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Background: The regulatory mechanism underlying the interaction of the Rabex-5 MIU domain with ubiquitinated cargos

remains unclear.

Results: Rabex-5 guanine nucleotide exchange factor (GEF) mutants affected interactions of ubiquitinated cargos.
Conclusion: GDP/GTP exchange in the GEF domain controls the MIU domain interactions with the ubiquitinated cargos.
Significance: Rabex-5 GEF activity acts as an intramolecular switch for spatiotemporal trafficking of the ubiquitinated cargos.

Ubiquitin (Ub)-dependent endocytosis of membrane proteins
requires precise molecular recognition of ubiquitinated cargo
by Ub-binding proteins (UBPs). Many UBPs are often them-
selves monoubiquitinated, a mechanism referred to as coupled
monoubiquitination, which prevents them from binding in
trans to the ubiquitinated cargo. However, the spatiotemporal
regulatory mechanism underlying the interaction of UBPs with
the ubiquitinated cargo, via their Ub-binding domains (UBDs)
remains unclear. Previously, we reported the interaction of
Rabex-5, a UBP and guanine nucleotide exchange factor (GEF)
for Rab5, with ubiquitinated neural cell adhesion molecule L1,
via its motif interacting with Ub (MIU) domain. This interaction
is critical for the internalization and sorting of the ubiquitinated
L1 into endosomal/lysosomal compartments. The present study
demonstrated that the interaction of Rabex-5 with Rab5
depends specifically on interaction of the MIU domain with the
ubiquitinated L1 to drive its internalization. Notably, impaired
GEF mutants and the Rabex-5"*'** mutant increased the flexi-
bility of the hinge region in the HB-VPS9 tandem domain, which
significantly affected their interactions with the ubiquitinated
L1. In addition, GEF mutants increased the catalytic efficiency,
which resulted in a reduced interaction with the ubiquitinated
L1. Furthermore, the coupled monoubiquitination status of
Rabex-5 was found to be significantly associated with interac-
tion of Rabex-5 and the ubiquitinated L1. Collectively, our study
reveals a novel mechanism, wherein the GEF activity of Rabex-5
acts as an intramolecular switch orchestrating ubiquitinated
cargo-binding activity and coupled monoubiquitination to per-
mit the spatiotemporal dynamic exchange of the ubiquitinated
cargos.
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Ubiquitination-mediated degradation of membrane proteins
is crucial to protein quality control and attenuation of the
receptor-mediated signaling pathway. Ubiquitination aids
these processes by specifying the proteins that should be trans-
ported to lysosomes through the multivesicular endosomal
pathway (1, 2). Ubiquitinated proteins are sorted into distinct
pathways, via their association with several classes of Ub-bind-
ing domain (UBD)>-containing proteins, thereby controlling
downstream biochemical processes (3—6). A number of endo-
cytic Ub-binding proteins (UBPs) such as Eps15, Epsin, Sts, Hrs,
and Rabex-5, a guanine nucleotide exchange factor (GEF) for
Rab5-undergo self-monoubiquitination, a phenomenon known
as coupled monoubiquitination, which prevents them from
binding in trans to the ubiquitinated cargo proteins, thus pro-
viding an efficient, intrinsic UBP switch off mechanism (3,
7-10). However, the spatiotemporal control mechanism relat-
ing to the ability of these endocytic UBPs to associate and/or
dissociate with ubiquitinated cargos during endocytic traffick-
ing has not been elucidated.

UBPs often possess numerous UBDs belonging to different
classes (11). Despite this, different UBDs function collectively
or independently to recognize a ubiquitinated target. Studies on
Rabex-5 provided the first structural insight into the combina-
torial recognition of Ub by multiple UBDs in a single protein.
Rabex-5 contains 2 independent UBDs, the A20-zinc finger
(ZnF) and a motif interacting with Ub (MIU) (Fig. 14), which
binds Ub with higher affinities when compared with other Ub-
binding motifs (12). The presence of multiple UBDs allows
UBPs to either bind to several mono-Ub molecules in multi-
monoubiquitinated cargos (4) or to engage with a single
mono-Ub through different UBDs (11, 13, 14), thus increasing
their binding affinity. However, these domains exhibit different
biochemical properties. One such example is that Ub employs
the Asp-58 surface residue to associate with the A20-ZnF
domain and the Ile-44 patch to bind to the MIU domain (13,
14). The A20-ZnF domain possesses Ub-ligase activity (13-16)

2 The abbreviations used are: UBD, ubiquitin-binding domain; Ub, ubiquitin;
MIU, motif interacting with Ub; ZnF, zinc finger; GEF, guanine nucleotide
exchange factor; HB, helix bundle; VPS9, vacuolar protein sorting 9; UBP,
Ub-binding protein; MD, molecular dynamics.
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and promotes Ras ubiquitination to attenuate the Ras signaling
pathway (17). To exert Ub-ligase activity, the A20-ZnF domain
binds Ub-charged Ubc5 (an E2 enzyme) in a manner that
depends upon the residues involved in Ub binding. In a previ-
ous study, we reported that the MIU domain, rather than the
A20-ZnF domain, is specifically involved in the trafficking of
ubiquitinated cargo into endosomes via a direct interaction
(18). Our findings thus suggested that the MIU and A20-ZnF
domains are functionally distinct in the Ub signaling pathways.

Rabex-5 originally identified as a GEF for Rab5 (19), is a small
GTPase that is associated with the early endosomal membrane
and is involved in the regulation of early endosome fusion,
as well as endocytosis (20-22). The recruitment of the
Rabaptin5-Rabex-5 complex to early endosomal membranes
containing Rab5-GTP has been proposed as a positive-feedback
mechanism that results in the local nucleotide exchange of
Rab5 in restricted areas of the endosomal membrane (19, 23).
Rabex-5 has been reported to get translocated to the plasma
membrane upon ligand stimulation with either the EGF or L1
antibody (Ab) (14, 18) and induce the production of Rab5-pos-
itive enlarged vacuoles due to the increment of the activated
form of Rab5 (18). These findings suggest a plausible mecha-
nism of ubiquitinated cargo trafficking, which is similar to that
of the vacuolar protein sorting 9 protein (Vps9p), a yeast hom-
olog of Rabex-5, wherein cross-talk occurs between the GEF
activity of the VPS9 domain, and the Ub-binding activity, which
involves the coupling of Ub conjugation to the ER degradation
(CUE) domain (24). However, the underlying mechanism inte-
grating the Ub-binding activity, as well as the GEF activity for
Rab5 in Rabex-5, has not yet been resolved.

To investigate the molecular mechanism that integrates the
Ub-binding and GEF activities of Rabex-5, we employed the
Rabex-5-mediated endocytic pathway of the ubiquitinated neu-
ronal cell adhesion molecule L1 as the model system (18) and
assessed the functional impact of UBDs on GEF activity and
vice versa. We found that Ub binding-deficient Rabex-5
mutants significantly diminish the interaction with Rab5.
Intriguingly, we found that the GEF activity of Rabex-5 plays a
critical role in the regulation of the interaction with the ubi
quitinated L1. Furthermore, we showed a significant associa-
tion between the coupled monoubiquitination and the interac-
tion of Rabex-5 with the ubiquitinated L1. Taken together, our
data provide compelling evidence for the spatiotemporal regu-
lation of the ubiquitinated cargo trafficking by integrating the
Ub-binding activity, as well as the GEF activity of Rabex-5.

EXPERIMENTAL PROCEDURES

Cell Culture, Transfection, and DNA Constructs—Mouse
neuroblastoma N2a cells and human embryonic kidney 293T
(HEK293T) cells were cultured and transfected by using Lipo-
fectamine 2000 (Invitrogen) as described previously (18). The
human Rab5a construct was amplified using PCR from cDNA
and subcloned into an EGFP-N1 vector. The constructs for the
FLAG-tagged L1 mutants and GFP-Rab5 mutants were as
described previously (18). pCI-neo (Promega, Madison, W1,
USA), encoding a full-length Myc-tagged bovine Rabex-5, was
generously provided by Dr. J. S. Bonifacino (Eunice Kennedy
Shriver National Institute of Child Health and Human Devel-
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opment, National Institutes of Health). Myc-tagged Rabex-5
mutants were generated using a QuikChange Site-directed
mutagenesis kit (Stratagene), according to the manufactur-
er’s instructions, as were primers containing the corre-
sponding mutant sequences. The constructs were checked
by sequencing.

Immunoprecipitation, Western Blotting, and Subcellular
Fractionation—Immunoprecipitation and Western blotting
were performed as described previously (18). Briefly, N2a cells
incubated with anti-L1 polyclonal antibody or anti-mouse L1
monoclonal antibody (5 ug/10° cells) were lysed in lysis buffer
containing protease inhibitors for 60 min on ice. The cell lysates
were clarified by centrifugation prior to separation by SDS-
PAGE. The resolved proteins were electrotransferred to PVDF
membranes and then blocked in TBST containing 5% nonfat
milk. The membranes were probed with primary antibodies,
followed by the addition of horseradish peroxidase-conjugated
secondary antibody (Pierce). Specific proteins were visualized
with enhanced chemiluminescence detection reagents (Pierce).
Results were quantified using the Quantity One 1-D analysis
software (Bio-Rad). For immunoprecipitation, the clarified cell
lysates were incubated with the primary antibodies and protein
G-Sepharose (GE Healthcare) overnight at 4 °C. The beads
were washed extensively with lysis buffer and solubilized in SDS
sample loading buffer. Subcellular fractionation was conducted
as described previously (18). Cells were homogenized using a
Dounce homogenizer and centrifuged at 850 X g for 10 min to
remove nuclei and cell debris, and postnuclear supernatants
were subjected to ultracentrifugation at 200,000 X g for 10 min
in a Himac CS120GXL centrifuge (Hitachi, Tokyo, Japan) to
separate the membrane (pellet) and cytosolic (supernatant)
fractions. Antibodies purchased were FLAG (M2; Sigma), Myc
(9E10 hybridoma; Roche Applied Science), hemagglutinin (HA;
Covance Research Products, Berkeley, CA), Ub (Dako Cytoma-
tion Denmark A/S, Glostrup, Denmark), GAPDH (Santa Cruz
Biotechnology, Santa Cruz, CA), L1 (goat polyclonal IgG; Santa
Cruz Biotechnology), and Rab5 (Cell Signaling Technology,
Danvers, MA). 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.

Biotinylation Assay for Endocytosis and Recycling—Cells pre-
treated with cycloheximide (10 wg/ml) and leupeptin (0.3 mm)
were washed with ice-cold PBS and biotinylated by incubating
with 300 pg/ml of EZ-Link-Sulfo-NHS-SS-Biotin (Pierce) for
30 min at 4 °C, as described previously (18). To measure recy-
cling of the endocytosed proteins, the cells were incubated at
37 °C for various times in normal medium and then washed
with the stripping solution, as described previously (25). Cell
extracts were prepared, and cell debris was removed by centrif-
ugation 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 5 washes with cell lysis buffer, the
bound proteins were removed using SDS sample buffer.

Immunofluorescent Microscopy—Immunocytochemistry
was performed as described previously (18). At 48 h after trans-
fection, the cells were rinsed with PBS, fixed in 4% formalde-
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hyde for 30 min, permeabilized with 0.3% Triton X-100 in PBS
for 30 min, and then blocked with goat serum. Following incu-
bation with the primary antibodies and further with Alexa
Fluor 488-, Alexa Fluor 563-, and Alexa Fluor 633-conjugated
secondary antibodies (Molecular Probes, Eugene, OR), the cov-
erslips were mounted with fluorescent mounting medium
(Vectashield, Vector, CA). Labeled cells were visualized using a
1X71 fluorescence microscope (Olympus, Tokyo, Japan) under
a X60 oil immersion objective lens. Quantification of surface
and/or intracellular fluorescence intensities of L1 was per-
formed with MetaMorph imaging software (Universal Imaging
Corp., PA) using an arbitrary threshold. Laser-scanning confo-
cal microscopy was performed using an Olympus FLUOVIEW
FV1000 confocal laser scanning microscope equipped with a
X63 oil immersion objective lens. In at least 3 independent
experiments, 30 cells were photographed and analyzed for each
construct.

Investigation of the Conformational Changes in the Mutants
by Molecular Dynamics Simulations—On the basis of the crys-
tal structure of the wild-type human Rabex-5 helix bundle
(HB)-VPS9 tandem domain (PDB code 20T3, chain A) (26),
E212A, N343A, and E212A/N343A mutants were modeled
using an MOE program (Chemical Computing Group, Mon-
treal, Canada). The system was solvated in a periodic cubic box
filled with TIP3P water molecules with an Amber ff99 force
field (27). Before the molecular dynamics (MD) simulation, the
modeled structure was optimized using the AMBER7 package
(28). During the MD simulation, the system was warmed to 300
K for 20 ps in the NVT ensemble, and the simulation was con-
tinued at 300 K for 2.0 ns with a 500-ps time step in the NVT
ensemble using the AMBER7 package. After the system had
reached a sufficiently equilibrated state, the last 200 conforma-
tions were sampled at 1-ps intervals for structural analysis. The
fluctuations in the atomic positions were calculated as
B-factors.

Statistical Analyses—All experiments were repeated at least
three times, and the values represent mean = S.E. Student’s ¢
test was used to calculate statistical significance. *, **, and ***
represent p < 0.05, p < 0.01, and p < 0.001, respectively. The
error bars denote the S.E.

RESULTS

The Recruitment of Rab5 to Rabex-5 Depends on the Interac-
tion of Rabex-5 with the Ubiquitinated L1—Previously, we
showed that the dephosphorylation and ubiquitination of L1,
which are followed by its association with the MIU domain of
Rabex-5, enhance the internalization and sorting of the ubiq-
uitinated L1 into lysosomes (18). Penengo et al. (14) reported
that Rabex-5 was translocated to the plasma membrane upon
EGF ligand stimulation. We found that Rabex-5 enlarged the
early endosomal compartments upon stimulation with L1
ligands (18). On the basis of these results, we hypothesized that
the interaction of the MIU domain of Rabex-5 with ubiquiti-
nated cargos on the plasma membrane might trigger the
recruitment of Rab5 to its GEF domain to stimulate endocytosis
of the ubiquitinated cargos.

To determine whether the interaction of Rabex-5 with ubig-
uitinated L1 leads to the recruitment of Rab5 to Rabex-5 upon
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L1-Ab stimulation, we transfected FLAG-tagged L1¥" and a
FLAG-tagged L1°''%, a ubiquitination-deficient mutant (18)
separately, in combination with GFP-Rab5 and Myc-tagged
Rabex-5 into N2a cells expressing L1 endogenously (Fig. 1B).
Subsequently, we incubated the transfected N2a cells sepa-
rately in the presence and absence of L1-Ab, respectively, which
mimics L1-L1 homophilic binding (18).

Incubation of cells co-expressing Myc-tagged Rabex-5 and
GFP-Rab5 with L1-Ab slightly enhanced the interaction of
Myc-tagged Rabex-5 with GFP-Rab5 by 14.3 = 1.9% (Fig. 1B,
lane 3 versus lane 4, n = 3, p < 0.05), implying that this
enhancement might be due to the L1-Ab-dependent ubiquiti-
nation of the endogenous L1. Notably, the interaction of Myc-
tagged Rabex-5 with GFP-Rab5 in cells co-expressing FLAG-
tagged L1 was found to be significantly increased by 82.4 +
2.8% (Fig. 1B, lane Sversus lane 6, n = 3, p < 0.01). However, the
interaction of Myc-tagged Rabex-5 with GFP-Rab5 in cells
expressing FLAG-tagged L1¥''® was comparable with that in
the cells co-expressing Myc-tagged Rabex-5 and GFP-Rab5
(14.1 = 1.8%, Fig. 1B, lane 7 versus lane 8, n = 3, p < 0.05).

Notably, FLAG-tagged L1¥T was found to coimmunopre-
cipitate with Myc-tagged Rabex-5, upon the incubation with
L1-Ab (Fig. 1B, lane 6), indicating the formation of a ubiquiti-
nated L1-Rabex-5-Rab5 complex. These results suggest that
L1-L1 homophilic binding results in an increased interaction
between Rabex-5 and Rab5, which in turn depends specifically
on the interaction of the ubiquitinated L1 with Rabex-5.

To further investigate the functional role of the enhanced
recruitment of Rab5 to Rabex-5 due to the interaction of the
ubiquitinated L1 with UBDs of Rabex-5, we assessed the endo-
cytosis of L1, Rab5-binding, and determined the size of Rab5-
positive early endosomes by using Rabex-5 mutants with
impaired UBDs. Rabex-5 mutants with impaired UBDs, such as
Rabex-5Y2%A, Rabex-5Y2°A/Y26A " Rabex-54°%P, and Rabex-
5Y25A/ASED (Fig 14) (13-15), displayed the following proper-
ties: (i) reduction of Rab5-binding activity by 21.2 = 4.6,45.3 *
4.1,76.1 = 3.5,and 79.5 = 3.2% (n = 3), respectively, compared
with Rabex-5%" (Fig. 1C); (ii) reduction of L1 accumulation on
endosomes due to their overexpression (Fig. 24, arrows), con-
sistent with previous data (18). In particular, the accumulation
of L1 in cells expressing Rabex-54%% or Rabex-5Y2°4/458P yag
not detected, which is comparable with that of cells that lacked
the overexpressing of Rabex-5"" (Fig. 2C, upper); (iii) partial
co-localization of Rabex-5"%** and Rabex-5Y2>*/Y26A with L1
and Rab5-positive endosomes (Fig. 24, arrows) was the third
property. However, most Rabex-5*°%" and Rabex-5Y2°#/48D
showed no such co-localization with Rab5-positive endosomes
(Fig. 24, arrowheads) and were found to be distributed
throughout the cytoplasmic region. These observations are
supported by a previous finding that showed that membrane
targeting of Rabex-5 is mediated by the association of its UBDs
with ubiquitinated membrane proteins (10); and (iv) reduction
in the diameter of Rab5-positive early endosomes by 24.2 = 3.5,
41.1 = 3.8,66.2 = 2.5, and 71.4 * 2.2% (n = 30), respectively,
when compared with Rabex-5%" (Fig. 1D).

Notably, the MIU domain, rather than the A20-ZnF domain,
affected Rab5-binding activity and reduced the size of Rab5-
positive endosomes significantly, thus strengthening the
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FIGURE 1. UBDs regulate the Rab5-binding activity of Rabex-5. A, schematic diagram showing the domain structure of bovine Rabex-5. Light blue, ZnF;
magenta, MIU; orange, membrane-binding motif (MBM); green, HB; blue, VPS9; and gray, CC domain. The arrows indicate the Rabex-5 mutants used in this study.
B, N2a cells co-expressing the indicated plasmids were incubated in the presence or absence of L1-Ab. The cells were then lysed, and immunoblot analysis was
performed. To control the functionality of the antibodies, cell lysates were applied (Lysate). C, cells co-expressing GFP-Rab5 with the indicated plasmids were
lysed and analyzed by immunoblotting (upper). The bars represent the relative densitometric value of GFP-Rab5 to Rabex-5"" (lower). The data are mean * S.E.
in triplicate. *, p < 0.05; ***, p < 0.001. D, the diameters of the largest GFP-Rab5-labeled endosomes in 30 N2a cells expressing Rabex-5"", its mutants, and
Rab5%”°- were measured: the graph shows the mean and calculated S.E. ***, p < 0.001.

hypothesis that the interaction of Rab5 with Rabex-5 further
depends on interaction of the MIU domain with the ubiquiti-
nated L1. Taken together, these findings highlight one of the
different biochemical properties of these UBDs. Consequently,
these results further led to the investigation of the mechanism
by which Rabex-5 orchestrates between the sequential binding
with the ubiquitinated L1 and Rab5, via the MIU and HB-VPS9
domains prior to the internalization of the ubiquitinated L1.
The HB-VPS9 Tandem Domain Regulates the Interaction of
the MIU Domain with the Ubiquitinated L1—To determine
whether the HB-VPS9 domain modulates interaction of the
MIU domain with the ubiquitinated L1, we assessed the inter-
action of Rabex-5”%'** (Fig. 14), a GEF activity-impaired
Rabex-5 mutant (26), and FLAG-tagged L1 or Rab5%**N, a
GDP-locked form of Rab5 (29). Intriguingly, interactions of the
Rabex-5”3'** mutant with Rab5 and L1 were found to be sig-
nificantly decreased by 58.3 = 3.5 and 62.1 = 5.5%, respectively
(Fig. 34, n = 3, p < 0.01), and the Rabex-5"%"** mutant was
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partially co-localized with L1 and Rab5-positive endosomes
(Fig. 2B, arrows). Furthermore, Rabex-5P3M4/¥3554 5 GEF
activity impaired Rabex-5 double mutant (26), impaired the
interactions with L1 and Rab5 (Fig. 34) and was found to be
predominantly localized on the peripheral endosomes (Fig. 2B,
arrowheads), where it is not co-localized with the internalized
L1. Expectedly, Rabex-523'*4 and Rabex-573!*A/¥3%54 gignifi-
cantly reduced the size (in diameter) of Rab5-positive endo-
somes (Fig. 1D), despite the targeting the GEF mutants to the
membrane fraction (Fig. 3D). These results are in agreement
with a previous observation where the GEF activity of Rabex-5
was identified to be indispensable for its recruitment to early
endosomes (10).

Although Rabex-5%" expression led to an increased accu-
mulation of L1 on endosomes (Fig. 2, A and C, arrows), the
expressions of Rabex-5231*4 and Rabex-5P3144/¥3554 regulted
in a comparatively lesser accumulation (Fig. 2B). Expectedly,
the percentage of intracellular to total fluorescence intensity of
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FIGURE 2. Impact of Rabex-5 mutants on the subcellular distributions of
L1 and Rab5. A, N2a cells co-expressing the indicated plasmids in the
absence of L1-Ab were stained with FLAG-tagged L1 (blue), Myc-tagged
Rabex-5 (red), and GFP-Rab5 (green). The arrows indicate the accumulation of
L1 on Rabex-5-positive endosomes. The arrowheads indicate that Rab5-pos-
itive endosomes do not co-localize with Rabex-5 UBDs mutants. Scale bar, 5
um. B, N2a cells transfected with the indicated plasmids in the absence of
L1-Ab were stained with FLAG-tagged L1 (blue), Myc-tagged Rabex-5 (red),
and GFP-Rab5 (green). The arrows indicate the accumulation of L1 on Rabex-
5-positive endosomes. The arrowheads indicate that Rabex-5 GEF mutants do
not co-localize with Rab5-positive endosomes. Scale bar, 5 um. C, N2a cells in
the absence of L1-Ab were stained with endogenous L1 (blue) and endoge-
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L1 in cells expressing Rabex-5”%'** and Rabex-573!#4/¥3554
was significantly decreased by 55.2 = 3.5and 97.2 = 1.7% (n =
3), respectively, when compared with Rabex-5%" (Fig. 3C).
These results suggest 2 possibilities: the allosteric regulation of
stability by the GEF domain for the formation of the ubiquiti-
nated L1-Rabex-5-Rab5 complex or the decreased binding to
the ubiquitinated L1 due to the mislocalization of GEF mutants.

To exclude the latter possibility, we searched for another
GEF mutant whose subcellular localization was comparable
with that of Rabex-5%7. Although it has been reported that
mutation of Glu-213 prevents solubility (26), we observed that
Myc-tagged Rabex-5%2"3* significantly increased its binding to
Rab5 and L1 by 31.5 * 4.1% (Fig. 34, right panels, n = 3, p <
0.01) and 42.3 * 2.9% (Fig. 3A, left panels, n = 3, p < 0.01),
respectively. In addition, Rabex-5*'3* expression also resulted
in the accumulation of L1 on endosomes (Fig. 2B, arrows).

Glu-213, which is located at the interface between the HB
and VPS9 domains, has been shown to play a critical role in the
structural stability of these domains (26). Therefore, we
hypothesized that conformational changes in the HB-VPS9
tandem domain caused by Rabex-5"*"** might be involved in
regulation of the interaction with ubiquitinated L1 and/or its
structural stability through the MIU domain.

This prompted us to identify the amino acid residues within
hydrogen bond distance of the O* atom of Glu-212 on the basis
of the crystal structure of the human Rabex-5 HB-VPS9 tandem
domain (26). The distance between the O* atom of Glu-212
and the amide nitrogen of Asn-343 in human Rabex-5 was the
closest (2.99 A) among all the atom pairs (Fig. 4, A and B).
Among the identified residues, we examined the impact of the
following mutants on the interaction with FLAG-tagged L1
by co-immunoprecipitation: Myc-tagged Rabex-5523%,
Rabex-582%¢4, Rabex-52134/R286A Rabex-5N?**4, and Rabex-
5E2IBA/NS4A (Fig 14). Strikingly, the interaction of the ubiq-
uitinated L1 with Myc-tagged Rabex-552134/N3444 jncreased
most significantly by 92.1 = 4.3% (Fig. 3B, n = 3, p < 0.01),
compared with that of Myc-tagged Rabex-5%", leading to the
accumulation of L1 on endosomes (data not shown). Thus, our
findings proved that the interface between the HB and VPS9
domains play a critical role in regulating the structural stability
of the interaction between Rabex-5 and the ubiquitinated
cargos.

Furthermore, to analyze the stability, as well as the dynamic
properties of the interface between the HB and VPS9 domains
of Rabex-5F%124 and Rabex-5F212A/N3434 (hyman Rabex-5
numbering), we performed MD simulations. The MD simula-
tions revealed that the distances between the C* atoms of Glu-
212 and Asn-343 in human Rabex-5">'** (11.0 + 0.4 A) and
Rabex-55212A/N3434 (101 + (0,7 A) mutants increased signifi-
cantly by 45 and 35%, respectively, when compared with that
between the O* atom of Glu-212 and amide nitrogen of Asn-
343 in Rabex-5%T (7.5 + 0.5 A) (Fig. 4C). Despite the increase

nous Rab5 (green) (upper). N2a cells transfected with Myc-tagged Rabex-5
were stained with endogenous L1 (blue), Myc-tagged Rabex-5 (red), and
endogenous Rab5 (green) (lower). Note that overexpression of Myc-tagged
Rabex-5 induced the accumulation of endogenous L1 and enlarged the
endogenous Rab5-positive endosomes. Scale bar, 5 um.

S
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FIGURE 3. Analysis of Rabex-5 GEF mutants. A, the cells were co-transfected with the indicated plasmids. Cell lysates were immunoprecipitated and analyzed
by immunoblotting. B, cells co-expressing FLAG-tagged L1 with the indicated Myc-tagged Rabex-5 mutants were immunoprecipitated and analyzed by
immunoblotting. The parentheses indicate human amino acid residues. G, fluorescence intensities were quantified, and the percentage of perinuclear to total
fluorescence was plotted (right). ***, p < 0.001; n.s., not significant. D, immunoblot showing the membrane and cytosol distribution in N2a cells expressing the
indicated plasmids and endogenous L1 and GAPDH, as described above. C, cytosol; M, membrane.

in the flexibilities of the VPS9 domain and the hinge region
between aHB4 and aV1 of Rabex-5°*'** and Rabex-5'*4/
N343A increased (Fig. 4D, arrows), the flexibility of the HB
domain of Rabex-552124/N3434 yas further promoted, in com-
parison to Rabex-5%2'?* (Fig. 4D, arrowheads). Corroborating
our findings, a study by Delprato et al. (26) demonstrated the
role of the HB domain in allosteric regulation, which has also
been observed in RIN1 (30). Collectively, these structural and
functional interpretations lend further support to the hypoth-
esis that the interface between the HB and VPS9 domains aids
in modulating the interaction between the MIU domain and the
ubiquitinated L1.

Activation of Rabex-5 GEF Activity Weakens the Interaction
of Rabex-5 with the Ubiquitinated L1—Next, we sought to
determine the location and mechanism underlying the dissoci-
ation of the GDP-Rab5-Rabex-5-ubiquitinated L1 complex,
which results in the release of the ubiquitinated L1 following
internalization. On the basis of our findings that the HB-VPS9
tandem domain regulates interaction with the ubiquitinated
L1, we proposed that the dissociation of ubiquitinated cargos
from Rabex-5-Rab5 complexes is induced by a conformational
change of the HB-VPS9 tandem domain during the GDP/GTP
exchange reaction (23, 31).

To test this hypothesis, we co-expressed GFP-Rab5%**N or
GFP-Rab5%"", a constitutively active Rab5 mutant (29), with
Myc-tagged Rabex-5 and examined the effect of these GFP-
Rab5 mutants on the interaction of Myc-tagged Rabex-5 with
FLAG-tagged L1. Surprisingly, the interaction of Myc-tagged
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Rabex-5 with FLAG-tagged L1 was found to be significantly
increased in the presence of GFP-Rab5%" or GFP-Rab5%**N
(Fig. 5A), thereby resulting in a significant increase in the accu-
mulation of ubiquitinated L1 by 5.2 * 0.2-fold (Fig. 5B, n = 3,
p < 0.01). Indeed, co-expression of Myc-tagged Rabex-5 with
the GFP-Rab5™ " or GFP-Rab5°**N mutants led to the accumu-
lation of L1-Rabex-5-Rab5 complexes on endosomes (Fig. 5C,
upper panels, arrows), thus resulting in depletion of biotiny-
lated L1 from the plasma membrane (Fig. 5C, lower panels). In
contrast, co-expression of Myc-tagged Rabex-5 with Rab527"
diminished the interaction of Rabex-5 with the ubiquitinated
L1 (Fig. 5A), resulting in the decreased accumulation of the
ubiquitinated L1 (Fig. 5B) on endosomes (Fig. 5C, upper), with-
out altering L1 levels on the cell surface (Fig. 5C, lower). The
attenuated impact of Rab5%”°" expression on Rabex-5-medi-
ated L1 accumulation provided 2 possibilities: the lack of the
substrate GDP-Rab5, which is essential for internalization of
Rabex-5 in cells expressing Rab5%7?", might result in a reduced
interaction with the ubiquitinated L1, and alternatively, the
enhancement of L1 recycling regulated by Rab5%"°" overex-
pression might occur between the endosomes and plasma
membrane.

To examine these possibilities, we directly measured the
release rate of the internalized L1 from endosomes in cells co-
expressing Myc-tagged Rabex-5 with GFP-Rab5 mutants (Fig.
5D). Cells co-expressing Myc-tagged Rabex-5 with GFP-
Rab5™" or GFP-Rab5**N demonstrated a significant delay in
exiting and/or releasing of the internalized L1 from endosomes
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FIGURE 4. Structural modeling of the human Rabex-5 HB-VPS9 tandem domain. A, amino acid residues in human Rabex-5 located within 3 or 3.5 A from the
0<? atom of Glu-212 in the HB-VPS9 tandem domain. The parentheses indicate the bovine amino acid residues. B, ribbon diagram of the human HB (gray) and
VPS9 domains (black) (PDB code 20T3). Glu-212 (E213 in bovine) and Asn-343 (N344 in bovine) are highlighted as stick models in yellow and red, respectively. A
dotted orange line indicates hydrogen bonds. G, structural comparison of human Rabex-5"" (black) and the Rabex-552'2A/N343A"mytant (gray) in the HB-VPS9
tandem domains. The structure of the Rabex-552'2AN343A mytant was calculated by MD simulation. A dotted orange line indicates hydrogen bonds. D,
comparisons of the atomic fluctuations (B-factor) of the human Rabex-5 mutants with Rabex-5"Y". Amino acid residues whose fluctuations are higher than that
of the Rabex-5"T are shown in red. The arrows and arrowheads indicate the increment of fluctuations of the hinge region between the HB and VPS9 domains

and the HB domain of Rabex-552"2A/N343A mytant, respectively.

(1.5 = 0.2%/min and 1.3 = 0.3%/min, respectively), whereas
cells co-expressing Myc-tagged Rabex-5 with GFP-Rab5<7°"
showed a comparable rate with that of the control (2.6 = 0.3%/
min) (Fig. 5D), indicating that activation of the Rabex-5 GEF
activity is required for reduced interaction with the ubiquiti-
nated L1 on early endosomes. Therefore, increased accumula-
tion of the ubiquitinated L1 on endosomes might be due to the
limited rate of GDP-Rab5 binding and their release from the
HB-VPS9 tandem domain (26, 32).

To further validate this finding, we tested Myc-tagged
Rabex-5N*** and Rabex-5"*'*# (Fig. 14), constitutively acti-
vated GEF mutants that increased catalytic efficiency (k_,/K,,,),
where Asn-414 and Leu-415 are located in an autoinhibitory
region that overlaps with the binding site for Rabaptin-5 (33).
Indeed, Myc-tagged Rabex-5N*'*A significantly increased the
size of Rab5-positive endosomes, comparable with that of
Rab5%"?"-induced endosomes (Fig. 1D). Notably, the interac-
tion of these mutants with the ubiquitinated L1 decreased sig-
nificantly in both mutants: 58.2 = 2.8 and 53.5 * 2.2%, respec-
tively (Fig. 5E, n = 3, p < 0.01), compared with Rabex-5%".
Furthermore, Myc-tagged Rabex-5"*'** exhibited a reduced
accumulation of the ubiquitinated L1 (Fig. 6C). Therefore, our
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results highlight that the activation of Rabex-5 GEF activity on
early endosomes is required to diminish its interaction with the
ubiquitinated L1, which in turn aids in its release from Rabex-
5:Rab5 complexes on endosomes and further stimulates the
homotypic early endosome fusion simultaneously.

The Interaction of the Ubiquitinated L1 with Rabex-5 Is Cor-
related with the Coupled Monoubiquitination of Rabex-5—Be-
cause Rabex-5 undergoes UBD dependent-coupled monoubig-
uitination (10, 13-15), it is plausible that this coupled
monoubiquitination might prevent it from binding in trans to
the ubiquitinated L1. To address this possibility, we determined
the amount of monoubiquitinated Myc-tagged Rabex-5 in cells
co-expressing FLAG-tagged L1%" or FLAG-tagged L1*''®
upon incubation with L1-Ab. Previously, we showed that incu-
bation with L1-Ab led to the ubiquitination of L1 and facilitated
the interaction of ubiquitinated L1 with Rabex-5 (18). Strik-
ingly, the level of monoubiquitinated Myc-tagged Rabex-5 was
significantly decreased in cells co-expressing FLAG-tagged
L1YT or FLAG-tagged L1*''® depending on the incubation
time with L1-Ab (Fig. 6A). This finding suggests that the L1-Ab
stimulation-dependent de-ubiquitination of Rabex-5 may
release an intramolecular “cis” interaction to permit a func-
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tional “¢rans” interaction of the MIU domain with the ubiquiti-
nated L1. In addition, the level of monoubiquitinated Myc-
tagged Rabex-5 in cells co-expressing L1™¥" was comparable
with that in the cells co-expressing FLAG-tagged L1*''® (Fig.
6A). This finding suggests that an unknown mechanism under-
lying the L1-L1 homophilic interactions, via the extracellular
and/or intracellular domain, with the exception of the ubiquiti-

NOVEMBER 23, 2012+VOLUME 287 -NUMBER 48

nated site of L1, could be involved in stimulation of de-ubiquiti-
nation of Rabex-5.

To further investigate the relationship between the coupled
monoubiquitination of Rabex-5 and the interaction of Rabex-5
with the ubiquitinated L1, we determined the monoubiquitina-
tion level of the Rabex-5 mutants tested in this study by co-ex-
pressing them with HA-tagged Ub. Consistent with previous
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data (10, 15), the co-expression of Rabex-5 with HA-tagged Ub
resulted in the monoubiquitination of Rabex-5, whereas co-ex-
pression of Rabex-5*°%P with Ub-HA did not induce Rabex-5
monoubiquitination (Fig. 6B), indicating the MIU-dependent
coupled monoubiquitination of Rabex-5. The level of Myc-
tagged Rabex-5*'** monoubiquitination, which substantially
increases interaction with the ubiquitinated L1 (Fig. 34), was
found to be decreased when compared with that of wild-type
Rabex-5 (Fig. 6B). Notably, the levels of monoubiquitination of
a subset of the impaired GEF mutants and constitutively acti-
vated GEF mutants of Rabex-5 were found to be reduced, when
compared with that of wild-type Rabex-5 (Fig. 6B). Corroborat-
ing these findings, accumulation of the ubiquitinated L1 was
detected in cells expressing Myc-tagged Rabex-5% T and Rabex-
5E213A but not in cells expressing the impaired GEF mutants or
constitutively activated GEF mutants (Fig. 6C). Taken together,
these results indicate that the interaction of Rabex-5 with the
ubiquitinated L1 correlates with the coupled monoubiquitina-
tion status of Rabex-5.

DISCUSSION

On the basis of the findings from our previous study (18) and
this study, we proposed a model describing the mechanisms
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underlying L1 ligand-induced L1 ubiquitination on the plasma
membrane followed by Rabex-5-mediated internalization, and
the pre-determined release of the ubiquitinated L1 from
Rabex-5, destined for lysosomal degradation via early endo-
somes (Fig. 7). Previously, we reported that L1-L1 homophilic
binding leads to dephosphorylation at the tyrosine-based sort-
ing motif to recruit AP-2 and ubiquitination at the cytoplasmic
domain of L1 (Fig. 7, step 1) (18). Upon L1-L1 homophilic bind-
ing, coupled monoubiquitination of Rabex-5, presumably in a
“switched off” state in which its MIU domain interacts with the
mono-Ub moiety in cis, undergoes de-ubiquitination to convert
Rabex-5 to a “switched on” state in which the MIU domain is
positioned for trans interactions (Fig. 7, step 2). Subsequently,
Rabex-5 interacts with the ubiquitinated L1 on the plasma
membrane via the MIU domain, followed by Rab5 recruitment,
which in turn triggers internalization of the ubiquitinated L1
from the plasma membrane (Fig. 7, step 3). The ubiquitinated
L1-Rabex-5GDP-Rab5 complex on the endocytic vesicle is then
transported to the early endosomal membrane.

Uponits arrival to the early endosomes, Rabex-5 turns on the
GEF activity of the HB-VPS9 tandem domain by recruitment of
Rabaptin-5 to endosomes (33, 34). The exchange of GDP/GTP
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FIGURE 7. A proposed mechanism for the spatiotemporal regulation of Rabex-5 in the endocytic trafficking of ubiquitinated L1. M, motif-interacting
with Ub; Z, ZnF. Step 1, Srckinase is involved in the phosphorylation of a tyrosine-based motif, thereby regulating recruitment of the AP-2 protein. However, the
dephosphorylation of this motif upon L1-L1 homophilic interactions results in the recruitment of AP-2, causing the clathrin-mediated endocytosis of L1 from
the plasma membrane. The dephosphorylation of L1 also triggers the recruitment of an unidentified E3-ligase to ubiquitinate L1 on the plasma membrane.
Step 2, the coupled monoubiquitination of Rabex-5, presumably in a switched off state, in which the MIU domain interacts with the mono-Ub moiety in cis,
undergoes deubiquitination by an unidentified deubiquitinase upon L1 ligand stimulation, which might cause a Ca®" influx. Then, monoubiquitinated
Rabex-5 undergoes deubiquitination, converting Rabex-5 to a switched on state in which the MIU domain is positioned for trans interactions. Step 3, the
interaction of ubiquitinated L1 with Rabex-5 recruits Rab5, which in turn triggers the endocytosis of ubiquitinated L1 from the plasma membrane. Next, the
ubiquitinated L1-Rabex-5-GDP-Rab5 complex in an endocytic vesicle is transported to the endosomal membrane. Step 4, Rabex-5 turns on the GEF activity of
the HB-VPS9 tandem domain by recruiting Rabaptin-5 to endosomes. Step 5, the conversion of GDP-Rab5 to GTP-Rab5 catalyzed by the GEF domain releases
the Rabex-5-GTP-Rab5-Rabaptin-5 complex from the ubiquitinated L1 on the endosomes. Releasing the ubiquitinated L1 from the MIU domain allows this

domain to interact with the mono-Ub moiety in cis and to return to the coupled monoubiquitinated Rabex-5 for another cycle.

catalyzed by the HB-VPS9 tandem domain facilitates release of
the ubiquitinated L1 from the Rabex-5-GTP-Rab5-Rabaptin-5
complex. Consequently, the activated form of Rab5, GTP-Rab5,
stimulates homotypic early endosomal fusion events on the
endosomes (Fig. 7, step 4). Releasing the ubiquitinated L1 from
the MIU domain allows this domain to interact with the
mono-Ub moiety in cis and return to the coupled monoubig-
uitinated Rabex-5 for another cycle (Fig. 7, step 5).

Cross-talk between the Ub-binding Activity of the MIU
Domain and GEF Activity for Rab5—Although some previous
studies using Vps9p, the yeast homolog of Rabex-5, suggested the
possible involvement of cross-talk between the Ub-binding activ-
ity of the CUE domain and the GEF activity of the VPS9 domain in
the ubiquitinated cargo trafficking pathway (24, 35), the underly-
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ing mechanism has not been demonstrated directly. Here, we pro-
vided direct evidence showing that the ubiquitinated cargo-bind-
ing activity of the MIU domain and the GEF activity for Rab5 are
regulated reciprocally in a spatiotemporal manner during the
ubiquitinated L1 endocytic trafficking pathway.

First, we showed that Rabex-5 mutants with Ub-binding defi-
ciency significantly diminished interactions with Rab5, result-
ing in the reduced diameter of Rab5-positive endosomes.
Between the 2 UBDs in Rabex-5, the MIU domain predomi-
nantly affects interaction with Rab5. The MIU domain, not the
A20-ZnF domain, is directly involved in interaction with the
ubiquitinated L1 (18) and the A20-ZnF domain exhibits Ub
ligase activity via binding to Ub-charged Ubc5 (13-15). Given
our findings and previous reports, the interaction of Rabex-5
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with ubiquitinated cargo, via the MIU domain might recruit
Rab5 to the GEF domain of Rabex-5 to drive the ubiquitinated
cargo from the plasma membrane. Importantly, we also showed
that this recruitment of Rab5 to the GEF domain of Rabex-5
depends upon interaction of the MIU domain with the ubiquiti-
nated L1, because the interaction of Rab5 with Rabex-5 in cells
expressing L1¥''%, a Ub-deficient mutant, was not affected
upon incubation with L1-Ab. These data confirm that interac-
tion of the ubiquitinated L1 with Rabex-5 occurs prior to inter-
action of Rabex-5 with Rab5.

Second, we demonstrated that interaction of the HB-VPS9 tan-
dem domain of Rabex-5 with Rabb5 is crucial to interaction of the
MIU domain with the ubiquitinated L1. Although Zhu et al. (36)
identified the minimum motif required for Rabex-5 targeting the
early endosomes, our data revealed that the GEF mutants, which
have a diminished interaction with Rab5, showed a little co-local-
ization with Rab5-positive endosomes. These results are in agree-
ment with a previous study that demonstrated that Rabex-5 GEF
activity is indispensable for its recruitment to endosomes (10).
Therefore, our results provide an alternative explanation for the
decreased ubiquitinated cargo-binding activity of the GEF
mutants. As these mutants could not be properly targeted to the
Rab5-positive early endosomal compartments, they showed a
weak interaction with the ubiquitinated L1.

Despite potential effects of the mutation at Glu-213 on mis-
folding, stability, and solubility of Rabex-5 (26), we showed that
Rabex-5%2'34 and Rabex-552134/N3444 could be properly tar-
geted to the early endosomes via their interaction with Rab5,
and that they significantly modulated the interaction with the
ubiquitinated L1 by manipulating the flexibility of the hinge
region between HB and VPS9 domains. This implies that the
interaction of Rabex-5 with Rab5 might facilitate the stability of
the complexes with the ubiquitinated cargo. Furthermore, our
findings lend support to a previous hypothesis that the RIN
proteins contain Ras association domains that facilitate allos-
teric regulation of Rab5 exchange activity by GTP bound Ras
(30, 37). The HB-VPS9 tandem domains of Rabex-5 and RIN1
have equivalently high exchange activity for Rab5 and Rab21
but relatively weak activity for Rab22 (26). However, a recent
study by Faesen et al. (38) reported that the Ub-binding activity
of the Ub-specific protease USP7/HAUSP is enhanced alloster-
ically by the metabolic enzyme guanosine 5'-monophosphate
synthetase. Therefore, further structural and functional experi-
ments investigating the allosteric effect of the HB-VPS9 tandem
domain on the ubiquitinated cargo-binding activity of the MIU
domain are warranted. In addition, further experiments for assess-
ing whether the mutation at Glu-213 affects folding, stability, or
solubility of full-length of Rabex-5 protein are required.

An exciting possibility raised by our findings is that activa-
tion of the GEF domain is involved in the reduced interaction
between the MIU domain and the ubiquitinated L1 to release
the ubiquitinated cargo on early endosomes. Therefore, it is
thought that the release of GDP-Rab5 should be the rate-limit-
ing step. Importantly, the GDP/GTP exchange activity of
Rabex-5 is suppressed by the autoinhibitory element that over-
laps the binding site for the multivalent effector Rabaptin-5
(33). This autoinhibition can be partially reversed by the muta-
tion of conserved residues on the nonpolar face of the predicted
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amphipathic helix or by assembly of the complex with Rabap-
tin-5 (33). Indeed, we showed that the constitutively active GEF
mutants Rabex-5™*'** and Rabex-5"*'** exhibited consider-
ably less ubiquitinated L1-binding activity compared with
Rabex-5%T, Collectively, the sequential reaction, starting with
GDP-Rab5 binding and progressing to the conversion of GDP-
Rab5 to GTP-Rab5 catalyzed by the HB-VPS9 tandem domain,
potentially mediates proper Ub-cargo membrane trafficking
events depending on the subcellular localization.

Coupled Monoubiquitination Is Involved in the Inactivation of
the Ubiquitinated Cargo-binding Activity of the MIU Domain—
There is little direct evidence describing the spatiotemporal
regulation of UBD-dependent coupled monoubiquitination
during the ubiquitinated cargo sorting, although it has been
proposed that a number of endocytic UBPs undergo UBD-de-
pendent coupled monoubiquitination in cis that prevents them
from binding in trans to the ubiquitinated cargo proteins (3). A
study by Chen et al. (39) reported that depolarization-depen-
dent Ca?>” influx induces a rapid and a general decrease of the
ubiquitinated state of synaptic proteins, including monoubig-
uitinated proteins. Consistent with this finding, the present
study showed that the amount of monoubiquitinated Rabex-5
significantly decreased upon stimulation with L1 ligands, which
in turn opens a calcium influx pathway in the growth cones of
rat sensory neurons without altering the membrane voltage (40,
41). However, additional experiments are needed to measure
the calcium influx in N2a cells upon L1 ligand stimulation.
These data directly prove that coupled monoubiquitinated
UBPs are tightly regulated by extracellular signal transduction
events to promote the trafficking of ubiquitinated cargo from
the plasma membrane.

Finally, our study established a correlation between the inter-
action of Rabex-5 with the ubiquitinated L1 and the coupled
monoubiquitination status of Rabex-5. Therefore, we proved
that the MIU domain is not only involved directly in the traf-
ficking of ubiquitinated cargo but also plays a key role in the
coupled monoubiquitination of Rabex-5 to inactivate its ubiq-
uitinated cargo-binding activity. However, our results differ
from a previous study by Keren-Kaplan et al. (42), which
reported that ubiquitination occurs on the Vps9-GEF domain
and that it does not affect the GEF activity in vitro. This could be
attributed to the different types of UBDs present in human
Rabex-5 and yeast Vps9 proteins. Therefore, future studies
should consider these apparent differences and include equiv-
alent biochemical assays for Rabex-5.

In conclusion, we have demonstrated that Rabex-5 can
orchestrate an on-time association/dissociation of the ubiquiti-
nated L1 via a combination of Ub-binding, GEF activity, and a
coupled monoubiquitination status. Efforts are underway to
elucidate the molecular machinery underlying the deubiquiti-
nation and the coupled monoubiquitination cycles of Rabex-5
upon stimulation by extracellular signal transduction events.
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