased at the outer nuclear layer of
the mutant retina at 3w, 6w, and 8w (Figure 5, A and D).

To determine which apoptotic pathway was activated
in Uchi3-deficient mice, we examined immunoreactivities
of apoptosis-related proteins. Expression of cytochrome
¢, caspase-3, and cleaved caspase-3 and caspase-1,
essential molecules for the caspase-dependent pathway,
were unchanged in both genotypes (Figure 6A), whereas
oxidative stress markers, COX and Mn-SOD as well as
AlF and Endo G, indicators of the caspase-independent
pathway, were altered in the mutant retina (Figure 68).
Chronological changes in expression of markers for oxi-
dative stress and caspase-independent apoptosis at PO,
P10, 3w, 6w, 8w, and 12w are shown in Table 1. The
immunoreactivity of COX was increased in the inner seg-
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Figure 3. Chronological changes of retinal degeneration as assessed by
thickness of each layer at different ages in wild-type and Uchi3-deficient
mice. A: Total retinal thickness is progressively decreased after 3w of age. B:
Thickness of ventricular zone at PO and photoreceptor layer at P10 shows no
significant changes between both genotypes. C—F: Thickness of outer retinal
layers in wild-type and Uchi3-deficient mice at different ages. The earliest
change is revealed at 3w of age in inner segment of mutant retina (D).
Thickness of outer segment (C), outer nuclear layer (E), and outer plexiform
layer (F) in Uchi3-deficient mice is significantly decreased with age com-
pared with that in the wild-type. G-I: Thickness of inner retinal layers in
wild-type and Uchi3-deficient mice at different ages. Thickness of inner
nuclear layer (G), inner plexiform layer (H), and ganglion cell layer (I) are
unchanged between both genotypes. Each value represents the mean + SE
(*P < 0.05; **P < 0.01). In all panels, the white bars represent the thickness
in wild-type mice and the black bars represent the thickness in Uchi3-
deficient mice. VZ, ventricular zone; PR, photoreceptor; OS, outer segment;
IS, inner segment; ONL, outer nuclear layer; OPL, outer plexiform layer; INL,
inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer.
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ment at 3w and 6w. Mn-SOD was mildly increased in the
inner segment at 3w, 6w, and 8w. Although AIF was
enriched in the inner segment of Uch/3-deficient mice at
3w and 6w, nuclear labeling of AIF was not observed. On
the other hand, Endo G was localized to the nuclei of the
outer nuclear layer of the mutant retina at 3w and 6w.
Expression of Endo G was slightly increased in the outer
plexiform layer, inner nuclear layer, and inner plexiform
layer of Uchi3-deficient mice after 3w of age (Table 1).
Thus, degeneration of photoreceptor celis in Uchi3-defi-



