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remains unclear.

trafficking of ubiquitinated cargo.
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(Background: The endocytic trafficking pathway for L1 proteolytic degradation following L1-L1 homophilic binding

Results: Changes in Rabex-5 expression alter the dynamics of ubiquitinated L1 endocytic trafficking.
Conclusion: Rabex-5 has an essential role in the endocytic trafficking of ubiquitinated L1.
Significance: The motif interacting with ubiquitin (MIU) domain, not the A20 ZnF domain, in Rabex-5 controls the endocytic

J

Ubiquitination of integral membrane proteins is a common
posttranslational modification used to mediate endocytosis and
endocytic sorting of cell surface proteins in eukaryotic cells.
Ubiquitin (Ub)-binding proteins (UBPs) regulate the stability,
function, and localization of ubiquitinated cell surface proteins
in the endocytic pathway. Here, I report that the immunoglob-
ulin superfamily cell adhesion molecule L1 undergoes ubiquiti-
nation and dephosphorylation on the plasma membrane upon
L1 antibody-induced clustering, which mimics L1-L1 homo-
philic binding, and that these modifications are critical for
obtaining the maximal rate of internalization and trafficking to
the lysosome, but not to the proteasome. Notably, L1 antibody-
induced clustering leads to the association of ubiquitinated L1
with Rabex-5, a UBP and guanine nucleotide exchange factor for
Rab5, via interaction with the motif interacting with Ub (MIU)
domain, but not the A20-type zinc finger domain. This interac-
tion specifically depends on the presence of an Ub moiety on
lysine residues in L1. Rabex-5 expression accelerates the inter-
nalization rates of L1¥" and L1¥''7%4, a tyrosine-based motif
mutant, but not L1¥"'®, an ubiquitination-deficient mutant,
leading to the accumulation of ubiquitinated L1 on endosomes.
In contrast, RNA interference-mediated knockdown of Rabex-5
impairs the internalizations of L1¥T and L1¥''7%A) but not
L1¥"R from the plasma membrane. Overall, these results pro-
vide a novel mechanistic insight into how Rabex-5 regulates
internalization and postendocytic trafficking of ubiquitinated
L1 destined for lysosomal degradation.

L1 is an immunoglobulin superfamily cell adhesion molecule
implicated in a number of developmentally important pro-
cesses, including neuronal cell migration, axon outgrowth, and
axon fasciculation (1, 2). It is well established that endocytic
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retrieval from the rear of the growth cone maintains an L1 gra-
dient across the growth cone and provides a pool of vesicular L1
available for local exocytosis (3—5). The endosomal trafficking
is also required to target L1 properly to the growing axon.
L1/neuron-glia cell adhesion molecule reaches the axon indi-
rectly by transcytosis, involving initial somatodendritic target-
ing followed by endocytosis and trafficking to the axon from
somatodendritic endosomes (6—8). L1 endocytosis is sub-
strate-dependent process and occurs as a consequence of L1-L1
homophilic binding. The cytoplasmic tail of L1 contains a tyro-
sine-based recognition motif (YRSLE) that mediates binding to
the AP-2 clathrin endocytosis adaptor (5). L1-L1 homophilic
binding causes dephosphorylation of this tyrosine-based motif
and triggers endocytosis via recruitment of AP-2 (9). In con-
trast, binding to AP-2 is reduced upon phosphorylation of the
tyrosine-based motif downstream of Src signaling (9). Although
the dynamic nature of L1-L1 homophilic binding has been
studied in detail by using sophisticated live imaging and quan-
titative tracking approaches (10), the molecular components of
postendocytic delivery to lysosomes for down-regulation upon
L1-L1 homophilic binding are yet to be identified and
characterized.

Posttranslational attachment of ubiquitin (Ub)? to polypep-
tides has a fundamental role in modulating the plasma mem-
brane protein composition (11-13). The current paradigm
(supported by studies on chimeric receptor-Ub fusion proteins
in yeast and mammalian cells) suggests that ubiquitination pro-
motes the internalization and sorting of cargo receptors by
recruiting Ub-binding proteins (UBPs), which link cargo to
components of endocytic and sorting machinery (14-16). A
number of UBPs, including Rabex-5, present at endosomes are
able to participate in degradative sorting of ubiquitinated cargo
(14-16). Rabex-5, originally identified as a rabaptin-5-interact-
ing protein, possesses GEF activity for Rab5 (17). It is a multi-
domain protein consisting of an A20-type zinc finger (ZnF)
fused to a motif interacting with Ub (MIU) domain at the N

2The abbreviations used are: Ub, ubiquitin; CHX, cycloheximide; EGFP,
enhanced GFP; GEF, guanine nucleotide exchange factor; MIU, motif inter-
acting with Ub; UBP, Ub-binding protein; ZnF, zinc finger.
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terminus, membrane-binding motif, and tandem helical bun-
dle-VPS9 domains at the center, and a coiled coil region at the C
terminus. Rabex-5 binds Ub through the tandem ZnF and MIU
UBDs and undergoes UBD-coupled monoubiquitination
driven by ZnF Ub-ligase activity (18, 19). Rabex-5 GEF activity
is mediated by the helical bundle-VPS9 tandem domains (20).
The coiled coil region of Rabex-5 forms a complex with rabap-
tin-5 and indirectly targets Rabex-5 to early endosomes via
rabaptin-5 binding to Rab5-GTP (21, 22). The multidomain
architecture of Rabex-5 allows it to perform dual roles in cargo
sorting by simultaneously binding to the Ub-binding and ubig-
uitinated adaptors and promoting Rab5-dependent endosomal
fusion.

In this study, I investigated Rabex-5 function in the regula-
tion of internalization, sorting, and lysosomal degradation of
ubiquitinated L1 upon L1-L1 homophilic binding. I report that
incubation with an L1 antibody (L1-Ab) that mimics L1-L1
homophilic binding leads to ubiquitination and dephosphory-
lation at the tyrosine-based motif, which facilitates endocytosis
via recruitment of Rabex-5. Interfering with L1 ubiquitination
reduces L1 internalization due to impairment of the interaction
with Rabex-5. It is, therefore, plausible that Rabex-5 plays an
important role in neuronal function by controlling L1 internal-
ization and endocytic sorting.

EXPERIMENTAL PROCEDURES

Reagents and Plasmids—Antibodies were purchased against
FLAG (M2; Sigma-Aldrich), Myc (9E10 hybridoma; Roche
Applied Science), hemagglutinin (HA; Covance Research Prod-
ucts), Ub (Dako Cytomation Denmark A/S, Glostrup, Den-
mark), FK1 (BioMol, recognizes poly-Ub chains only (23)),
GAPDH (Santa Cruz Biotechnology), and L1 (goat polyclonal
IgG; Santa Cruz Biotechnology). Affinity-purified polyclonal
anti-Rabex-5, anti-Rab5, and anti-L1 antibodies were raised
using a C-terminal fragment of bovine Rabex-5 (residues 426 —
481), full-length human Rab5a, and full-length rat L1 as
immunogens, respectively. Mouse monoclonal anti-L1 anti-
body (74-5H7), rat monoclonal anti-mouse L1 antibody, and
rabbit polyclonal anti-human L1 antibody were provided by Dr.
V. Lemmon (University of Miami School of Medicine, Miami,
FL). Secondary antibodies conjugated to HRP were purchased
from Pierce. Alexa Fluor 488-, Alexa Fluor 563-, and Alexa
Fluor 633-conjugated secondary antibodies and LysoTracker
Red DND-99 were obtained from Molecular Probes. Bafilomy-
cin A1, MG-132, and lactacystin synthetic were obtained from
Calbiochem. Protein G-Sepharose beads were purchased from
GE Healthcare. Human L1 FLAG-tagged, Myc-tagged, and
EGFP-tagged constructs were generated by PCR amplification
and cloning into pCMV-Tag4 (Stratagene), pEF1/Myc-His A
(Invitrogen), and pEGFP-N1 (Clontech), respectively. pCI-neo
(Promega) encoding full-length Myc-tagged bovine Rabex-5
and dynamin 1-HA (wild-type and K44A) constructs were gen-
erously provided by Dr. J. S. Bonifacino (Eunice Kennedy
Shriver National Institute of Child Health and Human Devel-
opment, National Institutes of Health) and Dr. S. L. Schmid
(The Scripps Research Institute, La Jolla, CA), respectively. The
human Rab5a construct was PCR-amplified from ¢cDNA and
subcloned into an EGFP-N1 vector. Mouse ezrin Myc-tagged
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construct was generated by PCR amplification and cloning
into pEF1/Myc-His A. L1 FLAG-tagged mutants, GFP-Rab5
mutants, and Myc-tagged Rabex-5 mutants were generated
using the QuikChange Site-Directed Mutagenesis kit (Strat-
agene), according to the manufacturer’s instructions, and prim-
ers containing the corresponding mutant sequences. All
constructs were confirmed by DNA sequencing. The custom-
designed siRNA duplex for Rabex-5 (821839, target sequence
5-CAGATATCATTGAGATGGA-3) was obtained from
Sigma-Aldrich. Scrambled siRNAs for Rabex-5 were used as
negative controls.

Cell Culture and ¢cDNA Transfection—Mouse neuroblas-
toma N2a cells and human embryonic kidney 293T (HEK293T)
cells were maintained in DMEM supplemented with 10% heat-
inactivated fetal bovine serum (FBS). Plasmid DNA was trans-
fected into cells by using Lipofectamine 2000 (Invitrogen).

Immunoprecipitation—N2a cells were incubated with
anti-L1 polyclonal antibody or anti-mouse L1 monoclonal anti-
body (5 ug/10° cells) for 30 min on ice. After washing unbound
antibodies, cells were lysed for 60 min on ice in lysis buffer (1%
Triton X-100, 50 mm Tris-HCI, pH 7.4, 150 mm NaCl, 5 mm
EDTA, 5 mm EGTA, 10 mMm N-ethylmaleimide) containing
aprotinin, benzamide, and leupeptin protease inhibitors to
examine interactions between Rabex-5 and L1 and/or Rab5. To
confirm ubiquitination of L1, cells were lysed in radioimmune-
precipitation assay buffer (1% sodium deoxycholate, 0.1% SDS,
1% Triton X-100, 50 mm Tris-HCI, pH 7.4, 150 mm NaCl, 5 mm
EDTA, 5 mMm EGTA, 10 mMm N-ethylmaleimide, and protease
inhibitors described above) and/or in denaturing buffer (1%
SDS, 1% Triton X-100, 50 mm Tris-HCL, pH 7.4, 150 mm NaCl,
5 mM EDTA, 5 mm EGTA, 10 mMm N-ethylmaleimide, and pro-
tease inhibitors described above). Lysates were clarified by cen-
trifugation at 15,000 X g for 20 min. Soluble extracts were incu-
bated with goat anti-L1, anti-Myc, or anti-FLAG antibodies for
5 h, and then protein G-Sepharose beads were added and incu-
bated for a further 1 h. Immunoprecipitated complexes were
washed six times with lysis buffer, and bound proteins were
eluted with SDS sample buffer.

Immunoblot Analysis—Samples were boiled for 5 min, elec-
trophoresed on NuPage 3—8% Tris acetate gels (Invitrogen),
and transferred electrophoretically to PVDF membranes. After
blocking nonspecific binding sites, PVDF membranes were
probed with antibodies diluted in 20 mm Tris-HCI, pH 7.8, and
150 mm NaCl containing 0.05% Tween 20. After extensive
washing, immunoreactivity was detected using an enhanced
chemiluminescence detection kit (Pierce).

Subcellular Fractionation—Cells were rinsed with ice-cold
PBS and scraped into fractionation buffer (100 mm Tris-HCl,
pH 7.4, containing protease inhibitors). Cells were then homog-
enized using a Dounce homogenizer and centrifuged at 850 X g
for 10 min to remove nuclei and cell debris, and post-
nuclear supernatants were subjected to ultracentrifugation at
200,000 X gfor 10 min in a Himac CS120GXL centrifuge (Hita-
chi, Tokyo, Japan) to separate the membrane (pellet) and cyto-
solic (supernatant) fractions. The pellet was resuspended in
fractionation buffer. Proteins in each fraction (50 ug/ul) were
analyzed by SDS-PAGE and immunoblot assay, as described
above.
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Biotinylation Assay for Endocytosis—Cells pretreated with
cycloheximide (CHX; 10 wg/ml) and leupeptin (0.3 mm) were
washed with ice-cold PBS and biotinylated by incubating with
300 ug/ml EZ-Link-Sulfo-NHS-SS-Biotin (Pierce) for 30 min at
4 °C. Excess biotin was quenched by washing with DMEM. Fol-
lowing this, DMEM at 37 °C was added, and biotinylated cells
were treated with polyclonal L1-Ab for the indicated times.
Remaining cell surface biotin was stripped using stripping solution
(50 mM glutathione, 0.3 M NaCl, 75 mm NaOH, and 1% FBS). Cell
extracts were made, and cell debris was removed by centrifugation
at 14,000 X g for 20 min. Clarified cell extracts were precipitated
using streptavidin and immobilized on agarose beads at 4 °C for
2 h. After washing five times with cell lysis buffer, the bound pro-
teins were removed with SDS sample buffer.

Imaging and Quantification— After transfection (48 h), cells
were rinsed with PBS, fixed in 4% formaldehyde for 30 min, and
permeabilized with 0.3% Triton-X in PBS for 30 min. Primary
antibodies were diluted in PBS containing 10% FBS. Labeled
cells were visualized using a 1X71 fluorescence microscope
(Olympus, Tokyo, Japan) with a 60X oil immersion objec-
tive lens. Quantification of surface and/or intracellular fluores-
cence intensities of L1 was done with MetaMorph imaging soft-
ware (Universal Imaging Corp.) using an arbitrary threshold.
To examine colocalization of fluorescence signals in different
channels, the MetaMorph colocalization function following back-
ground subtraction and threshold setting were used. Laser-scan-
ning confocal microscopy was performed using an Olympus
FV-1000 equipped with a 63X oil immersion objective lens. In at
least three independent experiments, 30 cells were photographed
and analyzed for each construct. Statistical analysis was done using
ANOVA and post hoc tests with appropriate Bonferroni adjust-
ment for multiple comparisons, to ensure a significance level of
0.05 in all experiments. *, **, and *** represent <0.05, <0.01, and
<0.001, respectively. Error bars denote the S.E.

RESULTS

L1 Undergoes Ubiquitination and Lysosomal Degradation
following Incubation with L1-Ab—DPrevious studies on L1 dem-
onstrated that cell adhesion can be spatially regulated by the
polarized internalization and recycling of cell adhesion mole-
cules (3, 4). Indeed, time lapse imaging directly showed that
internalization of L1-GFP localized on the plasma membrane
into intracellular vesicles depends on cell adhesion in N2a cells
(Fig. 1A, arrows). To gain insight into the molecular machinery
underlying cell adhesion-dependent internalization and pos-
tendocytic sorting of L1, I investigated L1 endocytosis induced
by incubation with L1-Ab, which mimics L1-L1 homophilic
binding (9, 24) in N2a cells. Immunocytochemical analysis
showed that endogenous L1 was localized predominantly to the
plasma membrane in untreated cells (95.5% *= 1.2%; n = 3),
with a small amount present in intracellular vesicles (4.5% *
0.9%; n = 3) (Fig. 1B, left panel). In cells pretreated with L1-Ab
at 4 °C and then incubated at 37 °C, L1 was redistributed from
the plasma membrane into intracellular vesicles (Fig. 1B,
arrows); this finding was consistent with those of previous
reports (9, 24). The percentage of intracellular to total fluores-
cence intensity of L1 increased with an increase in the L1-Ab
incubation time, i.e. 15.5% * 1.5% after 10 min (z = 3),27.5% *
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1.7% after 20 min (# = 3), and 32.2% * 1.2% after 30 min (n =
3). Colocalization of endocytic/degradative compartment pro-
teins was investigated to identify the intracellular vesicle struc-
tures containing L1. Image quantification confirmed that
4.6% £ 1.2%, 4.5% £ 1.1%, and 4.7% = 1.1% (n = 3) of L1
colocalized with the Rab5 early endosome marker, the Rab11
marker for recycling endosomes (data not shown), and the
LysoTracker lysosomal marker (Fig. 24, lower left panels),
respectively, in untreated cells. In contrast, L1 colocalization
with Rab5, Rab11l, and LysoTracker significantly increased to
12.2% = 1.5%, 15.6% = 1.2%, and 18.7% * 1.5% (n = 3), respec-
tively, upon incubation with L1-Ab (Fig. 24, arrows). These
data indicate that L1-L1 homophilic binding leads to L1 inter-
nalization and sorting into recycling endosomes for recycling
and/or lysosomes for degradation via Rab5-positive early
endosomes.

Next, I asked whether L1-Ab-dependent internalization of
L1 is involved in triggering posttranslational modification of
L1, such as dephosphorylation of the tyrosine-based motif (9)
and ubiquitination which is critical role in sorting of NCAM,
DM-GRASP, and L1 (25-27). Consistent with previous results
(9, 25), L1-Ab treatment led to L1 monoubiquitination (Fig. 2B,
left panel) and a -fold increase in dephosphorylation of the tyro-
sine-based motif in L1 of 1.8 = 0.2 (Fig. 2C, left panel, lane 1
versus lane 2, n = 3, p < 0.01). Furthermore, weak but detect-
able bands were observed upon L1-Ab treatment with FK1 anti-
body that recognizes polyubiquitination (Fig. 2B, right panel),
indicating that L1-bound ubiquitin contained both monoubigq-
uitin and polyubiquitin chains.

To examine whether phosphorylation of the tyrosine-based
motif is controlled by the Src kinase, as reported previously (9),
the cells were pretreated with the Src kinase inhibitor PP2 and
then incubated with L1-Ab. As expected, dephosphorylation of
the L1 tyrosine-based motif in PP2-pretreated cells signifi-
cantly increased by 1.5 * 0.1-fold compared with control cells
(Fig. 2C, left panel, lane 2 versus lane 4, n = 3, p < 0.01). Sur-
prisingly, the extent of L1 ubiquitination in PP2-pretreated
cells significantly increased by 1.4 = 0.2-fold (Fig. 2C, right
panel, lane 4 versus lane 2,n = 3,p < 0.01), indicating a possible
involvement of the Src kinase in regulating L1 ubiquitination.
Although the apparent dependence of endocytosis on ubiquiti-
nation suggests an early role for the ubiquitination process in
internalization, it is possible that L1 ubiquitination occurs after
internalization and that its role may instead be to prevent
receptor recycling to the plasma membrane from an internal-
ized pool. To address this question, I inhibited the progression
of endocytosis by expressing dominant negative dynamin,
namely dynamin®*** (28). Expression of dynamin**** drasti-
cally inhibited L1 internalization after L1-Ab incubation com-
pared with control cells (Fig. 2D, middle panels). Importantly,
compared with the nontransfected cells, L1 ubiquitination in
cells expressing dynamin“*** significantly increased before and
after L1-Ab incubation by 2.2 = 0.4-fold (Fig. 2D, lower panels,
lane 3 versuslane 1,n = 3,p < 0.01) and 1.4 = 0.2-fold (Fig. 2D,
lower panels, lane 4 versus lane 2, n = 3, p < 0.01), respectively,
suggesting that ubiquitination occurs before internalization
from the plasma membrane.
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FIGURE 1.L1 ligand-dependentinternalization of L1 in N2a cells. A, time-lapse imaging showing cell adhesion-dependent internalization of L1-GFP (arrows)
in N2a cells (upper panels). Note that L1-GFP accumulates on the lamellipodium tip before the cells adhere to each other (arrowheads). White boxed areas are
enlarged (middle panels). Scale bars represent 10 um. A representative density profile plot was generated using SCION Image software (lower panels). Pixel
intensity was determined by a row average plot of a section selected from a confocal slice through the center of the cell. PM, plasma membrane. B, L1-Ab-
induced endocytosis of L1 in N2a cells. Live cells were incubated with L1-Ab at 4 °C and then incubated for the indicated time periods at 37 °C. Note that a few
cells that are in contact show intracellular L1-GFP before L1-Ab-induced endocytosis (left panel). N2a cells were labeled with Alexa Fluor 488-conjugated L1

antibodies (green). Arrows indicate internalized L1. Scale bars represent 10 um.

To address the relationship between L1 ubiquitination and
protein degradation, I measured the metabolic stability of
endogenous L1 by immunoblotting following inhibition of pro-
tein synthesis with CHX. In the presence of L1-Ab, L1 had a
significantly faster turnover rate than that in the absence of
L1-Ab, its half-life being 4.3 h and 1.9 h in the absence and
presence of L1-Ab, respectively (Fig. 2E). The accelerated deg-
radation of L1 in the presence of L1-Ab can at least in part be
attributed to lysosomal proteolysis because preventing lyso-
somal acidification and delivery by using bafilomycin Al, a
vacuolar H"-ATPase inhibitor, significantly delayed L1 deg-
radation (Fig. 2E). On the contrary, the cysteine protease and
proteasomal inhibitor lactacystin partially stabilized L1 (Fig.
2E). Overall, these results suggest that L1 is subjected to both
mono- and polyubiquitination on the plasma membrane and
is sorted into lysosomes, but not proteasomes, via Rab5
early endocytic trafficking pathway upon L1-L1 homophilic
binding.

Ubiquitination Plays an Important Role in L1 Internalization
and Targeting to Lysosomal Compartments—To establish the
role of L1 Ub modification on internalization and traffic to the
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lysosome, I constructed a ubiquitination-deficient mutant of
L1, L1¥"'% in which a Lys is replaced with Arg at position 11 in
the cytoplasmic tail (Fig. 34). The intracellular domain of L1
contains 11 Lys residues, two of which form a putative ezrin-
binding motif (29) (Fig. 3A). As expected, ubiquitination of
L1¥''® mutants was drastically reduced by 80 -90% compared
with L1¥" (Fig. 3B). Intriguingly, Myc-tagged ezrin did not
coimmunoprecipitate with FLAG-tagged L1 in the cells over-
expressing HA-tagged Ub (Fig. 3C) but did in control cells, pro-
viding the possibility that ubiquitination within the L1 ezrin-
binding site interferes with ezrin binding because of steric
hindrance by ubiquitination.

Next, I compared the kinetics of internalization of surface-
biotinylated L1%" and L1*"'® in cells preincubated with CHX
to determine the role of L1 ubiquitination in internalization
(Fig. 3D). Surface-biotinylated L1 was internalized after 15 min
in untreated cells (15.8% * 1.4%; n = 3), indicating that L1
undergoes constitutive endocytosis from the plasma mem-
brane (Fig. 3D). Notably, L1-Ab-dependent L1%¥" internaliza-
tion peaked after 15 min (39.8% * 4.4%; n = 3), whereas the rate
of L1-Ab-dependent L1¥"'® internalization was similar to the
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FIGURE 2. Ubiquitination, lysosomal targeting, and degradation of L1 after incubation with L1-Ab. A, superimposed images show the colocalization of
internalized L1 (red) and GFP-Rab5 (green)-positive early endosomes or GFP-Rab 11 (green)-positive recycling endosomes (upper panels). White boxed areas are
enlarged (middle panels). Arrows indicate the L1 colocalization with Rab5- or Rab11-positive vesicles. Colocalization of L1-GFP with LysoTracker Red DND-99 is
shown in lower panels. Lysosomes are shown in red, and colocalized components are shown yellow (arrows). Note that a few cells that are in contact show the
colocalization of intracellular L1-GFP with LysoTracker Red DND-99 before L1-Ab-induced endocytosis (lower left panels). Scale bars represent 10 um. B, N2a
cells were incubated in the presence of L1-Ab. After cell lysis, immunoprecipitation (/P) and immunoblot analyses were performed as indicated. The blots were
stripped and reprobed with anti-FK1 antibody that recognizes polyubiquitination (right panel). To control the functionality of the antibodies cell lysates were
applied (Lysate). C, N2a cells treated with PP2 were incubated in the presence or absence of L1-Ab. After cell lysis, immunoprecipitation and immunoblot
analyses were performed. Dephosphorylation (dY1176) of tyrosine 1176 (Y1176) in the YRSL motif within the cytoplasmic domain of L1 was detected using the
74-5H7 monoclonal antibody (9) (left panel). D, N2a cells co-expressing L1-GFP (green) with or without the dynamin®*** mutant (red) were incubated in the
absence (upper panels) or presence (middle panels) of L1-Ab. Arrows and arrowheads indicate internalized L1 and accumulated L1 on plasma membrane,
respectively (middle panels). Scale bars represent 10 um. N2a cells coexpressing the indicated plasmids were incubated in the presence or absence of L1-Ab.
After cell lysis, immunoprecipitation and immunoblot analyses were performed (lower). E, metabolic stability of endogenous L1 in N2a cells was measured in
the presence of bafilomycin A1 (1 um) or lactacystin (10 um) after inhibiting translation with 10 wg/ml CHX. Equal amounts of cell lysates were immunoblotted
with L1-Ab (upper). Degradation kinetics of L1 were determined by densitometry of immunoblots illustrated in the upper panels (lower). Data are displayed as
the mean = S.E. (error bars) of triplicate experiments.

rate of L1-Ab-independent L1¥" internalization (16.2% =+ Because the cytoplasmic domain of L1 is known to contain a
1.2%; n = 3), suggesting that ubiquitination of L1 is required to  tyrosine-based sorting motif, I constructed a single amino acid
obtain the maximal internalization rate. substitution of Tyr''”® to Ala within this motif to compare the
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this study. TM, transmembrane. B, N2a cells expressing the indicated plasmids were incubated in the presence or absence of L1-Ab. After cell lysis,
immunoprecipitation (/P) and immunoblot analyses were performed as indicated. C, after N2a cells coexpressing the indicated plasmids lysis, immu-
noprecipitation and immunoblot analyses were performed. D, CHX-treated cells were surface-biotinylated at 0 °C (lane 1) and then incubated at 37 °C
for periods of 0-30 min (lanes 2-5). Surface-biotinylated proteins were recovered with streptavidin-agarose from cell extracts and analyzed by immu-
noblotting (upper). Relative amounts of internalized biotinylated L1V, L1Y''7*, and L1%''® FLAG-tagged were measured by densitometry and
expressed as a percentage of the total initial surface biotinylated pool (lower). Data are displayed as the mean = S.E. (error bars) of triplicate experiments.
E, Myc-L1Y""76% or Myc-L1%"'® (red; upper and middle panels) was colocalized with GFP-Rab5- and GFP-Rab11-positive endosomal compartments in the
presence of L1-Ab (green; upper and middle panels). L1Y'"7¢A-GFP or L1*"'R-GFP (green) was colocalized with LysoTracker Red DND-99 (red; bottom
panels). Arrows indicate the colocalization (yellow). Scale bars represent 5 um. F, colocalization of L1"WT-GFP, L1Y'"7®A-GFP, and L1*'"R-GFP with Lyso-
Tracker was quantified, and the percentage colocalization was plotted for each. Data are displayed as the mean = S.E. (error bars). ***,p < 0.001; n.s., not

significant.

rate of internalization of this mutant with L1*''®, Consistent
with the enhancement of L1 ubiquitination by PP2 (Fig. 2C,
right panel), the extent of L1"'7®* ubiquitination significantly
increased by 1.3 = 0.1-fold compared with the L1¥" (Fig. 3B,
lane 4 versus lane 2, n = 3, p < 0.01), suggesting that dephos-
phorylation at the tyrosine-based motif plays a critical role in
the ubiquitination of L1. However, its internalization is grossly
retarded after 15-min incubation (16.8% * 2.4%) and only
slightly greater than that of L1*"'® after 30 min (Fig. 3D). These
results confirm that ubiquitination is not sufficient for rapid L1
internalization and turnover and suggest that the endocytic
motif also plays a key role in this process. I next examined
whether L1¥17%4 and L1¥"'® are targeted to the endosomes
and lysosomal compartments after internalization. L1¥''7¢*
was detected on Rab5- and Rabll-positive endosomes and
LysoTracker-positive lysosomes upon L1-Ab incubation (Fig.
3E, arrows). Although L1¥"'® was also present on Rab5- and
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Rab11-positive endosomes, only a little L1*''® was detected on

LysoTracker-positive lysosomes in the presence of L1-Ab.
Image quantification revealed that colocalization of L1%7T,
L1¥'R and L1Y"7¢* with lysosomes was 18.7% * 1.5%, 0.8% *
0.1%, and 17.2% * 1.1%, respectively (Fig. 3F), suggesting that
ubiquitination is required for the L1 protein to be internalized
and targeted for lysosomal degradation.

Rabex-5 Interacts Directly with Ubiquitinated L1 via MIU—
As extensive colocalization of endogenous L1 and Rab5 was
observed following L1-Ab incubation (Fig. 24), I next sought
to determine whether Rab5 is involved in L1 internaliza-
tion by expressing wild-type Rab5, or GTPase-deficient
Rab5%°Y, or GTP-binding-deficient Rab5***™ mutants in N2a
cells. The Rab5°**N dominant negative GFP-Rab5 mutant (30) did
not affect endogenous L1 distribution (Fig. 44). However, endog-
enous L1 was significantly redistributed from the plasma mem-
brane to enlarged vacuoles by the expression of the constitutively
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active Rab57°" mutant (30) in the absence of L1-Ab (Fig. 44, tion of the EGF and m4 muscarinic acetylcholine receptors (31,
arrows), and redistribution was further enhanced in the presence  32). Intriguingly, enhanced L1 redistribution in the cells express-
of L1-Ab (data not shown). The impact of Rab5%”*" on L1 redis-  ing Myc-tagged Rabex-5 was greater than in the cells expressing
tribution is similar to its enhancement of the intracellular distribu-  the GFP-Rab5%”*" mutant (Fig. 4A4).
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Given that the GTP-bound activated form of Rab5 promotes
L1 internalization, I measured the amount of cell surface bioti-
nylated L1 in cells expressing Rab5%”°" or Rabex-5 before and
after L1-Abincubation. As expected, there was significantly less
biotinylated L1 on the surface of cells expressing Rab5?”*" and
a further reduction in cells expressing Rabex-5 before and after
L1-Ab incubation (Fig. 4B). Furthermore, Rabex-5 was translo-
cated to the plasma membrane (Fig. 4C, middle panels) and
enlarged endosomal compartments upon incubation with
L1-Ab (Fig. 4 C, lower panel). Taken together, these data sug-
gest that L1-Ab clustering leads to Rab5 GEF activation via
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Rabex-5 recruitment to the plasma membrane to accelerate the
internalization of L1. Surprisingly, the amount of ubiquitinated
L1 was dramatically increased by 6.8 = 0.9-fold in cells express-
ing Rabex-5 compared with the untransfected cells (Fig. 4D).
However, these results raised the question of why prolonged
Rabex-5 expression should cause significant L1 redistribution
from the plasma membrane into the endosomes.

Because L1 is ubiquitinated and Rabex-5 contains UBDs, I
next examined whether Rabex-5 causes ubiquitinated L1 to
accumulate through a direct interaction. Rabex-5 was found to
coimmunoprecipitate with L1 in untreated cells, and this was
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enhanced by incubation with L1-Ab (Fig. 54). To examine fur-
ther whether Rabex-5 association with L1 depends on the L1
ubiquitination status, a coimmunoprecipitation study was con-
ducted using wild-type and mutant L1. Although Rabex-5
strongly associated with L1%7T, no interaction was observed
with the L1¥''® ubiquitination-deficient mutant (Fig. 5B), sug-
gesting that Rabex-5 association with L1 is governed principally
by the ubiquitination state of L1.

Because Rabex-5 contains two independent UBDs in the N
terminus (18, 19), I next examined which of these domains
mediates the interaction with ubiquitinated L1. For this, I con-
structed the Rabex-5Y**4/458P double mutant, mutated in the
both the A20 ZnF and MIU domains, and the respective single
mutants (Fig. 5D). Rabex-5"?°*, but not Rabex-5"°*" or Rabex-
5Y25A/AS8D broteins, coimmunoprecipitated with L1 (Fig. 5D),
suggesting that the MIU domain is critical for Rabex-5 associ-
ation with ubiquitinated L1. Although the A20 ZnF domain
exhibits Ub-ligase activity (18, 19), knockdown of Rabex-5 with
siRNAs did not affect the level of L1 ubiquitination relative to
the controls either before or after L1-Ab stimulation (data not
shown), indicating that L1 is not a substrate for Rabex-5 Ub-
ligase activity. Consistent with a previous report that mem-
brane targeting of Rabex-5 is mediated by the association of

32320 JOURNAL OF BIOLOGICAL CHEMISTRY

Rabex-5 UBDs with ubiquitinated membrane proteins (33), all
three Rabex-5 mutants redistributed from the membrane to the
cytosolic fraction (Fig. 5, E and F).

To further establish differences in the functional properties
between these UBDs, I compared the amounts of internalized
L1 in cells expressing Rabex-5 mutants (Fig. 5E). Rabex-5%7 or
Rabex-5Y*** expression redistributed L1 from the plasma
membrane to the endosomes even in the absence of L1-Ab (Fig.
5E, arrows), causing an accumulation of the ubiquitinated L1.
In contrast, Rabex-5*°*" and the Rabex-5">**/458P double
mutant had no effect on L1 distribution (Fig. 5E). These results
suggest that the MIU domain, but not A20 ZnF, plays an impor-
tant role in L1 internalization through direct interaction with
ubiquitinated L1.

Modulation of Rabex-5 Expression Regulates the Plasma
Membrane Pool of LI—To demonstrate directly the functional
role of Rabex-5 in L1 endocytosis, endocytosis of L1vYT,
L1Y1704 and L1¥''R was measured in cells depleted of Rabex-5
by Rabex-5 siRNAs. Rabex-5 siRNAs largely eliminated
Rabex-5 expression (Fig. 6A4). Notably, no punctuate structures
containing L1Y'-GFP or L1¥''7®*-GFP were observed in
Rabex-5-depleted cells following L1-Ab incubation (Fig. 6B).
Indeed, quantitative analysis confirmed that endocytosis of
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L1¥7T and L1Y''7%* was impaired in Rabex-5-depleted cells
treated with L1-Ab (Fig. 6C). In contrast, L1*''®-GFP internal-
ization was not affected by Rabex-5 depletion despite there
being significantly lower L1¥"'® endocytosis compared with
L1YT (~55% = 5%; Fig. 6C). Conversely, a biotinylation assay
and immunofluorescence analysis revealed that Rabex-5 over-
expression promoted a dramatic down-regulation of cell sur-
face L1%" and L1¥"'7%4, but not of L1*''® (Fig. 6D), leading to
the accumulation of L1¥" and L1¥*7®4, but not L1¥''¥, on
Rabex-5-positive endosomes (Fig. 6, E and F). These results
strongly suggest that the association of ubiquitinated L1 with
Rabex-5 MIU on the plasma membrane promotes efficient
internalization and proper postendocytic trafficking to
lysosomes.

DISCUSSION

Both activation and attenuation of the L1 signal are tightly
regulated by endocytosis. Therefore, elucidating the regulation
of cell surface L1 is important for understanding the molecular
mechanisms that underlie many physiological processes
involved in central nervous system development. However, the
molecular machinery underlying the L1 endocytic trafficking
pathway that regulates the plasma membrane pool of L1 follow-
ing L1-L1 homophilic binding remains unclear. Here, I report
that L1 ubiquitination and dephosphorylation within the tyro-
sine-based motif mediate its internalization and trafficking to
the lysosome in an agonist-dependent manner and that endo-
cytosis and endocytic sorting of L1 are mediated by Rabex-5.
Rabex-5 overexpression increases the rate of L1 internalization
from the plasma membrane, causing an accumulation of ubiq-
uitinated L1 on endosomes, whereas siRNAs-mediated
Rabex-5 knockdown blocks L1 internalization. These results
clearly indicate that L1 ubiquitination following ligand binding
down-regulates cell surface L1 via the Rabex-5-mediated endo-
cytic trafficking pathway.

Roles of Ubiquitination and the Tyrosine-based Endocytic
Motifin L1 Endocytosis—The proper control of cell surface L1
expression is essential for maintaining the structural and func-
tional homeostasis of neuronal cells. Ubiquitination is among
the most widely used protein modifications involved in regulat-
ing cellular signaling and homeostasis. The detection of L1
polyubiquitination was remarkable in light of the data showing
that L1 is degraded by lysosomes via the endocytic pathway,
rather than by the proteasome. Recent evidence, however, sug-
gests that multiple mono-Ub or poly-Ub moieties are associ-
ated with efficient endocytic cargo recognition (e.g. the tropo-
myosin-regulated kinase A receptor (TrkA), major
histocompatibility complex (MHC) class I molecules, inter-
feron (IFN)-a/B receptor 1 (IFNAR1) subunit of the type I [FN
receptor, and epidermal growth factor receptor (EGFR) (34—
37). The essential role of poly-Ub and multimeric Ub in the
rapid internalization of transmembrane proteins suggests that
polyvalent interactions are required to overcome the low affin-
ity binding of Ub to the Ub-interacting motif of Ub-binding
clathrin adaptors (38, 39). Further experiments are needed to
address the Ub configuration requirement for endolysosomal
sorting of L1 by Rabex-5 and to identify L1-specific Ub-ligases

SEPTEMBER 21, 2012+ VOLUME 287 +-NUMBER 39

Rabex-5-dependent Sorting of Ubiquitinated L1

to elucidate the function of Ub in the regulation of L1 signaling
and trafficking.

Remarkably, L1 ubiquitination is required, but not sufficient, for
maximal L1 internalization, which also depends on a tyrosine-
based sorting motif that recruits AP-2. These data are consistent
with the finding that the Src kinase inhibitor PP2 significantly
enhances both L1 ubiquitination and dephosphorylation simulta-
neously. Thus, it is possible that the balance of Src kinase and
tyrosine phosphatase activities plays a role in regulating L1
endocytosis by controlling the recruitment of a yet unidentified
E3 ligase for L1. The interaction between ubiquitination and
the clathrin machinery in regulating endocytosis and protein
sorting is well studied in many eukaryotic cell types (40). Ubiq-
uitinated receptors are recruited to clathrin-coated pits via
interactions with the epsin and eps15 adaptor proteins (14). In
addition, receptor ubiquitination may aid interaction with the
AP-2 adaptor protein (36). The roles of epsin and AP-2 in reg-
ulating endocytosis of neuronal protein are well characterized
(41, 42). However, further experiments are required to investi-
gate whether similar endocytic mechanisms are involved in
controlling the maximal rate of L1 internalization following
L1-L1 homophilic interaction.

Immunocytochemical and biotinylation studies revealed that
the L1Y"'7°* mutant exhibits a slower rate of internalization
and a targeting to the lysosomes via the Rabex-5-mediated
endocytic pathway. This raises the question of how the
L1Y!17A mutant, which does not interact with AP-2 (9), is able
to internalize to the endosomes without using the clathrin-me-
diated endocytic pathway. Multiple internalization pathways
have been associated with the uptake of ubiquitinated proteins
from the cell surface. Although EGFRis exclusively internalized
by the clathrin-dependent pathway in the presence of low EGF
concentrations, EGFR is also internalized by clathrin-inde-
pendent pathway only when exposed to higher concentrations
of EGF (43). It is, therefore, possible that the L1Y''7* mutant,
which exclusively depends on ubiquitination, is internalized
through a different endocytic route such as the clathrin-inde-
pendent endocytic trafficking pathway.

Novel Endocytic Trafficking Pathway of Ubiquitinated L1 Is
Regulated by Rabex-5—UBPs tether ubiquitinated cargo to
components of the endocytic and sorting machinery, thereby
enabling receptor internalization and postinternalization sort-
ing. Although L1 is constitutively internalized into the endo-
somes and/or lysosomes even in the absence of L1-Ab, L1-Ab-
induced clustering further stimulates L1 ubiquitination
concomitant with Rabex-5 recruitment to the plasma mem-
brane to facilitate the ubiquitinated L1 internalization and sort-
ing into lysosomes. Consistent with this, plasma membrane and
early endosomal localization of L1 depend on the level of acti-
vated Rab5, as the activation of GEF for Rab5 increases the rate
of L1 internalization. Taken together with data showing signif-
icant accumulation of ubiquitinated L1 in cells overexpressing
Rabex-5, these data strongly support the hypothesis that the
multidomain architecture of Rabex-5 allows it to perform dual
roles in cargo sorting by Ub binding and ubiquitinated adap-
tors, and Rab5-dependent internalization. Previous studies
using Vps9p, the yeast homolog of Rabex-5, indicate a possible
cross-talk between the Ub-binding activity of the Coupling of
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Ub conjugation to ER degradation (CUE) domain and GEF
activity of the VPS9 domain in the ubiquitinated cargo traffick-
ing pathway (44, 45). Based on these data, I propose the hypoth-
esis that ubiquitinated L1 binding to Rabex-5 triggers Rab5 GEF
activation through an allosteric mechanism. Further experi-
ments are required to test this hypothesis.

Differential Roles of Two Independent UBDs in Rabex-5—To
date, it remains unclear how Rabex-5 discriminates between its
two UBDs, ZnF and MIU, depending on the biological context
and how these UBDs cooperate with each other to transmit
Ub-dependent signaling. A previous study showed that
Rabex-5 binding to ubiquitinated EGF receptor in EGF-stimu-
lated cells is dependent on both UBDs. Mutation of either
domain alone had little impact on EGF receptor association,
whereas mutation of both abolished the EGF receptor interac-
tion (46). Here, I provide the first direct evidence that MIU, but
not ZnF, binds and transports ubiquitinated cargo from the
plasma membrane. Furthermore, the impact of the MIU
domain on L1 internalization is significantly greater than the
ZnF domain, despite both domains being required for mem-
brane targeting. Unexpectedly, ZnF, which possesses Ub-ligase
activity and promotes Ras ubiquitination to attenuate the Ras
signaling pathway (47), does not catalyze L1 ubiquitination,
indicating that Rabex-5 Ub-ligase activity may exhibit substrate
specificity. In the case of L1 endocytic trafficking, Rabex-5
functions as a UBP to ensure proper internalization and intra-
cellular sorting, rather than as an E3 Ub-ligase.

In conclusion, this study into L1 down-regulation has pro-
vided novel information into the membrane trafficking mech-
anism by which the Rabex-5 UBP modulates expression of a
neuronal cell adhesion molecule. The proposed Rabex-5-de-
pendent endocytosis mechanism may be applicable to a broad
spectrum of cell surface receptors, including the EGF receptor.
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