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Calcium Activates Nedd4 E3 Ubiquitin Ligases by Releasing
the C2 Domain-mediated Auto-inhibition™
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Nedd4 E3 ligases are members of the HECT E3 ubiquitin
ligase family and regulate ubiquitination-mediated protein deg-
radation. In this report, we demonstrate that calcium releases
the C2 domain-mediated auto-inhibition in both Nedd4-1 and
Nedd4-2. Calcium disrupts binding of the C2 domain to the
HECT domain. Consistent with this, calcium activates the E3
ubiquitin ligase activity of Nedd4. Elevation of intracellular cal-
cium by ionomycin treatment, or activation of acetylcholine
receptor or epidermal growth factor receptor by carbachol or
epidermal growth factor stimulation induced activation of
endogenous Nedd4 in vivo evaluated by assays of either Nedd4
E3 ligase activity or ubiquitination of Nedd4 substrate ENaC-f3.
The activation effect of calcium on Nedd4 E3 ligase activity was
dramatically enhanced by a membrane-rich fraction, suggesting
that calcium-mediated membrane translocation through the C2
domain might be an activation mechanism of Nedd4 in vivo. Our
studies have revealed an activation mechanism of Nedd4 E3
ubiquitin ligases and established a connection of intracellular
calcium signaling to regulation of protein ubiquitination.

Protein ubiquitination is a major intracellular signaling
event. E3 ubiquitin ligase (E3),? including the HECT (homolo-
gous to E6-AP carboxyl terminus) domain containing and the
RING (the really interesting new gene) domain containing E3
ligases, is the key enzyme that catalyzes ubiquitination and con-
fers specificity of ubiquitination substrates (1-3). Nedd4 E3
ubiquitin ligases are members of the WW domain-containing
HECT E3 ubiquitin ligase subfamily (4). There are two Nedd4
E3 ligases, Nedd4-1 and Nedd4-2, in mammalian cells (5).
Human Nedd4-1 gene (Nedd4) is localized on chromosome 15,
and Nedd4-2 gene (Nedd4L) is on chromosome 18 (5). Both
Nedd4-1 and Nedd4-2 have the same domain structure, with
the C2 domain at the N terminus, followed by four WW
domains, and the HECT domain at the C terminus. The pri-

* This work was supported by American Cancer Society Grant ACS-RSG TBE-
110602 (to W.Y.).

' Both authors contributed equally to this work.

2To whom correspondence should be addressed: Weis Center for Research,
Geisinger Clinic, 100 N. Academy Ave., Danville, PA 17822. Tel.: 570-271-
6664; Fax: 570-271-6701; E-mail: wyang1@geisinger.edu.

3 The abbreviations used are: E3, ubiquitin ligase; E2, ubiquitin-conjugating
enzyme; E1, ubiquitin-activating enzyme; SGK1, serum- and glucocorti-
coid-inducible kinase 1; ENaC, epithelial sodium channel; GFP, green fluo-
rescent protein; ULR, ubiquitin ligation reaction; GST, glutathione S-trans-
ferase; HA, hemagglutinin; EGF, epidermal growth factor; EGFR, EGF
receptor; JNK, c-Jun amino-terminal kinase.

APRIL 16, 2010+VOLUME 285-NUMBER 16

mary peptide sequences of human Nedd4-1 and Nedd4-2 are
~65% identical. The most unconserved regions are located
between the WW1 and the WW3 domains.

Four groups of Nedd4 substrates have been identified: 1) ion
channels and membrane transporters; 2) membrane receptors;
3) tumor suppressors; and 4) endocytic regulation proteins.
Accordingly, Nedd4 is involved in regulation of hypertension
(6), neuronal signal transmission (7, 8), tumorigenesis and cell
growth (9), cellular metabolism (10), receptor endocytosis and
degradation (11), and viral endocytosis and budding (12, 13).
Although Nedd4-1 and Nedd4-2 show partially redundant
cellular functions (14), there seems to be a distinct preference
for substrates between Nedd4-1 and Nedd4-2. For example,
Nedd4-1 preferentially ubiquitinates tumor suppressors and
endocytic proteins (15-18), whereas Nedd4-2 ubiquitinates ion
channels and membrane transporters (19 -23). It is not known
how substrate preferences of Nedd4-1 and Nedd4-2 are deter-
mined. In addition, both Nedd4-1 and Nedd4-2 have multiple
cellular substrates. How Nedd4 discriminates substrates in
response to cellular signaling to execute corresponding cellular
function is entirely unknown.

Regulation of Nedd4 activity in cells is poorly understood.
Phosphorylation of Nedd4-2 by serum- and glucocorticoid-in-
ducible kinase 1 (SGK1) is an only major finding in regulation
of Nedd4-2 activity up to date (24). SGK1 was identified as a
kinase causing hypertension through activation of epithelial
sodium channel (ENaC) (25, 26). SGK1 phosphorylates
Nedd4-2 on serine 444 (27), which is required for association of
Nedd4-2 with 14-3-3, resulting in reduced Nedd4-mediated
ubiquitination of ENaC and enhanced ENaC activity (26). In
addition to ENaC, SGK1 is also involved in regulation of glucose
transporter SGLT1, glutamate transporter EAAT1, glutamine
transporter SN1, and cardiac sodium channel SCN5A through
phosphorylation and inhibition of Nedd4-2 (28 —31). Interest-
ingly, SGK1 is activated by a serine/threonine kinase, WNK1
(with no lysine (K) kinase 1), which is a known causal mole-
cule for pseudohypoaldosteronism type II hypertension (32).
WNKI1 activates SGK1, inhibiting Nedd4-2 and enhancing
ENaC activity, which results in hypertension (33). Phosphoryl-
ation of Nedd4-2 by AMP-activated kinase, which causes inhi-
bition of ENaC activity, was also observed (34). Phosphoryla-
tion of Nedd4 by AMP-activated kinase may be an important
means for regulation of the E3 ligase activity or recognition of
the substrate. A recent research report shows that Nedd4 is
phosphorylated by G-protein-coupled receptor kinase 2 (35).
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Nedd4 Activation

The effect of phosphorylation by G-protein-coupled receptor
kinase 2 on Nedd4 activity is not known.

The C2 domain was originally identified as a calcium-bind-
ing domain in protein kinase C, which is required for calcium-
dependent activation of the kinase activity (36, 37). More than
100 proteins are now known to contain the C2 domain (38).
The C2 domain of Nedd4 has been proposed as a calcium-de-
pendent inositol phospholipid-binding module (39, 40). Early
studies indicated that the C2 domain mediated the transloca-
tion of cytoplasmic Nedd4 to plasma membrane by binding to
phospholipids (39). Subsequently, Annexin XIIIb was identified
as a partner for the C2 domain of Nedd4 to bind to apical
plasma membranes in epithelial cells (41). In yeast, the C2
domain of Rsp5, the homolog of Nedd4, is required for func-
tional compartmentalization of Rsp5 and ubiquitination of its
substrate (40). In mammalian cells the WW domains, but not
the C2 domain, are required for Nedd4 to down-regulate ENaC
(42). It was observed that the C2 domain truncation mutant of
Nedd4 had stronger inhibition of ENaC activity than wild-type
Nedd4 (42), suggesting that the C2 domain has an inhibitory
role in Nedd4 function. A recent study has shown that the C2
domain of Smurf2 directly binds to the HECT domain and
functions as an auto-inhibitory domain for E3 ligase activity
(43).

In this report, we confirmed that the C2 domain of Nedd4 is
the auto-inhibitory domain for its E3 ubiquitin ligase activity.
Deletion of the C2 domain causes constitutive activation of
Nedd4. Calcium activates Nedd4 E3 ubiquitin ligase activity
both in vitro and in vivo by releasing the auto-inhibition. Sig-
naling that elevates intracellular calcium activates Nedd4 E3
ubiquitin ligase activity. Thus, we propose that release of the C2
domain-mediated auto-inhibition by calcium ions or other cel-
lular activators is a key mechanism for activation of Nedd4 E3
ubiquitin ligases in response to cellular signaling.

EXPERIMENTAL PROCEDURES

Materials—The human Nedd4-2b cDNA (IMAGE: 5528964)
and partial human Nedd4-2a cDNA (IMAGE: 3604024) plas-
mids were purchased from Open Biosystems. Rat Nedd4-1
plasmid is a kind gift from Dr. Daniela Rotin at University of
Toronto. Anti-ubiquitin antibody was purchased from Covance;
anti-Nedd4 was purchased from UBI Ubiquitin (U6253-5MG),
ubiquitin activating enzyme (E1, UL758-25UG), UbcH7 (E2,
U9132-100UG), and carbachol (C4382) were purchased from
Sigma.

Construction of Tagged Nedd4s and the Mutants—pcDNA3
HA-human Nedd4-2b and pcDNA3 HA-rat Nedd4-1 were
constructed by subcloning human Nedd4-2b and rat Nedd4-1
c¢DNAs into an HA-tagged pcDNA3 vector. The pcDNA3-
HA-human Nedd4-2a was constructed by ligation of the partial
human Nedd4-2a cDNA (IMAGE: 3604024) with the 5'-end
of human Nedd4-2b cDNA. pcDNA3-HA-hNedd4-2aAC2,
pcDNA3-HA-hNedd4-2bAC2, pcDNA3-HA-hNedd4-2bAN,
pcDNA3 HA-Nedd4-2bWW, pcDNA3 HA-rNedd4-1AC2,
and pGEX-4T3-hNedd4-2b-C2 were constructed by PCR-di-
rected mutagenesis. All the constructs were confirmed by
nucleotide sequencing.
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Culture and Transfection of Cells—HEK293T cells were
maintained in Dulbecco’s modified Eagle’s medium plus 10%
fetal bovine serum at 37 °C and 5% CO,. The cells were cul-
tured to 90% confluence before transfection. For transfec-
tion, the plasmid DNA (1-2 ug/60 mm dish) was pre-mixed
with ESCORT™ V transfection Reagent (Sigma, 1:4, w/v) in
ESCORT™ V transfection reagent buffer (0.2 ml per 60-mm
dish) and incubated at room temperature for 30 min. The cells
were incubated in the plasmid DNA/ESCORT ™ V mixture for
5 h. Then the mixture was replaced with the complete culture
medium, and the cells were maintained under normal culture
conditions up to 43 h before used for experiments.

Establishment of ENaC-B-GFP Stable Cell Line—The plas-
mids pEGFP-N1-ENaC-f and pMT-puro were transfected into
HEK293T cells using Lipofectamine 2000 (Invitrogen). After
48 h, transfected cells were treated with 2 ug/ml puromycin to
select transfectant colonies for 2 weeks. The positive colonies
were determined by visualizing GFP fluorescence under a fluo-
rescent microscope and immunoblotting the cell lysates with
anti-GFP.

Immunoprecipitation and Immunoblotting—The cells were
rinsed with phosphate-buffered saline once, then either lysed
with the mammalian cell lysis buffer (40 mm Hepes, pH 7.4, 100
mMm NaCl, 1% Triton X-100, 25 mMm B-glycerophosphate, 1 mm
sodium ortho-vanadate, 10 ug/ml leupeptin, and 10 pug/ml
aprotinin) with rocking at 4 °C for 20 min, or homogenized in
ubiquitin ligation reaction (ULR) buffer (25 mm Tris-HCI, pH
8.0, 100 mm NaCl, 2.0 mm MgCl,, and 1 mm dithiothreitol)
using a 1-ml Kontes tissue grinder. The cell lysates or homoge-
nates were collected into an Eppendorf tube and cleared by
centrifugation at 14,000 rpm (20,000 X g) for 10 min in a micro-
centrifuge. The cleared lysates were transferred to a clean
Eppendorf tube and incubated with primary antibody on ice for
30 min, then protein A or protein G beads were added, and the
mixture was incubated at 4 °C for 2 h with rotation. The beads
were washed either with lysis buffer two times followed by ULR
buffer three times (for immunoprecipitation from cell lysates)
or just with ULR buffer three times (for immunoprecipitation
from homogenates). The immunoprecipitated Nedd4 was used
for the E3 ubiquitin ligase activity assay. The immunoblot was
performed as instructed by ECL immunoblot kits (Amersham
Biosciences).

Preparation of Homogenate Fractions—For preparation of
homogenate fractions, we cultured HEK293 cells to 90 -100%
confluence in 10-cm dishes, harvested cells by scraping the cells
in 1 ml of pre-cooled ULR buffer for each dish, and homoge-
nized the cells with a 2-ml homogenizer on ice. The cell debris,
nuclei, and mitochondria were removed by centrifugation of
the homogenates at 1,000 rpm (50 X g) for 15 min at 4 °C. The
supernatant (50 X g S) was then spun at 3,000 X g for 15 min at
4 °C. The yielded supernatant and pellet were designated as
3Kxg S and 3Kxg P, respectively. The 3Kxg S was further spun at
400,000 X g for 30 min at 4 °C, resulting in a supernatant
(400Kxg S) and pellet (400Kxg P). All the pellets were resus-
pended in equal volume of ULR buffer to the supernatant. In
activation of Nedd4 E3 ubiquitin ligase assays, 5 ul of each
fraction was added into the reaction mixture.
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FIGURE 1. Truncation of the C2 domain activates the E3 ubiquitin ligase activity of Nedd4. A, schematic
representation of the C2 domain deletion mutants of Nedd4-1 and Nedd4-2. The roman numbers /-IV refer to
the WW domains 1 (WW1), 2 (WW?2), 3 (WW3), and 4 (WW4). Human Nedd4-2a and Nedd4-2b (hNedd4-2a and
hNedd4-2b) are Nedd4-2 splicing forms. The Nedd4-2b lacks the WW2 domain in Nedd4-2a. Rat Nedd4-1
(rNedd4-1) has only three WW domains. The positions for the deletions and the boundaries of the domains are
labeled with the amino acid residue position numbers in the peptides. B, truncation of the C2 domain activates
Nedd4. Lanes 1-8, HA-tagged wild-type or the C2 domain deletion mutant of Nedd4-1 and Nedd4-2 was
transfected into HEK293 cells. Nedd4 protein was immunoprecipitated with anti-HA antibody and used for the
E3 ubiquitin ligase activity assay. Lanes 9 and 10, His-tagged Nedd4-2a or its C2 domain deletion mutant was
expressed in E. coli and purified with affinity beads. Purified His-tagged Nedd4 and the mutant (100 ng) were
used for the ubiquitin ligase activity assay. In the assay, mono-ubiquitin was used as the substrate. The ubig-
uitin ligation products (poly-ubiquitins) were detected by immunoblotting with anti-ubiquitin antibody. Top
panels, poly-ubiquitin products; bottom panels, HA- or his-tagged wild-type and deletion mutants of Nedd4s.

Nedd4 Activation

The in Vitro E3 Ubiquitin Ligase
Activity Assay—The E3 ubiquitin
ligase activity assay was based on the
method described in a previous
study (44) with minor modifica-
tions. The E3 ubiquitin ligase activ-
ity assay was performed by adding
15 ul of reaction mixture containing
a final concentration of 100 nm E1,
0.5 um UbcH7 (E2), 5 uM ubiquitin
or KO-ubiquitin, and 2 um ATP in
ULR buffer (25 mm Tris-HCI, pH
8.0, 100 mMm NacCl, 2.0 mm MgCl,,
and 1 mwm dithiothreitol) to immu-
noprecipitated Nedd4 (10 ul). For
an activation assay of the E3 ubig-
uitin ligase activity, CaCl, solution
or the HEK293 cell homogenate
fraction (5 ul/each sample) was
added to the immunoprecipitated
Nedd4 before addition of the reac-
tion mixture. CaCl, solution was
buffered with EGTA, and the con-
centration of calcium was calcu-
lated according to WEBMAX-
CLITE. The reaction was initiated
by adding the reaction mixture, car-
ried out at 22 °C for 20 min, and
stopped by addition of 25 ul of 2X
SDS-PAGE sample buffer. The re-
action mixtures were resolved by
SDS-PAGE, transferred to polyvi-
nylidene difluoride membrane, and
subjected to immunoblot. The poly-
ubiquitin products were visualized
by ECL immunoblotting with an
anti-ubiquitin antibody. The X-films
yielded from ECL immunoblotting
were scanned, and the arbitrary
density counts of both poly-ubig-
uitin and Nedd4 bands were quanti-
fied by Kodak EDAS290 image sys-
tem. The E3 ubiquitin ligase specific
activity is defined as the ratio of den-
sity of poly-ubiquitin products to
Nedd4-.

ENaC-B in Vivo Ubiquitination
Assay—For ionomycin treatment:
pcDNA3-HA-Nedd4-2a, pcDNA3-
HA-Nedd4-2a-AC2, or vector was
transfected into the HEK293T-
ENaB-GFP cell line for 36 h fol-
lowed by 12-h serum starvation.
The medium was replaced with nor-
mal cell culture medium plus 1.25
mM CaCl, and 10 um MG-132 with
or without 1 um ionomycin for 6 h.
Ubiquitinated ENaC-B-GFP was
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FIGURE 2. The C2 domain of Nedd4 interacts with its HECT domain in the absence of calcium. GST-C2
domain pulldown assay for binding of the C2 domain to purified T7-tagged HECT domain of Nedd4-2a (A), or
HA-tagged Nedd4-2bAN (B). The C2 domain of Nedd4-2 was subcloned into a GST fusion protein expression
vector, expressed in E. coli, and purified by affinity purification with glutathione-conjugated agarose beads.
The beads with GST (control) or GST-Nedd4-2b C2 domain fusion protein were incubated with purified
T7-tagged HECT domain of Nedd4-2a in indicated calcium concentrations, or with HA-Nedd4-2bAN- or
HA-Nedd4-2bWW-expressed HEK293 cell lysates in the presence of 5 mm CaCl, or 1 mm EGTA. The GST-C2
domain-precipitated T7-Nedd4-2a-HECT, HA-Nedd4-2bAN, or HA-Nedd4-2bWW was detected by immuno-
blotting with anti-T7 antibody or anti-HA antibody. The GST and GST fusion proteins used for the pulldown
assay are shown by Coomassie Blue staining. Lane 7in A and B shows one-tenth the total input of the indicated

proteins in the pulldown assay.

precipitated with a GST-ACK-Uba pulldown assay and de-
tected by immunoblotting with anti-GFP antibody. For carba-
chol or EGF treatment, ENaf-GFP stably transfected cells were
serum-starved for 12 h followed by treatment with MG-132 (10
uM) for 6 h. The cells then stimulated with carbachol (5 um) or
EGF (50 ng/ml) at the indicated time. Ubiquitinated ENaC-f3
was precipitated by a GST-ACK1-Uba pulldown assay and
detected by immunoblotting with anti-GFP antibody.

Expression and Purification of His-T7-tagged Nedd4 Proteins—
His-T7-tagged E3 ligase Nedd4-2a, Nedd4-2a-AC2, Nedd4-2a
C922A, and Nedd4-2a-HECT were expressed in Escherichia
coli BL21 cell by isopropyl 1-thio-B-p-galactopyranoside
induction. The cells were lysed by sonication in His lysis buffer
(25 mm Tris-HCI (pH 8.0), 50 mm NaCl, 0.5% Triton X-100, 10%
glycerol, 10 mm imidazole). The soluble fraction of the lysate
was incubated with nickel-nitrilotriacetic acid-agarose beads at
4 °Cfor 2 h. The nickel beads were washed three times with lysis
buffer containing 60 mm imidazole. The bound fractions were
eluted with the same buffer containing 250 mm imidazole.

Expression and Purification of GST-Nedd4-2b C2 Domain
and the GST-Nedd4-2b C2 Domain Pulldown Assay—Expres-
sion and purification of the GST-Nedd4-2b C2 domain were
performed as described previously (45). The GST-Nedd4-2b
C2 domain was bound to glutathione-conjugated agarose
beads, resuspended in the bacteria lysis buffer (40 mm Tris/HCl,
pH 8.0, 100 mm NaCl, 0.5% Triton X-100, 1 mm EDTA, 1 mm
EGTA, and 10 pg/ml aprotinin and leupeptin) and ready for
pulldown assays.

For GST-Nedd4-2b C2 domain pulldown assay, the GST-
Nedd4-2b C2 domain-bound beads were washed two times
with the mammalian cell lysis buffer and incubated with the
purified His-T7-Nedd4-2a-HECT protein, or HA-Nedd4-
2bAN- and HA-Nedd4-2b-WW-expressed mammalian cell
lysates with either 1 mm EGTA or the indicated concentrations
of EGTA-buffered free calcium (calculated by WEBMAX-
CLITE) at 4 °C for 2 h with rotation. The beads were washed
three times with the mammalian cell lysis buffer plus either 1
mM EGTA or the indicated concentrations of EGTA-buffered
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7 RESULTS
I blot:  C i ‘
viyeret °°';ta:i:i':gslue The C2 Domain of Nedd4 Is

an Auto-inhibitory Domain for
E3 Ubiquitin Ligase Activity—To
search for the activation mechanism
of the E3 ubiquitin ligase Nedd4, a
series of truncation mutants of
human Nedd4-2b (also Nedd4lL)
were constructed. These included
the C2 domain truncation mutant
AC2 and the N terminus truncation
mutant AN (Fig. 14). The mutants
were HA-tagged, expressed in HEK293 cells by transient trans-
fection, and immunoprecipitated for determination of E3 ubiq-
uitin ligase activity. The activity was measured by an in vitro
ubiquitin ligase activity assay (see “Experimental Procedures”),
in which the amount of polyubiquitin formed from mono-ubig-
uitin (substrate) is used to evaluate the ligase activity (top pan-
els, Fig. 1B). To control auto-ubiquitination of Nedd4 in the
assay, the ubiquitination reaction was taken for 20 min at 22 °C.
Within this reaction time, we observed little auto-ubiquitina-
tion of Nedd4 (data not shown). As shown in lanes 1-4 of Fig.
1B, truncation of the C2 domain enhanced the ligase activity of
Nedd4-2b by 30-fold, suggesting that the C2 domain inhibits
the E3 ubiquitin ligase activity. Nedd4-2b is an alternative splic-
ing form of Nedd4-2, in which the WW2 domain is missing
(Fig. 1A). To confirm that the C2 domain in full-length
Nedd4-2 or Nedd4-1 has the same effect, the C2 domain trun-
cation mutants of human Nedd4-2a (full-length) and rat
Nedd4-1 were constructed (Fig. 14). Similar to Nedd4-2b,
truncation of the C2 domain of Nedd4-1 or Nedd4-2a markedly
activated the E3 ubiquitin ligase (lanes 5- 8, Fig. 1B). To exclude
the possibility that increased activity in the C2 domain trunca-
tion mutants resulted from other cellular proteins co-immuno-
precipitated with Nedd4 from HEK293 cell lysates, we used
purified his-tagged Nedd4-2a expressed in bacteria to perform
the in vitro E3 ubiquitin ligase activity assay. As shown in lanes
9 and 10 in Fig. 1B, the E3 ubiquitin ligase activity of the C2
domain truncation mutant was significantly higher than wild
type Nedd4-2a, indicating that the activation is directly attrib-
utable to deletion of the C2 domain. These data demonstrate
that the C2 domain is auto-inhibitory for Nedd4 E3 ubiquitin
ligases, consistent with auto-inhibitory function of the C2
domain in Smurf2 (43).

Calcium Dissociates Binding of the C2 Domain to the HECT
Domain—It has been demonstrated that the C2 domain
directly interacts with the HECT domain in Smurf2 (43). Given
that the C2 domain is a known calcium-binding domain (36,
37), we hypothesized that calcium regulates binding of the C2
domain to the HECT domain in Nedd4 and activates E3 ligase
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FIGURE 3. Calcium activates Nedd4 E3 ubiquitin ligase activity. A, HA-tagged human Nedd4-2a, Nedd4-2b,
Nedd4-2bAC2, or rat Nedd4-1 was transfected into HEK293 cells, immunoprecipitated from the cell lysates,
and used for the E3 ubiquitin ligase activity assay with or without addition of 5 mm CaCl,. The polyubiquitin
products were detected by immunoblotting with anti-ubiquitin antibody (top panels), and the Nedd4 protein
amount used in the ligase assay was detected by immunoblotting with anti-HA antibody (bottom panels).
B, calcium activation assayed with purified Nedd4-2. His-tagged Nedd4-2a was expressed in E. coli and purified
with affinity beads. Purified his-tagged Nedd4-2a (100 ng) was used for the ubiquitin ligase activity assay in the
presence of indicated concentration of CaCl,. Cand D, calcium activates immunoprecipitated Nedd4 E3 ubig-
uitin ligase from HEK293 cells. HA-tagged Nedd4-2a was transfected into HEK293 cells and immunoprecipi-
tated with anti-HA antibody from cell homogenates. The E3 ubiquitin ligase activity of Nedd4-2a was assayed
in presence of CaCl, at indicated concentrations. C, a representative immunoblotting data; D, quantification of
immunoblotting data from two independent assays of calcium-induced activation of Nedd4-2a E3 ubiquitin
ligase activity by Kodak EDAS290 image system. The activation fold is defined as ([UBIn/[HA-Nedd4-2a])/
([[UBIn]o/[HA-Nedd4-2a],), where [UB]n stands for the quantity of poly-ubiquitin products at any concentra-
tion of calcium and [HA-Nedd4-2a] for the quantity of the corresponding HA-Nedd4-2a used in the assay;
[[UB]n],, for the quantity of poly-ubiquitin products with no calcium and [HA-Nedd4-2a], for the quantity of
HA-Nedd4-2a used in the assay with no calcium.

Nedd4 Activation

cium, even at 1 uM of calcium (lanes
2-6, top panel), indicating that
calcium disrupts association of the
C2 domain with the HECT domain.
This was confirmed by GST-
Nedd4-2b C2 domain pulldown
assays with HEK293 cell lysates
expressing Nedd4-2bAN, in which
the C2 domain is deleted. In the
absence of calcium (i.e. EGTA), the
GST-C2 domain precipitated HA-
tagged Nedd4-2bAN from the cell
lysates (lane 3, upper panel, Fig. 2B).
Addition of calcium eliminated
binding of the C2 domain to
HA-Nedd4-2bAN (lane 4, upper
panel). As a control, we also per-
formed the GST-C2 domain pull-
down assay with HA-tagged Nedd4-
2bWW that was generated by
deleting the HECT domain in
Nedd4-2bAN. No binding of the
C2 domain to Nedd4-2bWW was
observed (lanes 1-5, bottom panel,
Fig. 2B), demonstrating that GST-
C2 domain co-precipitation of
Nedd4-2bAN required the HECT
domain. These data indicate that
calcium dissociates binding of the
C2 domain to the HECT domain.
Given that the binding of the C2
domain to the HECT domain inhib-
its the E3 ubiquitin ligase, calcium
may activate the E3 ubiquitin ligase
activity of Nedd4 by releasing the
C2 domain-mediated inhibition of
the E3 ubiquitin ligase activity.
Calcium Activates Nedd4 E3
Ubiquitin Ligase Activity—To test if
calcium activates Nedd4 E3 ubigq-
uitin ligase activity, we transfected
and expressed human Nedd4-2a,
-2b, -2bAC2, or rat Nedd4-1 in
HEK293 cells, immunoprecipitated
the proteins, and determined the E3
ligase activity in the presence or
absence of calcium by the in vitro
ubiquitination assays. As expected,
the E3 ubiquitin ligase activity of
wild-type Nedd4-2a, -2b, and rat
Nedd4-1 was markedly activated by

activity of Nedd4. To test this hypothesis, we constructed GST-
Nedd4-2-C2 domain fusion protein and performed GST fusion
protein pulldown assays with purified T7-tagged Nedd4-2
HECT domain or HEK293 cell-expressed Nedd4-2bAN in the
presence or absence of calcium. As shown in Fig. 24, the
GST-C2 domain precipitated the HECT domain in the absence
of calcium (lane 1, top panel), but little in the presence of cal-
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5 mM calcium (lanes 4, 6, and 8, Fig. 3A). Deletion of the C2
domain caused constitutive activation of Nedd4-2b ligase activ-
ity and abolished the response to calcium (lanes 1 and 2, Fig.
3A), indicating that the C2 domain is required for calcium-
mediated activation of Nedd4 ligase activity. Together, these
data suggest a mechanism in which calcium disrupts binding of
the C2 domain to the HECT domain, which releases the auto-
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inhibition of the C2 domain and activates E3 ubiquitin ligase
activity.

We further determined activation of Nedd4 E3 ligase activity
by micromolar concentrations of calcium. We measured in
vitro ubiquitination activity of purified Nedd4-2a expressed in
bacteria in the presence of 1-100 um calcium. As shown in Fig.
3B, maximal activation of Nedd4-2a was achieved by 1 um cal-
cium (lane 2). Similar results were obtained using Nedd4-2a
expressed in HEK293 cells (Fig. 3, C and D). Previous studies
have shown that peak concentrations of cytosolic calcium
released by inositol 1,4,5-trisphosphate stimulation is ~0.5-1
uM (46-49), which is within the concentration range we
observed for activation of Nedd4. Intracellular calcium could
reach even higher concentrations in microdomains (50, 51). We
noticed that calcium activated the purified Nedd4-2 expressed
in bacteria better than the immunoprecipitated Nedd4-2
expressed in HEK293 cells (Fig. 3, B and C). This might be due
to co-immunoprecipitation of some endogenous Nedd4-2 acti-
vators in HEK293 cells that could elevate the basal activity of
Nedd4-2, thus reducing the in vitro activation by calcium. Nev-
ertheless, the data in Fig. 3 demonstrate that Nedd4 could be
activated by physiological concentrations of calcium. To dem-
onstrate that calcium activates Nedd4 in cells, we stably
expressed the GFP-tagged ENaC-f subunit (GFP-ENaC-f), a
known Nedd4 substrate (52), in HEK293 cells. We then tran-
siently transfected HA-tagged Nedd4-2a or Nedd4-2aAC2 into
the GFP-ENaC-f cell line. We used the calcium ionophore
ionomycin to introduce extracellular calcium into the cells
and the proteasome inhibitor MG-132 for accumulating ubiq-
uitinated ENaC-B. The ubiquitination of GFP-ENaC-B was
assayed by GST-ACK1Uba pulldown, in which the Uba domain
of ACK1, a known ubiquitin-binding domain (53), was fused
with GST and used for precipitation of ubiquitinated GFP-
ENaC-B from cell lysates. Precipitated ubiquitinated ENaC-$
was detected by immunoblotting with anti-GFP. As shown in
Fig. 4, without ionomycin treatment, ubiquitination of ENaC-f3
was slightly increased in cells overexpressing wild-type
Nedd4-2a (lane 2, top panel, Fig. 4, A and B), but was substan-
tially increased in cells overexpressing Nedd4-2aAC2, the
constitutively active mutant. With ionomycin treatment, ubiq-
uitination of ENaC-[3 was robustly enhanced in cells overex-
pressing wild-type Nedd4-2a (lane 5, top panel, Fig. 4, A and B).
However, treatment with ionomycin did not increase ubiquiti-
nation of ENaC-f in cells overexpressing Nedd4-2aAC?2, indi-
cating that ubiquitination of ENaC-f by Nedd4-2aAC2 was not
sensitive to calcium. These data are consistent with the in vitro
E3 ubiquitin ligase activity assay in Fig. 34 (lanes I and 2) and
provide support for the calcium-dependent activation of Nedd4
E3 ubiquitin ligase in vivo.

Receptor Signals Activate Nedd4 E3 Ubiquitin Ligase Activity—
To define cellular signaling for activation of Nedd4, we deter-
mined effects of carbachol, a ligand for acetylcholine receptor,
and epidermal growth factor (EGF), a ligand for epidermal
growth factor receptor (EGFR), on activation of endogenous
Nedd4 in HEK293 and MDA-MB-231 cells. Both the acetylcho-
line receptor and EGFR are known to activate phospholipase C
and elevate intracellular calcium levels (54 —56). Both carbachol
and EGF activated Nedd4, measured by in vitro E3 ubiquitin
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FIGURE 4. Influx of extracellular calcium by ionomycin enhances ubiquiti-
nation of ENaC-f subunit, a specific Nedd4 substrate. A, a stably GFP-
ENaC-B-expressed HEK293 cells transfected 36 h with HA-Nedd4-2a, Nedd4-
2aAC2, or vector were serum-starved for 12 h followed by incubation in
calcium buffer (20 mm Hepes, pH 7.4, 140 mm NaCl, 6 mm KCl, 1 mm MgCl,, 1.25
mm CaCl,, 0.1 mm EDTA, and 20 mm glucose) along with or without 1 um
ionomycin for 6 h in presence of 10 um MG-132, a proteasome inhibitor. The
ubiquitinated GFP-ENaC-B was precipitated by GST-ACK1-Uba and detected
by immunoblotting with anti-GFP antibody (top panel). The expression level
of GFP-ENaC-B, HA-Nedd4-2a, or HA-Nedd4-2aAC2 was determined by
immunoblotting of the cell lysates with anti-GFP and anti-HA, respectively
(bottom panel). B, the quantification of ubiquitinated GFP-ENaC-f in (A) with
GE-Gel Logic100 Imaging system.

ligase activity assay with immunoprecipitated endogenous
Nedd4, by 15- to 20-fold upon treatment for 60—-120 min (Fig.
5, A and B). Because immunoprecipitated Nedd4 could be con-
taminated with other E3 ubiquitin ligases, we further deter-
mined ubiquitination of ENaC-B, the Nedd4 substrate, in
response to carbachol or EGF stimulation in HEK293 cells sta-
bly expressing GFP-ENaC-f3. As shown in Fig. 5C, stimulation
of the cells with carbachol or EGF significantly enhanced ubiq-
uitination of ENaC-. These data confirmed that carbachol or
EGF stimulated Nedd4 activity, presumably through elevation
of intracellular calcium level.

A Heat-sensitive Membrane Component Enhances Calcium-
dependent Activation of Nedd4—W e noticed that activation of
Nedd4 E3 ligase activity by calcium (~4-fold) was significantly
less than the activation by truncation of the C2 domain (~30-
fold) or the activation by carbachol or EGF signaling (10- to
20-fold). This suggests that additional component in cells is
needed for calcium to fully activate Nedd4. The C2 domain has
been proposed as a membrane-targeting domain for Nedd4 and
that the C2 domain-mediated membrane translocation is
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FIGURE 5. In vivo activation of Nedd4 E3 ubiquitin ligase activity by stimulation of acetylcholine receptor
and EGFR. A, HEK293 cells were starved in serum-free Dulbecco’s modified Eagle’s medium for 2 h, then
stimulated with 5 mm carbachol at the indicated time. B, human breast cancer cell MDA-MB-231 cells were
serum-starved overnight followed by stimulation with EGF (100 ng/ml) at indicated time. In both A and B,
endogenous Nedd4 was immunoprecipitated with an anti-Nedd4 antibody from 20,000 X g cleared cellhomo-
genates. The E3 ubiquitin ligase activity was assayed. The poly-ubiquitin products were determined by immu-
noblotting and quantified by using a Kodak EDAS290 imaging system for two independent experiments.
G, stimulation of acetylcholine receptor by carbachol or EGFR by EGF enhances ubiquitination of Nedd4 sub-
strate ENaC-3 subunit. GFP-ENaC-B-expressed HEK293 cells were serum-starved for 12 h, then stimulated with
5 uMm carbachol or 100 ng/ml EGF at the indicated times in the presence of 10 um MG-132. The ubiquitinated
GFP-ENaC-B was precipitated by GST-ACK1-Uba and detected by immunoblotting with anti-GFP (top panel).
The expression level of GFP-ENaC-B was determined by immunoblotting of the cell lysates with anti-GFP
(bottom panel). Ubiquitinated GFP-ENaC-B was quantified with normalized GFP-ENaC-B by using a GE-Gel
Logic100 imaging system for two independent experiments.

Nedd4 Activation

activation was not due to endoge-
nous E3 ubiquitin ligase activity in
the 50 X g S fraction, because no E3
ubiquitin ligase activity was de-
tected in this fraction (lanes 2 and 3,
Fig. 6B). The Nedd4 activation com-
ponent was mainly in the 400,000 X
g particulate fraction (lanes 9-12,
Fig. 6B). With addition of this frac-
tion, calcium activated Nedd4-2b by
70-fold (Fig. 6C).

To further characterize the active
component in the 400,000 X g P
fraction, we used purified human
Nedd4-2a expressed in bacteria. As
shown in Fig. 6D, calcium produced
higher Nedd4-2a activity in the
presence of the 400,000 X g P frac-
tion (compare lane 4 with lane 2).
The enhanced calcium-dependent
activation of Nedd4 was eliminated
by heating the 400,000 X g P frac-
tion for 10 min at 100 °C (lane 6),
indicating a heat-sensitive compo-
nent. To control for endogenous
E3 ubiquitin ligase activity in the
400,000 X g P fraction, this fraction
was assayed for the E3 ubiquitin
ligase activity with purified ligase-
dead Nedd4-2a mutant, Nedd4-2a-
CA. No poly-ubiquitin products
were detected (lanes 7 and 8), indi-
cating that the 400,000 X g P frac-
tion has no detectable E3 ubiquitin
ligase activity. Enhancement of
calcium-dependent activation of
Nedd4 by the 400,000 X g P fraction
was mediated by release of the C2
domain auto-inhibition, because
400,000 X g P fraction had little
effect on activity of the C2 domain
truncation mutant Nedd4-2aAC2
(lanes 9 and 10, Fig. 6D). Thus, we
conclude that the Nedd4 activator
in the 400,000 X g P fraction is a
heat-sensitive component that en-
hances calcium-dependent release of

required for cellular function of Nedd4 (39, 40). To investigate
how Nedd4 is activated in cells, we searched for endogenous
activators of Nedd4 in cells. We fractionated HEK293 cell
homogenates by centrifugation and prepared supernatant and
particulate fractions as outlined in Fig. 6A. An aliquot of each
fraction was added to E3 ubiquitin ligase assays with Nedd4-2b
immunoprecipitated from transfected HEK293 cell lysates. As
shown in Fig. 6 (B and C), in the absence of cell fractions, cal-
cium activated Nedd4-2b ~8-fold (lanes I and 6, Fig. 6B). With
addition of the 50 X g S fraction, activation of Nedd4-2b by
calcium was enhanced to 30-fold (lanes 4 and 5, Fig. 6B). This

APRIL 16, 2010+VOLUME 285-NUMBER 16

the C2-domain-mediated auto-inhibition of Nedd4 E3 ubiquitin
ligase activity.

There was also a calcium-independent activation of Nedd4
caused by addition of either the supernatant or the particulate
fraction (lanes 4, 7, 9, and 11 in Fig. 6B, lanes 3 in Fig. 6D). This
activation might not be through release of the C2 domain-me-
diated auto-inhibition, because the activity of Nedd4-2aAC2
was much higher than that of Nedd4-2a with addition of
400,000 X g P in the absence of calcium (compare lane 9 with
lane 3 in Fig. 6D). It has been observed that the WW domain-
binding protein NDFIP activated ITCH E3 ligase activity (57).
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anti-HA antibody for the E3-ubiquitin ligase activity assay. The preparation of the homogenate fractions of HEK293 cells and the assay of E3 ligase activity were
performed as described under “Experimental Procedures.” To examine the effect of the homogenate fractions on the E3 ubiquitin ligase activity of HA-Nedd4-
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calculation of Nedd4-2b activation. D, purified Nedd4-2a is activated by the component in the 400,000 X g pellet. His-tagged Nedd4-2a was expressed in E. coli
and purified with affinity beads. Purified His-tagged Nedd4-2a (100 ng), active mutant Nedd4-2aAC2 (100 ng), or ligase-dead mutant Nedd4-2a-CA (100 ng)
was used for the ubiquitin ligase activity assay in the presence or absence of CaCl, with addition of 5 ul of indicated homogenate fraction. The poly-ubiquitin
product was detected by immunoblotting with anti-ubiquitin antibody.
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Such a protein in the supernatant or the particulate fraction
could mediate calcium-independent activation of Nedd4
through interaction with the WW domains of Nedd4.

DISCUSSION

We have shown by mutational analysis and GST-Nedd4-C2
domain pulldown assays that the C2 domain of Nedd4 func-
tions as an auto-inhibitory domain through binding to the
HECT domain. Weisner et al. also reported that the C2 domain
of Smurf2 directly binds to the HECT domain and functions as
an auto-inhibition module to the E3 ligase activity (43). They
proposed that Nedd4 has a similar structure to Smurf2 and
showed that truncation of the C2 domain activates Nedd4 E3
ubiquitin ligase activity in an in vitro ubiquitin ligase activity
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assay (43). Thus, the auto-inhibition of the E3 ligase activity by
the C2 domain is a key feature of Nedd4. Currently we do not
know whether the auto-inhibition is formed through the intra-
or the intermolecular interaction between the C2 and the
HECT domains. We speculate that the both interactions could
form the auto-inhibition. We hypothesized that activation of
Nedd4 E3 ligase activity is directly related to releasing the auto-
inhibition. Our data show that this auto-inhibitory mechanism
is regulated by calcium. Calcium activates Nedd4 by binding to
the C2 domain and releasing the C2 domain-mediated auto-
inhibition. The membrane-rich fraction (400Kxg fraction)
enhances calcium to bind to the C2 domain; together calcium
and the membrane-rich fraction generate a robust activation of
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FIGURE 7. A model for activation of Nedd4 in cells. Cellular signaling ele-
vates the cytoplasmic concentration of calcium, which binds to the C2
domain and enables the C2 domain to interact with the cellular membrane.
Calcium-dependent binding of the C2 domain to the membrane results in
dissociation of the C2 domain from the HECT domain, and release of the C2
domain-mediated auto-inhibition thus activates Nedd4 E3 ligase activity.

Nedd4. We also show signal-dependent activation of endoge-
nous Nedd4 in cells. Finally, we also show that calcium-medi-
ated activation of Nedd4 is enhanced by a heat-sensitive mem-
brane fraction. Based on these results, we propose a model for
activation of Nedd4 E3 ubiquitin ligase activity shown in Fig. 7.
In this model, Nedd4 is kept inactive by either the intra- or
intermolecular interaction (the intramolecular interaction
depicted in Fig. 7) between the C2 and the HECT domains in
calcium-free or low calcium environment. Cellular signaling
elevates intracellular calcium concentration and results in
binding of calcium to the C2 domain of Nedd4. The calcium
binding enhances the affinity of the C2 domain to the mem-
branes and promotes Nedd4 translocation to the membrane
fraction, which releases the auto-inhibition and activates
Nedd4 E3 ubiquitin ligase activity. We speculate that binding of
calcium to the C2 domain (intermediate status) partially dis-
rupts interaction of the C2 domain with the HECT domain and
makes the C2 domain accessible to membranes. This is based
on our finding that calcium alone only partially activates Nedd4
E3 ubiquitin ligase activity (Figs. 3 and 5). Binding to the mem-
branes stabilizes the active conformation of Nedd4.

The C2 domain of Nedd4 has been demonstrated to bind to
inositol phospholipids and proposed as an inositol phospholipid-
binding module (39, 40). The C2 domain also binds to phos-
phatidylcholine or/and phosphatidylserine in a calcium-
promoting manner (39). Previous studies have shown that
translocation of Nedd4 to plasma membrane occurred in re-
sponse to elevation of intracellular calcium in cells (39, 41). We
speculate that calcium-dependent membrane translocation of
Nedd4 is a pivotal step for activation in response to intracellular
signaling. We observed a dramatic enhancement in calcium-
mediated activation of Nedd4 by a 400,000 X g particulate frac-
tion. This enhancement was eliminated by heating the par-
ticulate fraction for 10 min at 100 °C, suggesting that the
component in the particulate fraction that collaborates with
calcium to activate Nedd4 might be a protein. This component
could be an endogenous activator of Nedd4 that activates
Nedd4 by augmenting or/and stabilizing the activation effect of
calcium by releasing the C2 domain-mediated auto-inhibition.
Identification of this component would help us further to
understand the mechanism of Nedd4 ligase activation and
delineate signaling pathways of Nedd4 ligases.

Although Smurf2, similar to Nedd4, also has the C2 domain-
mediated auto-inhibitory mode for regulation of the E3 ubiq-
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uitin ligase activity, ITCH (AIP4) and WWP1, the two other
members of the HECT E3 ubiquitin ligase family that are close
to Nedd4, seem not to have such a regulatory mechanism. We
observed no activation effect with the C2 domain truncation of
ITCH and WWP1 (data not shown). It has been shown that
JNK-mediated phosphorylation plays an important role in acti-
vation of ITCH (44). The phosphorylation site was located
between the C2 domain and the WW1 domain. It was proposed
that the region executes auto-inhibition by interaction with the
HECT domain, while phosphorylation releases the auto-inhibi-
tion (44). Protein phosphorylation may also be involved in acti-
vation of Nedd4. It was observed that AMP activated kinase-
phosphorylated Nedd4-2, and the phosphorylation enhanced
binding of Nedd4-2 to its substrate ENaC, thus down-regula-
tion of ENaC activity (34).

Although the catalytic mechanism of Nedd4 E3 ubiquitin
ligases has been extensively studied (1-3), activation of the E3
ubiquitin ligase activity of Nedd4 in response to cellular signal-
ing is poorly understood. Here we show that the C2 domain of
Nedd4 E3 ubiquitin ligases functions as an auto-inhibitory
domain to the ligase activity, and that the auto-inhibition is
released by calcium. This molecular mechanism may serve as a
switch for activation/inactivation of Nedd4 in cells and couple
cellular signals, such as EGFR and acetylcholine receptor, to
protein ubiquitination, degradation, and trafficking. It has been
shown that Nedd4-1 ubiquitinates tumor suppressor proteins
and may be oncogenic (15-18). Nedd4-2 ubiquitinates various
ion channels and membrane transporters and determines their
degradation (19 -23). Thus, Nedd4 plays important roles in cell
growth, survival, differentiation, and homeostasis. The C2/cal-
cium switch model for the ligase activity will provide novel
insight into how Nedd4 regulates biological and pathological
processes in response to cellular signaling.
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