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The Tweety proteins comprise a family of chloride ion chan-
nels with three members identified in humans (TTYH1-3) and
orthologues in fly and murine species. In humans, increased
TTYH2 expression is associated with cancer progression,
whereas fly Tweety is associated with developmental processes.
Structurally, Tweety proteins are characterized by five mem-
brane-spanning domains and N-glycan modifications impor-
tant for trafficking to the plasma membrane, where these pro-
teins are oriented with the amino terminus located
extracellularly and the carboxyl terminus cytoplasmically. In
addition to N-glycosylation, ubiquitination mediated by the
HECT type E3 ubiquitin ligase Nedd4-2 is a post-translation
modification important in regulating membrane proteins. In
the present study, we performed a comprehensive analysis of the
ability of each of TTYH1-3 to interact with Nedd4-2 and to be
ubiquitinated and regulated by thisligase. Our data indicate that
Nedd4-2 binds to two family members, TTYH2 and TTYH3,
which contain consensus PY ((L/P)PXY) binding sites for HECT
type E3 ubiquitin ligases, but not to TTYH]1, which lacks this
motif. Consistently, Nedd4-2 ubiquitinates both TTYH2 and
TTYH3. Importantly, we have shown that endogenous TTYH2
and Nedd4-2 are binding partners and demonstrated that the
TTYH2 PY motifis essential for these interactions. We have also
shown that Nedd4-2-mediated ubiquitination of TTYH2 is a
critical regulator of cell surface and total cellular levels of this
protein. These data, indicating that Nedd4-2 differentially
interacts with and regulates TTYH1-3, will be important for
understanding mechanisms controlling Tweety proteins in
physiology and disease.
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Ubiquitination is a post-translational modification essential
for regulation of many physiological processes, including those
as diverse as cell cycle progression (1), transcription (2),
immune responses (3), and synapse formation (4). In addition,
dysregulated ubiquitination is important in various patholo-
gies, including cancer (5). In these processes, the covalent
attachment of ubiquitin, a highly conserved 76-amino acid pep-
tide, serves as a signal for protein localization, facilitating pro-
tein degradation, stability, trafficking, interactions, and activity
(6).

The addition of ubiquitin to proteins occurs at lysine residues
and requires the tightly coordinated action of three enzymes: a
ubiquitin-activating enzyme (E1),°> a ubiquitin-conjugating
enzyme (E2), and a ubiquitin ligase (E3). The E3 enzymes,
which are thought to be the predominant mediators of sub-
strate binding (7), can be classified into two broad families. The
first of these is the RING (really interesting new gene) domain
containing the E3 enzyme family, members of which facilitate
ubiquitination by simultaneously binding the substrate and an
E2 enzyme. In this case, it is the E2 ubiquitin-conjugating
enzyme that transfers the ubiquitin moiety directly to the sub-
strate. In contrast, members of the second E3 family, the HECT
(homologous to E6-AP COOH-terminal) domain-containing
ubiquitin ligases, transfer ubiquitin from the E2 enzyme to the
substrate (8). HECT family E3 ligases are characterized by three
structurally conserved domains critical for localization (a C2
module at the amino terminus), substrate binding (up to four
WW domains), and ubiquitin transfer (a HECT domain) (9).
The WW domains of these ligases belong to the Group I WW
domain subfamily, which bind to ligands containing consensus
(L/P)PXY motifs, also known as PY motifs (10). In contrast,
other WW domain subfamilies bind ligands containing PPLP
(Group II), polyproline motifs flanked by arginine or lysine res-
idues (Group III) and phosphoserine or phosphothreonine res-
idues (Group 1V) (10).

Recently, members of the HECT E3 family have been shown
to regulate trafficking and degradation of membrane proteins,
including ion channels (11, 12). In particular, Nedd4-2, a mem-

°> The abbreviations used are: E1, ubiquitin-activating enzyme; E2, ubiquitin-
conjugating enzyme; E3, ubiquitin ligase; CTD, carboxyl-terminal domain;
GST, glutathione S-transferase; K,, voltage-gated potassium channel; Na,,
voltage-gated sodium channel; HA, hemagglutinin; GAPDH, glyceralde-
hyde-3-phosphate dehydrogenase; PBS, phosphate-buffered saline.
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ber of the Nedd4-like E3 ligase subfamily (13), has been shown
to play a key role in the regulation of several ion channels (14).
For example, Nedd4-2 regulates the epithelial Na* channel
(ENaC) by controlling its cell surface stability (15). Also, inter-
actions between the Cl™ ion channel CIC-5 and Nedd4-2 regu-
late cell surface expression of this ion channel as well as its role
in albumin uptake (16). In addition, the activities of the voltage-
gated Na™* channel 1.2 (Na,1.2), Na, 1.7, and Na,1.8 are inhib-
ited by Nedd4-2-mediated ubiquitination (17). Other examples
include Nedd4-2-mediated ubiquitin regulation of the voltage-
gated K" channels KCNQ2/3 and KCNQ3/5 (18) and Na,1.5
(19).

The human Tweety proteins, designated TTYH1 (Tweety
homologue 1), TTYH2, and TTYH3, comprise a recently iden-
tified family of maxichloride ion channels (20) named after the
protein encoded by the Drosophila melanogaster gene Tweety
(21). TTYH2 and TTYHS3 display ionomycin, Ca®>*-dependent
Cl™ channel activity, whereas volume-regulated channel activ-
ity is only apparent in a carboxyl-terminal variant isoform of
TTYH1 (20). In addition to the human Tweety genes, ortho-
logues have been identified for TTYHI in mice, macaques, and
Caenorhabditis elegans (22) and TTYH?2 in mice (23), with two
additional Tweety genes reported in flies (20, 22). Although
studies defining the roles of Tweety family members in patho-
physiological processes are lacking, several reports have indi-
cated associations with developmental processes and cancer.
For example, in flies, experiments involving simultaneous dele-
tion of the Tweety gene and two adjacent genes, dodo and pen-
dulin, resulted in reduced viability, suggestive of functions for
the encoded proteins in development (21, 24). Also, recently
increased expression of the second human member of this fam-
ily, TTYH2, has been linked to renal cell carcinoma (23) and
colorectal cancer (25).

Examining mechanisms regulating the cellular localization
of Tweety family members, we have recently shown that these
proteins contain five membrane-spanning domains with a
topology at the cell surface in which the amino terminus is
located extracellularly and the carboxyl terminus is located
cytoplasmically (26). In the present study, we have further
investigated mechanisms regulating Tweety proteins, by exam-
ining the role of ubiquitination, mediated by the HECT type E3
ubiquitin ligase Nedd4-2, in the regulation of TTYH1-3. By
analyzing the sequence of each of these proteins and ortholo-
gous murine Tweety members, we have identified consensus
WW domain binding sites and, using immunoprecipitation
experiments, shown that TTYH2 and TTYH3, but not TTYH],
are Nedd4-2-binding proteins. We also show that TTYH?2 and
TTYHS3 are efficiently ubiquitinated by Nedd4-2. Identifying
endogenous TTYH2 and Nedd4-2 as binding proteins, we have
confirmed the PY motif of this Tweety family member as an
essential mediator of interactions with Nedd4-2. Consistently,
we have shown that Nedd4-2-mediated ubiquitination of
TTYH?2 regulates cell surface and total cellular levels of this
chloride ion channel. Since spatial and temporal protein local-
ization is critical in pathophysiological processes, these data
will be important for understanding mechanisms regulating
Tweety family proteins in developmental processes and cancer
progression.
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EXPERIMENTAL PROCEDURES

Antibodies and Reagents—Anti-TTYH2 rabbit polyclonal
antibodies were generated against the TTYH2 unique peptides
REVTMELTKLSDQTG (T192), PQAWRMATHSPPRGQL
(T435), and SVADEHLRHYGNQFPA (T519). The peptides
were synthesized by Mimotopes (Clayton, Australia) and con-
jugated to diphtheria toxoid before injection into rabbits.
Immunoglobulins (IgGs) were affinity-purified against the pep-
tide used for immunizations using SulfoLink coupling gel
(Pierce) as previously described (27). Monoclonal and rabbit
polyclonal antibodies against the Myc (EQKLISEEDL) epitope
were purchased from Cell Signaling Technology (Genesearch
Pty. Ltd., Arundel, Australia). Monoclonal and polyclonal anti-
hemagglutinin (HA; YPYDVPDYA) epitope antibodies were
from Roche Applied Sciences. Rabbit polyclonal and mouse
monoclonal anti-FLAG epitope (DYKDDDDK) and anti-pan-
cadherin monoclonal antibodies were purchased from Sigma.
Monoclonal anti-glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) antibodies were purchased from Chemicon Interna-
tional (Boronia, Australia). A polyclonal anti-ubiquitin anti-
body was from Sigma. An antibody that recognizes the HECT
domains of Nedd4 and Nedd4-2 (16, 28) and a specific anti-
Nedd4-2 antibody (29) have been described previously. Horse-
radish peroxidase-conjugated and fluorescently conjugated
secondary antibodies were from Pierce and Invitrogen, respec-
tively. Control IgGs were from Sigma and Invitrogen, protein
A/G-agarose was from Roche Applied Sciences, and glutathi-
one-Sepharose 4B beads were from GE Healthcare.

Bioinformatics Analyses—Alignments and searches were
performed using algorithms available at the Australian
National Genomic Information Service BioManager Web site.

Expression Constructs—TTYH1-HA, TTYH2-Myc, and
TTYH3-HA expression constructs were described previously
(26). TTYH1 and TTYH3 cDNAs (26) were used as templates
to generate the respective expression constructs TTYH1-Myc
and TTYH3-Myc in pcDNA3.1 (Invitrogen). To generate a
mammalian expression construct encoding the chimera
TTYH2-GFP, DNA encoding the complete TTYH2 coding
sequence was amplified by PCR and cloned in frame into the
EcoRI site of the vector pEGFP-N1 (Clontech, Mountain View,
CA). Site-directed mutagenesis, to introduce the TTYH2 muta-
tions S444A, S504A, Y509F, and S510A, was performed using
the proofreading polymerase Pfu Ultra (Stratagene, La Jolla,
CA). DNA encoding the carboxyl terminus of TTYH2 (residues
409 -534) was amplified by PCR and cloned in frame into the
vector pGEX-6P-1 (GE Healthcare) to generate a bacterial
expression construct encoding the fusion protein glutathione
S-transferase (GST)-TTYH2. All constructs and mutations
were confirmed by DNA sequencing. The expression vector for
Nedd4-2-FLAG has been described previously (29).

Cell Culture and Transfections—Chinese hamster ovary and
human embryonic kidney (HEK293) cells were grown in Dul-
becco’s modified Eagle’s medium, and the opossum kidney cell
line was maintained in Dulbecco’s modified Eagle’s medium/
Ham’s F-12 medium. Cultures were supplemented with 10%
fetal bovine serum, 100 units/ml of penicillin, and 100 units/ml
of streptomycin unless otherwise specified and incubated at
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37°C in 5% CO,. Transfections were performed using Lipo-
fectamine 2000 (Invitrogen), following the instructions of the
manufacturer.

GST Pull-down Assays—Recombinant GST and GST-
TTYH2 were generated and purified as previously described
(30). Briefly, BL-21 (DE3) cells (Stratagene) transformed with
either pGEX-6P-1 or the GST-TTYH2 fusion protein expres-
sion construct were induced with isopropyl 3-p-1-thiogalacto-
pyranoside (1 mm), harvested by centrifugation, and then lysed
by sonication. For pull-down assays, 50 ug of GST or GST-
TTYH?2 fusion protein was incubated with glutathione-Sepha-
rose 4B beads for 3 h at 4 °C. The beads and bound proteins
were washed and incubated with ~1 mg of protein lysate from
opossum kidney cells at 4 °C for 18 h. Proteins bound to the
beads were eluted into Laemmli sample buffer, separated on
SDS-PAGE, and detected by Western blot analysis.

Immunoprecipitation—In experiments to detect interacting
proteins, lysates were collected from cells grown in antibiotic-
free medium in a buffer consisting of 10 mm Tris-HCI, pH 8.0,
150 mMm NaCl, 1% Triton X-100, 5 mm EDTA, and Complete
protease inhibitor mixture (Roche Applied Science). In experi-
ments to detect ubiquitination, cells were treated with 20 um
MG-132 (Sigma) for 4 h before collection of lysates in a buffer
containing 1% SDS, 2 mm dithiothreitol, and protease inhibitor
mixture followed by denaturation at 100 °C for 5 min. This mix-
ture was then diluted 10 fold in buffer containing 0.55% IGE-
PAL, 55.55 mm Tris (pH 8.0), 11.1 mm MgCl,, and protease
inhibitor mixture. Lysates were precleared with protein A/G-
agarose for 1 h at 4 °C on a rolling platform. After centrifuga-
tion, the supernatants were mixed with appropriate antibodies
or isotype IgGs and incubated overnight at 4 °C. Fresh aliquots
of protein A/G-agarose beads were then added, and the mixture
was incubated for 4 h at 4 °C with gentle agitation. The beads
were then washed three times in cell lysis buffer. Associated
proteins were eluted into Laemmli sample buffer and analyzed
by Western blot analysis.

Cell Surface Biotinylation—HEK293 cells transfected with
wild type and mutant TTYH2-Myc expression constructs were
washed three times with phosphate-buffered saline (PBS), and
plasma membrane proteins were biotinylated by incubation
with cell-impermeant EZ-link NHS-SSBiotin (1.22 mg/ml;
Pierce) at 4 °C for 1 h with gentle agitation. The cells were then
washed in PBS prior to lysis in a buffer containing 20 mm
HEPES, 150 mM NaCl, 1 mM EDTA, and 1% Triton X-100. After
centrifugation, ImmunoPure immobilized streptavidin (Pierce)
was added to the supernatant and incubated for 15 min on ice to
precipitate biotinylated proteins. The streptavidin beads, asso-
ciated with biotinylated plasma membrane proteins, were then
pelleted by centrifugation, and the supernatant, containing
cytoplasmic proteins, was transferred to a fresh tube. Plasma
membrane and cytoplasmic fractions were examined by West-
ern blot analysis.

Western Blot Analysis—Whole cell lysates were collected in a
buffer containing Triton X-100 (1%, v/v), 50 mm Tris-HCI (pH
7.4), NaCl (150 mMm) and protease inhibitor mixture (Roche
Applied Science). Protein concentrations were determined by a
microbicinchoninic acid assay (Pierce). Cell lysates and immu-
noprecipitated proteins were separated by SDS-PAGE and
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transferred to nitrocellulose membranes, which were blocked
in 5% skim milk in Tris-buffered saline containing 0.1% (v/v)
Tween 20 (TBS-T). For detection of ubiquitinated proteins,
membranes were autoclaved prior to the blocking step to
enhance sensitivity, as previously described (31). Membranes
were incubated with appropriate antibodies diluted in blocking
buffer for 1 h at room temperature, washed with TBS-T, and
then incubated with species-appropriate horseradish peroxi-
dase-conjugated secondary antibodies for 45 min. Following
washes, membranes were incubated with SuperSignal West
Pico Substrate (Pierce) and then exposed to film. Consistent
protein loading and transfer was determined by reprobing
membranes stripped in Restore Western blot stripping buffer
(Pierce) with either anti-TTYH2, anti-GAPDH, anti-Myc, anti-
HA, or anti-FLAG antibodies as appropriate. Where relevant,
results are displayed graphically as mean * S.D., and signifi-
cance was examined using Student’s ¢ test with a p value of
<0.05 considered significant.

Confocal Microscopy—HEK293 cells grown on poly-L-lysine-
coated coverslips were transfected with expression constructs
encoding Nedd4-2-FLAG and either wild type or mutant
TTYH2-GFP. Following washes in PBS, cells were fixed with 4%
formaldehyde in PBS for 30 min at room temperature, rinsed
twice with PBS, and then blocked for 30 min in 0.2% bovine
serum albumin in PBS. Cells were incubated with an anti-FLAG
monoclonal antibody (dilution 1:1000) in blocking buffer for
1 h at room temperature, washed with PBS, and then incubated
with an Alexa Fluor 568-conjugated goat anti-mouse secondary
antibody in blocking buffer for 30 min at room temperature.
Nuclei were stained with 4’,6-diamidino-2-phenylindole
hydrochloride (Chemicon). Following washes with PBS, cover-
slips were mounted on slides, and cells were imaged with a
Leica TCS SP5 confocal microscope (Leica Microsystems, Syd-
ney, Australia). Images were processed and displayed using
Adobe Photoshop CS3.

RESULTS

Analysis of Tweety Family Members for Consensus Binding
Motifs for HECT Type E3 Ubiquitin-Protein Ligases—Interac-
tions between HECT type E3 ubiquitin-protein ligases and sub-
strates are mediated by Group I WW domains present within
the ligase (11). Most commonly, these domains bind proline-
rich PPXY consensus sequences referred to as PY motifs (11). In
addition, examples of WW domain binding to phosphoserine
in SP motifs and phosphothreonine in TP motifs have also been
reported (32, 33). We analyzed the amino acid sequence of
orthologous human, mouse, and rat members of the Tweety
family of chloride ion channels for these consensus sequences.
Potential binding motifs present within each orthologue are
highlighted on the human TTYHI1, TTYH2, and TTYH3 in Fig.
1A. TTYH1 contains SP motifs at residues 83 and 198. How-
ever, based on the orientation of Tweety proteins at the plasma
membrane, described recently by He et al. (26), only 83SP is
located intracellularly, within intracellular loop 1. TTYH2 con-
tains within its carboxyl-terminal domain (CTD) SP motifs at
residues 504 and 510 flanking the PY motif *°°PPTY. An addi-
tional intracellular SP motif is present within this domain at
residue 444 of human TTYH?2 alone. TTYH3 contains within
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FIGURE 1. Consensus HECT type E3 ubiquitin-protein ligase binding
motifs of human Tweety family members. A, TTYH1, TTYH2, and TTYH3
showing transmembrane domains (black boxes) and consensus SP, TP, and
PPXY motifs. The predicted positions of transmembrane domains and the
total number of residues are indicated, as are the location of peptides used to
generate three anti-TTYH2 polyclonal antibodies (designated T192, T435,and
T519). The orientations of the Tweety proteins at the plasma membrane are
also shown. ATD, amino-terminal domain; ICLT and ICL2, intracellular loop 1
and 2; ECLT and ECL2, extracellular loop 1 and 2; CTD, carboxyl-terminal
domain. B, alignment of PY motifs and neighboring sequences (£6 residues)
of human, mouse, and rat TTYH2 and TTYH3 against human ENaC subunits «,
B, and y, human PY motif-containing voltage-gated sodium channels (Na,s),
and mouse voltage-gated potassium channels (K,s). Each motif is numbered
onthe left to indicate its position in the amino acid sequence of the respective
ion channel.

its CTD **°TP and **°SP motifs with the latter immediately
adjacent to the PY motif ***PPSY. TTYH2 and TTYH3 also
contain extracellularly located SP motifs at residues 35 (amino-
terminal domain) and 300 (extracellular loop 2), respectively.
As shown in Fig. 1B, the PY motifs of human TTYH2 and
TTYH3 closely match PY motifs from mouse and rat ortho-
logues and also PY motifs from ENaC subunits and voltage-
gated Na™ and K™ channels, which are known to mediate inter-
actions with HECT type E3 ubiquitin-protein ligases.

TTYH2 and TTYHS3, but Not TTYH1, Interact with the HECT
Type E3 Ubiquitin-Protein Ligase Nedd4-2—Experiments with
cells transiently co-transfected with constructs encoding
TTYH1-HA, TTYH2-Myc, or TTYH3-HA with a Nedd4-2-
FLAG expression construct were performed to examine
whether interactions occur between Tweety family members
and a member of the HECT type E3 ubiquitin-protein ligase
family. As shown in Fig. 24 using an anti-HA tag antibody,
Nedd4-2-FLAG was immunoprecipitated from lysates from
cells co-transfected with TTYH3-HA and Nedd4-2-FLAG
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FIGURE 2. TTYH2 and TTYH3 but not TTYH1 interact with Nedd4-2.
HEK293 cells were transfected with Nedd4-2-FLAG and either TTYH1-HA,
TTYH2-Myc, or TTYH3-HA expression constructs or vector (0cDNA3.1) control.
Proteins were immunoprecipitated (/P) using either monoclonal anti-HA or
anti-Myc antibodies or a rabbit anti-FLAG antibody or isotype-matched
(IlgG2b for anti-HA; 1gG2a for anti-Myc) or species-matched (rabbit IgG for
anti-FLAG) control IgG. Western blot analysis (/B) was performed using anti-
FLAG and anti-HA antibodies (A and B) or anti-FLAG and anti-Myc antibodies
(Cand D). Lysates were probed with anti-HA and anti-FLAG antibodies (A and
B) or anti-FLAG and anti-Myc antibodies (C and D).

expression constructs but not from cells co-transfected with
TTYHI-HA and Nedd4-2-FLAG expression constructs. Con-
sistently, performing the reverse immunoprecipitation using an
anti-FLAG tag antibody, TTYH3-HA was able to be immuno-
precipitated from TTYH3-HA/Nedd4-2-FLAG-transfected
cells, whereas TTYH1-HA was not able to be immunoprecipi-
tated from cells co-transfected with TTYH1-HA and Nedd4-2-
FLAG expression constructs (Fig. 2B). In addition, using an
anti-Myc tag antibody, Nedd4-2-FLAG was immunoprecipi-
tated from cells co-transfected with TTYH2-Myc and Nedd4-
2-FLAG expression construct (Fig. 2C). Consistently, perform-
ing the reverse immunoprecipitation using an anti-FLAG tag
antibody, TTYH2-Myc was able to be immunoprecipitated
from these cells (Fig. 2D). Note that use of isotype-matched
IgGs in control immunoprecipitations indicated the specificity
of the immunoprecipitating antibodies. In summary, the
Tweety family proteins TTYH2 and TTYH3, containing CTD
SP and PY motifs, immunoprecipitated with the HECT type E3
ubiquitin-protein ligase Nedd4-2. In contrast, TTYHI, which
contains an SP motif in intracellular loop 1 but lacks a PY motif,
does not immunoprecipitate with Nedd4-2. These data suggest
that interactions between Tweety family proteins and Nedd4-2
are mediated by PY and, potentially, SP motifs located within
CTDs.

TTYH?2 and TTYH3, but Not TTYH]I, Are Ubiquitinated by
Nedd4-2—We have shown that the PY and SP motif-containing
proteins TTYH2 and TTYHS3 interact with the E3 ubiquitin-
protein ligase Nedd4-2 in transfected cells (Fig. 2). In contrast,
TTYH1, which lacks a PY motif, does not interact with Nedd4-2
(Fig. 2). Co-transfection experiments were performed to exam-
ine whether the level of ubiquitination of these ion channels
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FIGURE 3. Comparlson of Nedd4 2- med|ated ubiquitination of human
Tweety proteins. Lysates from HEK293 cells co-transfected with Nedd4-2-
FLAG and either TTYH1-Myc, TTYH2-Myc, or TTYH3-Myc expression con-
structs were immunoprecipitated (/P) with a mouse anti-Myc antibody or iso-
type-matched (IgG2a) control IgG. To prevent degradation of ubiquitinated
proteins, cells were treated for 4 h with the proteasome inhibitor MG-132
before the collection of lysates. Immunoprecipitated proteins were examined
by Western blot analysis (/B) using anti-ubiquitin (Ub) and anti-Myc antibod-
ies. Lysates were examined by Western blot analysis using rabbit anti-Myc
and anti-FLAG antibodies. Ubiquitinated and total Tweety proteins (TTYHs)
and Nedd4-2-FLAG are indicated.

correlated with the presence of CTD PY and SP motifs. HEK293
cells were co-transfected with a Nedd4-2-FLAG construct and
either a TTYH1-Myc, TTYH2-Myc, or TTYH3-Myc expres-
sion construct, lysed in a denaturing buffer, and then subjected
to immunoprecipitation using an anti-Myc antibody. Immuno-
complexes were then examined by Western blot analysis using
an anti-ubiquitin antibody. As shown in Fig. 3 (leff), TTYH2
and TTYHS3, but not TTYHI1, were ubiquitinated by Nedd4-2
(a-UDb panel), although each Tweety family member was effi-
ciently immunoprecipitated (a-Myc panel). Probing whole cell
lysates with an anti-Myc antibody indicated that each Tweety
protein was efficiently expressed by HEK293 cells, whereas
anti-FLAG Western blot analysis indicated that Nedd4-2 was
expressed at approximately equal levels in each co-transfection
(Fig. 3, right).

We have shown that the E3 ubiquitin ligase Nedd4-2 inter-
acts with and ubiquitinates the CTD PY and SP motif contain-
ing Tweety family members TTYH2 and TTYH3 (Fig. 2).
Focusing on TTYH2, we performed further immunoprecipita-
tion experiments to compare the level of ubiquitination of
TTYH2-Myc in HEK293 in the presence and absence of
Nedd4-2-FLAG. Consistent with the data shown in Fig. 3, anti-
ubiquitin Western blot analysis of proteins immunoprecipi-
tated with an anti-Myc antibody detected ubiquitinated
TTYH2-Myc from cells co-expressing Nedd4-2-FLAG (Fig.
4A). Interestingly, TTYH2-Myc levels were consistently lower
in cells co-transfected with the Nedd4-2-FLAG expression con-
struct (panel showing anti-Myc analysis of lysates), possibly
indicating increased degradation of the ion channel in the pres-
ence of ubiquitin ligase. Also of note, lower but distinct levels of
ubiquitination of TTYH2-Myc were also apparent in cells co-
transfected with vector, indicating the action of an endogenous
ubiquitin ligation system on TTYH2-Myc. In contrast, anti-
Myc Western blot analysis of proteins immunoprecipitated
with an anti-ubiquitin antibody detected ubiquitinated
TTYH2-Myc only from cells co-expressing Nedd4-2 (Fig. 4B).
It is likely that the low level of TTYH2-Myc ubiquitinated by an
endogenous ligase was not detected by this Western blot anal-
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FIGURE 4. Ubiquitination of TTYH2 in the presence and absence of
Nedd4-2. Lysates from HEK293 cells co-transfected with the indicated con-
structs were subjected to immunoprecipitation with either anti-Myc or anti-
ubiquitin antibodies or control IgGs. To prevent degradation of ubiquitinated
proteins, cells were treated for 4 h with the proteasome inhibitor MG-132
before collection of lysates. A, proteins immunoprecipitated (/P) with either
an anti-Myc antibody or control IgGs were examined by Western blot analysis
(/B) using anti-ubiquitin (Ub) and anti-Myc antibodies. Lysates were examined
by Western blot analysis using anti-Myc or anti-FLAG antibodies. B, proteins
immunoprecipitated with either an anti-ubiquitin antibody or control IgGs
were examined by Western blot analysis using anti-Myc and anti-ubiquitin
antibodies. Lysates were examined by Western blot analysis using anti-Myc
and anti-FLAG antibodies. Ubiquitinated and total TTYH2-Myc and Nedd4-2-
FLAG are indicated.

ysis, because the anti-ubiquitin antibody used for immunopre-
cipitation enriched for all ubiquitinated proteins, whereas
when an anti-Myc antibody was used for immunoprecipitation,
TTYH2 was specifically enriched.

Endogenous TTYH2 and Nedd4-2 Interact—Confirmation of
interactions between TTYH2 and endogenous Nedd4-2 was
examined initially using a GST pull-down approach. A fusion of
GST with the CTD of TTYH2 (residues 409 —534) encompass-
ing potential WW domain binding sites at ***SP, °**SP,
0°PPTY, and *'°SP (Fig. 5A4) was incubated with lysates from
opossum kidney cells. Western blot analysis of proteins inter-
acting with GST-TTYH2, using an antibody that reacts with the
HECT domains of the E3 ubiquitin-protein ligases Nedd4 and
Nedd4-2 (16, 28), detected prominent bands spanning ~70 — 80
and ~110-120 kDa (Fig. 5B). Since Nedd4 and Nedd4-2
migrate, respectively, as ~120 and ~115 kDa bands by Western
blot analysis (16), these data are consistent with the proposal
that the CTD of TTYH2 interacts with HECT domain-contain-
ing proteins, including either Nedd4 or Nedd4-2 and another
unknown protein.

To examine interactions between endogenous TTYH2 and
an endogenous HECT type E3 ubiquitin-protein ligase, we
developed three rabbit anti-TTYH2 peptide polyclonal anti-
bodies (designated T192, T435, and T519). The selected
TTYH2 peptides showed no homology to other proteins and, as
shown in Fig. 14, spanned residues 192—-206 (located in ECL1),
435-450 (located in the CTD), and 519 -534 (also located in
the CTD). These antibodies specifically detected TTYH2 in
transfected Chinese hamster ovary cells and did not cross-react
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FIGURE 5. Interactions between endogenous TTYH2 and Nedd4-2.
A, schematic representation of a fusion of GST and the carboxyl-terminal tail
of TTYH2 (residues 409-534). Consensus binding sites for HECT type E3 ubig-
uitin-protein ligases are indicated. B, lysates from opossum kidney cells were
subjected to pull-down using either GST or GST-TTYH2. Input lysates and
captured proteins were subjected to Western blot analysis using an anti-HECT
domain polyclonal antibody that detects the HECT domain of Nedd4 and
Nedd4-2. G, specificity of three anti-TTYH2 polyclonal antibodies (T192, T435,
and T519). Chinese hamster ovary cells were transfected with expression con-
structs encoding either TTYH1-HA, TTYH2-Myc, or TTYH3-HA. Lysates were
subjected to Western blot analysis (/B) using anti-TTYH2T192, T435,and T519
antibodies. GAPDH was used as a loading control, and the expression of
TTYH1-HA, TTYH2-Myc, and TTYH3-HA was confirmed by reprobing mem-
branes with anti-HA or anti-Myc antibodies as appropriate. D, Western blot
analysis using a specific anti-Nedd4-2 antibody of endogenous proteins
immunoprecipitated from HEK293 cells using one of the anti-TTYH2 poly-
clonal antibodies T192, T435, or T519 or control rabbit IgG. The membrane
was stripped and reprobed for immunoprecipitated endogenous TTYH2
using antibody T519 (the same pattern was obtained when the blot was rep-
robed with either T192 or T435 antibodies; data not shown).

with lysates from Chinese hamster ovary cells expressing
TTYH1-HA or TTYH3-HA (Fig. 5C). The occurrence of inter-
actions between endogenous TTYH2 and Nedd4-2 was ana-
lyzed by performing immunoprecipitations from HEK293 cell
lysates using each of these three specific anti-TTYH?2 antibod-
ies and control rabbit IgGs. As shown in Fig. 5D, Western blot
analysis using a specific anti-Nedd4-2 antibody (29) detected
this HECT type E3 ubiquitin-protein ligase at the predicted
molecular mass of ~115 kDa in each of the immunoprecipita-
tions performed using the anti-TTYH2 T192, T435, and T519
antibodies. Reprobing of the membrane with these antibodies
specifically detected endogenous TTYH2 (Fig. 5D; only T519 is
shown).

Identification of TTYH2 Motifs Mediating Interaction with
Nedd4-2—To identify the residues mediating binding of
TTYH2 and Nedd4-2, expression constructs encoding mutant
forms of TTYH2 were generated in which consensus WW
domain binding sites (SP and PY motifs) had been mutated:
44D 1o AP (S444A), PSP to SO*AP (S504A), PPT5Y to
PPT®*°F (Y509F), and *'°SP to 5'°AP (S510A). HEK293 cells
were co-transfected with expression constructs encoding
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Nedd4-2-FLAG and either wild type or one of these mutant
forms of TTYH2-Myc. Immunoprecipitations were performed
with anti-Myc or anti-FLAG antibodies. As shown in Fig. 64,
anti-FLAG Western blot analysis of proteins immunoprecipi-
tated using the anti-Myc antibody indicated that the ability of
TTYH2-Myc to bind Nedd4-2-FLAG was completely abolished
by mutation of the tyrosine residue of the PY motif (mutant
Y509F). In addition, mutation S510A reduced interactions
between these proteins by ~60% (Fig. 6A4). Although in some
experiments binding between TTYH2 and Nedd4-2 was
reduced by the S504A mutation, this was not seen consistently
(Fig. 64). Further, TTYH2-Myc S444A was at least as efficient
at forming a complex with Nedd4-2-FLAG as wild type
TTYH2-Myc.

As shown in Fig. 6B, these data were supported when an
anti-FLAG antibody was used as the immunopurifying reagent.
Western blot analysis of these immunoprecipitates using an
anti-Myc antibody confirmed that the ability of TTYH2-Myc to
bind Nedd4-2-FLAG was completely abolished by the Y509F
mutation and that binding between these proteins reduced by
an average of ~60% as a result of the S510A mutation (Fig.
6B). In contrast, TTYH2-Myc S444A and S504A were as effi-
cient at binding Nedd4-2-FLAG as wild type TTYH2-Myc
(Fig. 6B). These data support the proposal that the TTYH2
PY motif is essential for interactions with the HECT type E3
ubiquitin-protein ligase Nedd4-2 and that *'°SP, located
immediately downstream of the PY motif, also impacts upon
these interactions.

The impact of the TTYH2 SP (S444A, S504A, and S510A)
and PY motif (Y509F) mutations on interactions with Nedd4-2
was also examined by confocal microscopy. In these experi-
ments, HEK293 cells were co-transfected with either wild type
or mutant TTYH2-GFP constructs and the Nedd4-2-FLAG
construct. Cells were counterstained with 4',6-diamidino-2-
phenylindole hydrochloride to highlight nuclei. As shown in
Fig. 7, wild type TTYH2 and Nedd4-2 co-localized to cytoplas-
mic punctate structures proximal to the nucleus. Overlay of
TTYH2-GFP (green) and Nedd4-2-FLAG (red) images indi-
cated that there was considerable overlap (yellow in merged
image) in the cellular localization of these proteins (Fig. 74,
merged). In cells co-expressing either of the TTYH2 mutants
S444A or S504A and Nedd4-2, the TTYH?2 signal was also pre-
dominantly localized to punctate cytoplasmic structures
(green), and there was considerable overlap (yellow in merged
image) with Nedd4-2 (red) expression (Fig. 7, Band C). In con-
trast, in cells expressing TTYH2-Y509F (green) and Nedd4-2
(red), there was little evidence of co-localization (Fig. 7D,
merged), and, even more striking, Nedd4-2 maintained a diffuse
cytoplasmic expression pattern (Fig. 7D, Nedd4-2-FLAG panel)
similar to the signal apparent in cells transfected only with the
Nedd4-2-FLAG expression construct (Fig. 7F). Although in
cells co-expressing TTYH2-S510A (green) and Nedd4-2 (red)
there was also evidence of co-localization of these proteins (Fig.
7E), overlapping signal (yellow in merged image) was generally
less intense compared with cells expressing Nedd4-2 and either
wild type, S444A, or S504A TTYH?2 (Fig. 7, compare E with A4,
B, and O).
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FIGURE 6. The role of carboxyl-terminal domain SP and PY motifs in binding of TTYH2 to Nedd4-2.
HEK293 cells were co-transfected with expression constructs encoding Nedd4-2-FLAG and either wild type
(WT) or mutant TTYH2-Myc as indicated. Immunoprecipitates from cells co-transfected with vector (pcDNA3.1)
and the Nedd4-2-FLAG expression construct were used as controls. Western blot analyses are representative of
three experiments. The mean and S.D. of signal intensities, determined by densitometry analysis, from these
three experiments, relative to data from TTYH2 wild type (WT), are graphed on the right of each panel.
A, proteins immunoprecipitated (/P) with an anti-Myc monoclonal antibody and input lysates were subjected
to Western blot analysis (/B) using either anti-FLAG or anti-Myc antibodies (left). The ratio of Nedd4-2-FLAG to
TTYH2-Mycinimmunoprecipitates is graphed in the right panel. #, binding completely abolished in each of the
three experiments; **, p < 0.01. B, proteins immunoprecipitated with an anti-FLAG antibody and input lysates
were subjected to Western blot analysis using either anti-Myc or anti-FLAG antibodies (left). The ratio of TTYH2-
Myc to Nedd4-2-FLAG in immunoprecipitates is graphed in the right panel. #, binding completely abolished in

each of the three experiments; *, p < 0.05.

Comparison of TTYH2 in Nedd4-2-expressing and -nonex-
pressing cells indicated that the cellular location of TTYH2 in
punctate cytoplasmic structures and, to a lesser extent, the cell
surface appeared to be unaffected by the presence or absence of
the ubiquitin ligase (Fig. 7, compare G with A—E). These data
support the role of the PY motif of TTYH?2 as an essential medi-
ator of interactions with Nedd4-2 and, to a lesser extent, a role
for the ®*°SP motif in these interactions.

Impact of Mutation of TTYH2 CTD SP and PY Motifs on
Nedd4-2-mediated Ubiquitination—The °'°SP and PY motifs
of TTYH2 impact on the binding of this protein to the E3 ubiq-
uitin-protein ligase Nedd4-2 (Figs. 6 and 7), and TTYH2 is a
ubiquitination target of Nedd4-2 (Fig. 3). We next examined
whether ubiquitination of TTYH2 would be altered by muta-
tion of the TTYH2 CTD SP and PY muotifs, including those with
reduced affinity for Nedd4-2. HEK293 cells co-transfected with
the Nedd4-2-FLAG construct and either wild type or mutant
TTYH2-Myc constructs were treated for 4 h with the protea-
some inhibitor MG-132 before collection of lysates to prevent
degradation of ubiquitinated proteins. Lysates were fully
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reduced and denatured, as previ-
ously described (34), to disrupt
interactions between TTYH2 and
other proteins and then subjected to
immunoprecipitation using an anti-
Myc antibody. As shown in Fig. 8,
Western blot analysis of immuno-
precipitated complexes, using an
anti-ubiquitin antibody, showed
that levels of Nedd4-2-mediated
ubiquitination of TTYH2-Y509F
were markedly reduced relative to
wild type TTYH2 (~80% reduc-
tion). Levels of Nedd4-2-mediated
ubiquitination of TTYH2-S510A
were also reduced relative to wild
type TTYH2. Quantitatively, muta-
tion of the °'°SP motif reduced
ubiquitination of TTYH2 by ~66%
relative to wild type protein. In con-
trast, TTYH2-S444A and -S504A
were as efficiently ubiquitinated as
wild type TTYH2 (Fig. 8). These
data indicate that in addition to
being critical for mediating binding
of TTYH2 and Nedd4-2, the
TTYH2 PY motifis also essential for
Nedd4-2-mediated ubiquitination
of this member of the Tweety family
of chloride ion channels. In addi-
tion, the TTYH2 SP motif flanking
the PY motif at position 509, but not
SP motifs at positions 444 and 504,
also impacts upon Nedd4-2-medi-
ated ubiquitination of TTYH2.
Disruption of TTYH2 Sites for
Nedd4-2 Binding Increases the Level
of Plasma Membrane and Total Cel-
lular TTYH2—Ubiquitination by HECT domain E3 ubiquitin
ligases regulates trafficking and degradation of membrane pro-
teins (11). We have shown that Nedd4-2, a member of this family,
binds to and ubiquitinates the membrane-spanning chloride ion
channel TTYH2. Accordingly, we examined the impact of modu-
lation of interactions between these two proteins on the levels of
plasma membrane and total cellular TTYH2. HEK293 cells were
co-transfected with Nedd4-2-FLAG and wild type, Y509F, or
S510A TTYH2 expression constructs. TTYH2 levels were
assessed by anti-Myc Western blot analysis of plasma mem-
brane, and cytoplasmic fractions were separated by biotiny-
lation of intact cells. The efficiency of fractionation by this
approach was confirmed by anti-pancadherin and anti-
GAPDH Western blot analysis. The ratio of plasma mem-
brane TTYH2 to pancadherin, determined by densitometric
analysis of Western blot analyses from three separate exper-
iments, was used to compare changes in levels of plasma
membrane TTYH2. As shown in Fig. 94, levels of plasma
membrane TTYH2 increased markedly when the sites most
important in Nedd4-2 binding were mutated; TTYH2-
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FIGURE 7. Localization of Nedd4-2 and wild type and mutant TTYH2. HEK293 cells were co-transfected with
expression constructs encoding Nedd4-2-FLAG and either wild type (A), S444A (B), S504A (C), Y509F (D), or
S510A (E) mutant TTYH2-GFP expression constructs as indicated. In controls, cells were transfected with either
Nedd4-2-FLAG (F) or TTYH2-GFP (wild type or mutant) (G) expression constructs alone. Cells were fixed and
then incubated with an anti-FLAG antibody, followed by a fluorescently tagged secondary antibody. Nuclei
were stained with 4’,6-diamidino-2-phenylindole hydrochloride. Images were acquired using a Leica TCS SP5
confocal microscope and processed and displayed using Adobe Photoshop CS3.

Y509F and TTYH2-S510A cell surface levels were ~3- and
~2-fold higher than wild type TTYH2.

The impact of modulation of interactions between TTYH2
and Nedd4-2 on the levels of total cellular TTYH2 were
assessed by anti-Myc Western blot analysis of whole cell lysates.
The ratio of TTYH2 to GAPDH, determined by densitometric
analysis of Western blot analyses from three separate experi-
ments, was used to compare changes in levels of total cellular
TTYH2. As shown in Fig. 9B, levels of total cellular TTYH2
were altered less than plasma membrane levels when the sites
most important in Nedd4-2 binding were mutated; TTYH2-
Y509F and TTYH2-S510A total cellular levels were both ~1.5-
fold higher than wild type TTYH2.

DISCUSSION

The Tweety proteins are a family of chloride ion channels
that we have recently shown to contain five membrane span-
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TTYHZ2 alone

ning domains with a topology at the
Merged

cell surface in which the amino ter-
minus is located extracellularly and
the CTD is located cytoplasmically
(26). Three family members have
been identified in humans, de-
signated TTYHI1, TTYH2, and
TTYHS3, with orthologous proteins
known in murine species (20, 22,
23). Of these proteins, human
TTYH2 and TTYH3 have been
described as ionomycin, Ca%*-
dependent chloride ion channels,
whereas a TTYH1 isoform, variant
at the carboxyl terminus, is pro-
posed to function as a volume-regu-
lated Cl™ channel (20). To date, the
mechanisms regulating these pro-
teins are poorly defined.

Since the HECT type E3 ubiquitin
ligase Nedd4-2 is known to regulate
various ion channels, in this study
we have investigated the role of
ubiquitination mediated by this E3
ligase in the regulation of the three
human members of the Tweety
family. Using sequence analysis and
immunoprecipitation protocols, we
have defined varying levels of inter-
actions between Tweety family pro-
teins and Nedd4-2, which are
dependent upon defined structural
motifs present within each family
member. Significantly, we have
demonstrated binding of endoge-
nous TTYH2 and Nedd4-2 and,
importantly, shown that, function-
ally, ubiquitination of TTYH2 by
Nedd4-2 regulates cell surface and
total cellular levels of this chloride
ion channel. In addition, we have
shown that in transfected HEK293 cells, another Tweety family
member, TTYH3, binds to and is efficiently ubiquitinated by
Nedd4-2. We also show that the remaining human member of
the Tweety family, TTYH]I, does not bind to Nedd4-2. This lack
of binding is consistent with the lack of consensus WW domain
binding sites within the amino acid sequence of TTYH1.

Interactions between HECT type E3 ubiquitin-protein
ligases and substrates are mediated by WW domains present
within the ligase (11). Although most commonly, these
domains bind substrate PY motifs (11), examples of WW
domain binding to phosphorylated SP or TP motifs have also
been reported (11). Consistent with these observations, our
mutagenesis studies indicated that the CTD PY motif of
TTYH?2 is essential for Nedd4-2 binding. Using immunopre-
cipitation and confocal microscopy approaches, we demon-
strated that mutation of the TTYH2 PY motif tyrosine residue
completely abolished binding between TTYH2 and Nedd4-2,
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FIGURE 8. The effect of loss of SP and PY motifs on ubiquitination of
TTYH2 by Nedd4-2. Lysates from HEK293 cells co-transfected with Nedd4-
2-FLAG and either wild type or mutant TTYH2-Myc expression constructs
were subjected to immunoprecipitation using an anti-Myc antibody. To pre-
vent degradation of ubiquitinated proteins, cells were treated for 4 h with the
proteasome inhibitor MG-132 before the collection of lysates. Proteins immu-
noprecipitated (/P) with an anti-Myc antibody were examined by Western
blot analysis (IB) using anti-ubiquitin and anti-Myc antibodies. Lysates were
also examined by Western blot analysis using anti-Myc and anti-FLAG anti-
bodies. Ubiquitinated and total TTYH2-Myc and Nedd4-2-FLAG are indicated.
Western blot analyses are representative of three experiments. Signal inten-
sities, determined by densitometry analysis, from these three experiments
were used to calculate the ratio of ubiquitinated to total immunoprecipitated
TTYH2-Myc. The mean and S.D. of the ratio for each experimental condition,
relative to data from TTYH2 wild type (WT), are graphed in the right panel.
* p < 0.05; *** p < 0.001.
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FIGURE 9. Interactions between Nedd4-2 and TTYH2 impact on plasma
membrane and total cellular levels of TTYH2. HEK293 cells were co-trans-
fected with Nedd4-2-FLAG and wild type, Y509F, or S510A TTYH2-Myc
expression constructs. A, plasma membrane (M) and cytoplasmic (C) frac-
tions, separated by biotinylation of intact cells, were subjected to anti-Myc,
anti-GAPDH, and anti-pancadherin Western blot analyses. The displayed
blots are representative of three experiments. The mean and S.D. of the ratio
of plasma membrane TTYH2 to pancadherin from these three experiments
are graphed in the right panel.*, p < 0.05. B, whole cell lysates were subjected
to anti-Myc and anti-GAPDH Western blot analyses. The displayed blots are
representative of three experiments. The mean and S.D. of the ratio of whole
cell TTYH2 to GAPDH from these three experiments, relative to data from
TTYH2-WT, are graphed in the right panel. *, p < 0.05. IP, immunoprecipita-
tion; /B, immunoblot; WT, wild type.

resulting in an almost complete loss of ubiquitination of
TTYH2 in the presence of this ligase. Our observation of the
essential role of the TTYH2 PY motif in mediating binding to
Nedd4-2 is consistent with previous ion channel studies report-
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ing interactions with HECT type E3 ligases. For example, bind-
ing of Nedd4-2 and the sodium channel Na 1.5 is abrogated by
mutation of the PY motif of the channel (19). In addition, the PY
motif of ENaC, which is mutated in a hereditary form of hyper-
tension known as Liddle syndrome, is essential for Nedd4-2-
mediated ubiquitination and degradation of this channel
(35-37).

Our mutation studies also indicated that an SP motif located
immediately downstream of the PY motif impacts upon
Nedd4-2 binding and ubiquitination of TTYH?2. Elimination of
the >'°SP motif reduced TTYH2 binding to Nedd4-2 by ~60%
with an accompanying 66% decrease in ubiquitination. Accord-
ingly, it is possible that this motif, like the PY motif, is also
directly involved in TTYH2 binding to Nedd4-2. However,
based on our observations that the PY motif containing Tweety
family member TTYH3 also binds efficiently to Nedd4-2 but
lacks a downstream SP motif, it is likely that TTYH2 *'°SP has
an indirect role in binding, potentially supporting the confor-
mation of the adjacent PY motif. Thus, we propose that binding
between TTYH2 and Nedd4-2 was reduced by mutation of the
>10SP motif because it altered the conformation of the adjacent
binding site.

Importantly, our data indicate that Nedd4-2-mediated ubigq-
uitination of TTYH2 regulates cell surface and total cellular
levels of this chloride ion channel. In these experiments, levels
of cell surface and total cellular TTYH2 increased ~3- and
~1.5-fold, respectively, when Nedd4-2 binding and ubiquitina-
tion were abolished by mutation of the PY motif. Furthermore,
the reduction in Nedd4-2 binding (~60%) and ubiquitination
(~66%) of TTYH2 induced by mutation of >'°SP resulted in
~2- and ~1.5-fold increases, respectively, in the levels of cell
surface and total cellular TTYH2. These data indicate that sig-
nals inducing Nedd4-2-mediated ubiquitination of TTYH2 will
impact upon the amount of this CI~ channel located on the cell
surface and within cells and also point to an important role for
ubiquitination in the regulation of TTYH2 function.

Our observation of regulation of a Tweety family member by
the HECT type E3 ubiquitin-protein ligase Nedd4-2 is consist-
ent with reports indicating that membrane proteins and, in par-
ticular, ion channels are commonly regulated by Nedd4-2-me-
diated ubiquitination. For example, Fotia et al. (17) showed that
the activities of the voltage-gated Na™* channels 1.2, 1.7, and 1.8
are inhibited by this E3 ubiquitin-protein ligase. Also, Nedd4-2
is the physiological regulator of the activity of ENaC in two
epithelial cell lines (38). It has been clearly demonstrated that
suppression of ion channel activity by Nedd4-2 is associated
with its ubiquitin ligase activity. For example, it has been shown
that Nedd4-2-mediated ubiquitination of the sodium channel
ENacC (39), the potassium channel KCNQ1 (40), and the amino
acid transporter ATA2 (41) leads to internalization of these
proteins and, eventually, lysosomal (15) and/or proteosomal
(42) degradation.

Interestingly, Hryciw et al. (16) have reported that interac-
tions between CIC-5, which has typically been regarded as an
intracellular C1~ channel, and Nedd4-2 regulate both the cell
surface expression of CIC-5 and its non-ion channel function in
albumin uptake. In fact, it is now recognized that CIC-5 func-
tions as a key component, independent of its role in ion trans-

VOLUME 283 +NUMBER 35+AUGUST 29, 2008



port, in the assembly of the macromolecular complex involved
in protein endocytosis (16, 43, 44). In this respect, our observa-
tions here and previously (26) of cell surface-localized TTYH2
and the presence of a consensus integrin-binding RGD motif
within ECL1 of human and murine TTYH2 (23) may also indi-
cate that this protein will have functions in addition to ion
channel activity, such as mediating cell to cell interactions by
binding to integrins. In support of this proposal, other RGD
motif-containing cell surface proteins, such as ADAM-15 and
the cell adhesion molecule L1, have been shown to bind inte-
grins o B; and a3, (45) and «, 35 (46), respectively.

Rae et al. (23) and Toiyama et al. (25) have previously
reported up-regulation of TTYH2 mRNA levels in renal cell
carcinoma and colon cancer, respectively. In addition, the latter
group demonstrated that small interfering RNA-mediated
down-regulation of TTYH2 resulted in reduced proliferation
and increased aggregation of colon cancer-derived Caco-2 and
DLD-1 cells (25). These cellular changes are consistent with a
role for TTYH2 in colon cancer and, potentially, other can-
cers and suggest that mechanisms increasing TTYH2 pro-
tein levels will be important in cancer progression. In the in
vivo cancer setting, it is possible that dysregulated Nedd4-2-
mediated ubiquitination may promote such an oncogenic
transformation. Our data indicate that this could occur
through loss or reduction of Nedd4-2-mediated ubiquitina-
tion, leading to increased levels of TTYH2. Of relevance, it
has recently been reported that mRNA transcript levels of
serum and glucocorticoid-regulated kinase-1 (Sgk-1), a neg-
ative Nedd4-2 regulator (39), are markedly up-regulated in
renal cell carcinoma (47). Thus, a possible mechanism con-
trolling TTYH2 in cancer progression would involve
increased phosphorylation of Nedd4-2 by Sgk-1, resulting in
reduced Nedd4-2-mediated ubiquitination of TTYH2 and
increased levels of this Tweety family member. Sgk-1-medi-
ated phosphorylation of Nedd4-2 may also be relevant in
regulating binding of this ligase to TTYH3.

In summary, our data provide the first evidence that the
HECT type E3 ubiquitin ligase Nedd4-2 differentially regulates
members of the Tweety family of C1™ ion channels. In particu-
lar, Nedd4-2 regulates cell surface and total cellular protein
levels of TTYH2 by binding and ubiquitination of this second
human member of the Tweety family. It is probable, based on
studies of other proteins, that this mechanism will regulate the
TTYH2 chloride channel activity observed by Suzuki and
Mizuno (20) as well as other potential functions of TTYH2.
This information will be important for understanding the role
of TTYH2 and other Tweety family proteins in normal physi-
ology and disease.
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