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Structural basis of ubiquitin ligase Nedd4-2
autoinhibition and regulation by calcium
and 14-3-3 proteins

Masa Janosev 1, Dalibor Kosek 1, Andrej Tekel1,2, Rohit Joshi1,2,
Karolina Honzejkova2, Pavel Pohl 1, Tomas Obsil 1,2 &
Veronika Obsilova 1

Nedd4-2 E3 ligase regulates Na+ homeostasis by ubiquitinating various chan-
nels and membrane transporters, including the epithelial sodium channel
ENaC. In turn, Nedd4-2 dysregulation leads to various conditions, including
electrolytic imbalance, respiratory distress, hypertension, and kidney diseases.
However, Nedd4-2 regulation remains mostly unclear. The present study aims
at elucidating Nedd4-2 regulation by structurally characterizing Nedd4-2 and
its complexes using several biophysical techniques. Our cryo-EM reconstruc-
tion shows that the C2 domain blocks the E2-binding surface of the HECT
domain. This blockage, ubiquitin-binding exosite masking by the WW1
domain, catalytic C922 blockage and HECT domain stabilization provide the
structural basis for Nedd4-2 autoinhibition. Furthermore, Ca2+-dependent C2
membrane binding disrupts C2/HECT interactions, but not Ca2+ alone, whereas
14-3-3 protein binds to a flexible region of Nedd4-2 containing the WW2 and
WW3 domains, thereby inhibiting its catalytic activity andmembrane binding.
Overall, our data provide key mechanistic insights into Nedd4-2 regulation
toward fostering the development of strategies targeting Nedd4-2 function.

Ubiquitination is a posttranslational modification that determines the
fate of proteins in cells through covalent attachment of ubiquitin (Ub).
In addition to protein trafficking and degradation, cell survival, tumor
suppression, and transcription involve ubiquitination1. This multistep
process requires the coordinated and sequential activity of three
enzymes. A Ub-activating E1 enzyme (E1) activates the Ub C-terminus
and transfers activated Ub to a Ub-conjugating E2 enzyme (E2), which
transfers thioester-linked Ub to an E3 ubiquitin ligase (E3), and E3
covalently attaches Ub to a protein for degradation2.

In ubiquitin-mediated proteolysis, E3 ligases control selectivity by
recognizing only target proteins with specific recognition signal3.
Accordingly, the human genome encodes over 700 E3 ubiquitin
ligases4,5, classified into three families based on their catalytic domain,
including the Homologous to the E6-AP Carboxyl Terminus (HECT)

family6. Among its members, neural precursor cell expressed devel-
opmentally downregulated 4-like (Nedd4-2, also known as NEDD4L)
stands out for its regulatory functions.

Nedd4-2 regulates multiple substrates, including various ion
channels and transporters, maintaining cellular homeostasis pri-
marily by downregulating the epithelial sodium channel (ENaC).
Through its effect on ENaC, Nedd4-2 regulates Na+ homeostasis and
neuronal excitability7. Altered Nedd4-2 levels and single-nucleotide
polymorphisms in the gene NEDD4L are associated with several
types of cancer8,9 and with hypertension and epilepsy10,11, respec-
tively. But while Nedd4-2 is a potential target for therapeutic
intervention12, efforts to develop effective treatments for these dis-
orders have been hampered by our limited knowledge of the
underlying mechanisms of Nedd4-2 regulation. Understanding
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Nedd4-2 regulation requires gaining further insights into its
structure.

Nedd4 family has a unique modular multidomain architecture
consisting of an N-terminal C2 domain, four WW domains (with a Pro
and two conserved Trp residues), and a C-terminal catalytic HECT
domain8 (Fig. 1a). The HECT domain is a bi-lobed structure comprising
an E2-binding N-terminal N-lobe and a C-terminal C-lobe with the
catalytic cysteine residue. ThisC-lobe canmove freely aroundaflexible
hinge loop connected to the N-lobe in an L- or T-shaped arrangement3.
TheWWdomains specifically recognize short Pro-richmotifs of target
proteins (PPxY or LPxY, where x denotes any amino acid)7. These four
WW domains have different functions and substrate specificity, which
enable this enzyme to interact with numerous proteins13. Nedd4-2 also
interacts with membranes because its C2 domain binds to membrane
phospholipids in a Ca2+-dependent manner14. In fact, the C2 domain is
required for Ca2+-dependent Nedd4-2 translocation to the membrane.
The ability to form linkage-specific poly-Ub chains appears to be an
intrinsic feature ofHECT enzymes, as they are able to generate distinct
Ub chains independently of the paired E2 enzymes. In general, mem-
bers of the Nedd4 family specifically form K63-linked ubiquitin chains,
at least in vitro15. Membrane binding markedly increases Nedd4-2
enzymatic activity14,16 by disrupting interactions between the C2 and
HECT domains, thereby stabilizing the active conformation of this
enzyme16. As shown by NMR spectroscopy of isolated C2 and HECT
domains, the C2 domain interacts with the HECT domain, Ca2+ ions,
and inositol 1,4,5-trisphosphate through the same interface, indicating
competition between these components17. Furthermore, three E3
ligases of the Nedd4 family, namely WWP1, WWP2, and Itch, adopt an
inactive state characterized by intramolecular interactions, which
block autoubiquitination and excessive target ubiquitination18–22. The
main components of this autoinhibition are (1) the WW2 and WW4
domains, which interact with and mask surfaces of the HECT domain
responsible for non-covalent Ub binding (Re site) and auto-
ubiquitination (Le site), respectively and (2) the linker (L) region,which
limits the flexibility of the HECT domain. The “re site” (Ub exosite) in
the N-lobe of Nedd4-2 seems to be necessary for Nedd4-2 processivity
by stabilizing and orienting the distal end of growing Ub chains on the
substrate23,24. The “Le site” acts as a versatile regulatory site in theHECT
domain to suppress Nedd4-2 activity22. These constrained conforma-
tional dynamics keep the HECT domain in an autoinhibited, inactive
state, butmany questions about themolecularmechanism of Nedd4-2
regulation are still unanswered. How exactly does C2 interact with the
HECT andWWdomains and contribute to Nedd4-2 autoinhibition? Do
HECT interactions with WW domains and the regulatory linker region
differ betweenNedd4-2 and otherNedd4 E3 ligases?What is the role of
other regulatory proteins?

Nedd4-2 is also regulated by 14-3-3 proteins, which recognize
phosphorylated motifs adjacent to the WW2 domain in response to
hormones, such as aldosterone, insulin or vasopressin25–28. 14-3-3 pro-
tein binding prevents Nedd4-2 from mediating ENaC ubiquitination25,
potentially through modulated interactions between structured
domains of Nedd4-2 based on recent structural studies conducted
with N-terminally truncated Nedd4-2 (lacking the C2 domain)28,29.
However, the mechanism whereby 14-3-3 proteins inhibit Nedd4-2
remains unknown. Gaining further insights into Nedd4-2 regulation
and into the role of Ca2+ and 14-3-3 binding in modulating Nedd4-2
activity requires an in-depth structural and functional analysis of this
E3 ligase.

This study aims at characterizing the structure, catalytic activity,
and membrane binding of full-length Nedd4-2 alone or in a complex
with Ca2+ and 14-3-3 proteins. For this purpose, we use several bio-
physical methods, including cryo-electron microscopy (cryo-EM),
small-angle X-ray scattering (SAXS), hydrogen/deuterium exchange
coupled to mass spectrometry (HDX-MS), sedimentation velocity
analytical ultracentrifugation (SV-AUC), and functional assays. Our

cryo-EM reconstruction of full-length Nedd4-2 reveals that the C2
domain blocks the E2-binding surface of the HECT domain. Overall,
Nedd4-2 uses a variation of the autoinhibition mechanism of other
Nedd4 E3 ligases.

Results
Recombinantly expressed full-length Nedd4-2 is a catalytically
active monomer
To gain structural insights into Nedd4-2 regulation, we recombinantly
expressed and purified full-length Nedd4-2 isoform 5, also known as
NEDD4Ld (UniProt ID Q96PU5-5). Compared to canonical isoform 1,
Nedd4-2 isoform 5 lacks 20 residues in the region 356–375 and is
expressed inmost human tissues, albeit predominantly in the brain30,31.
Purified Nedd4-2 was phosphorylated by PKA in vitro, and stoichio-
metric phosphorylation at both 14-3-3 binding motifs, S342 and S428,
was confirmed by LC-MS analysis (Supplementary Fig. 1). Our experi-
ments were performed with Nedd4-2 phosphorylated in this manner,
unless stated otherwise, as one of our primary objectives was to
examine the impact of phosphorylation-dependent 14-3-3 protein
binding to Nedd4-2.

No significant differences were found in the catalytic activity of
unphosphorylated and phosphorylated Nedd4-2 with and without
Ca2+, assessed using the fluorescence-based ubiquitination assay with
the chloride transporter 5 (ClC-5) as a natural substrate and the auto-
ubiquitination assay (Fig. 1b–d). The oligomeric state of unpho-
sphorylated Nedd4-2 was characterized by sedimentation velocity
analytical ultracentrifugation (SV-AUC). Without calcium, the sedi-
mentation coefficient distribution c(s) showed a single peakwith a 5.3 S
weight-averaged sedimentation coefficient corrected to standard
conditions of water density at 20.0 °C (sw(20,w)) and a 1.43 frictional
ratio (f/f0) for ∼ 96 kDaMw, thus suggesting a monomeric state with a
110.5 kDa theoretical Mw under these conditions. In 1mM CaCl2, the
results were similar, indicating that Ca2+ does not induce Nedd4-2
oligomerization (Fig. 1e).

Interdomain interactions restrict access to the active site and
E2- and Ub-binding surfaces of the HECT domain
Cryo-EM imaging of full-lengthNedd4-2 (with andwithout 1mMCaCl2)
in buffer containing 3mM CHAPSO revealed well-dispersed and uni-
form particles, as detailed in Methods, Supplementary Figs. 2, 3 and
Supplementary Table 1. With 3.58 (without Ca2+) and 4.11 (with Ca2+) Å
final resolution, the cryo-EM maps were highly similar, revealing the
compact and asymmetric shape ofNedd4-2 (Fig. 1f and Supplementary
Fig. 6a). Both maps enabled us to unambiguously place known crystal
structure models of the C2 and HECT domains, along with WW1 and
WW4 domains, based on the bulky sidechains (Fig. 2a and Supple-
mentary Figs. 4a, 5, 6a), and to build the linker (L) regionbetweenWW1
and WW2 containing helix α1 (residues 233–251). The segment con-
necting C2 to WW1 and the part containing WW2 and WW3, including
the 14-3-3 binding motifs, showed no density, presumably because
they are highly flexible and/or unstructured.

TheHECTdomainof full-lengthNedd4-2 displays a typical bi-lobal
architecture and adopts a T-shaped conformation (Supplementary Fig.
8). This conformation mirrors those of autoinhibited Nedd4-family E3
ligases WWP122, WWP220, and Itch21. In comparison with the crystal
structures of the Nedd4-2 HECT domain alone (PDB: 2ONI) and in a
complex with E2 UbcH5B/Ub32 (PDB: 3JVZ), the C-lobe is shifted and
rotated, interacting with helices α10 and α15, in addition to the β23-
β24 loop of the HECT N-lobe (Supplementary Fig. 6b, 7). The con-
formation of the HECT domain is stabilized by the helical L region,
which interacts with both the hinge between the HECT N- and C-lobes
and the ubiquitin-binding exosite and plays a key role in
autoinhibition20–22 (Fig. 2a and Supplementary Fig. 4a).

In the Nedd4-2 structure, large interdomain interfaces separate
the C2/HECT, HECT/WW1, HECT/L, and HECT/WW4 domains (Fig. 2a).
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C2 interacts with helix α11 of the HECT N-lobe and with loop β9-β10 in
WW1 via loops β1-β2 (residues 36-38), β3-β4 (residue 68), and β5-β6
(residues 98–101). When comparing the cryo-EM structure of Nedd4-2
with the crystal structure of the Nedd4-2 HECT domain in a complex
with E2 UbcH5B covalently bound to Ub32, we found that the C2
binding site overlaps with the E2-binding surface (Supplementary Fig.

6b). The WW1 domain is embedded in a groove at the interface
between C2 and HECT close to the α5-α7 loop of the HECT N-lobe
(Supplementary Fig. 6c). This α5-α7 loop is the ubiquitin-binding
exosite for non-covalently bound ubiquitin (Re site) identified in pre-
vious studies22,24,33,34. As in the structure of the HECT E3 ligase WWP122,
the secondWW4 domain interacts with the Le site at the opposite side
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of the HECTN-lobe formed by helicesα2 andα14. This N-lobe contains
the autoubiquitination site K580 (Fig. 2a and Supplementary Fig. 8b).

Unlike the L region of WWP1/2 and Itch, which is located after the
WW2domain and adopts a bent conformation, the L regionofNedd4-2
directly follows the WW1 domain (Supplementary Fig. 8a), and its α1
helix is shorter and straight. As a result, the N-terminal section of this L
region occupies a different position, likely because theWW1 domain is
bound to the Re site at the interface between C2 and the N-lobe of
HECT (Fig. 2a and Supplementary Figs. 8b–d, 9a). Consequently, the L
region of Nedd4-2 interacts with the HECT domain only through its
C-terminal section via residues Q242, R247, R248, F249, R252, and
R253 (Fig. 2a). Given its proximity to helices α10 and α11 of the HECT
N-lobe and to the binding interface between the HECT and C2
domains, the catalytic residue C922 cannot be accessed in Nedd4-2
(Fig. 2a).

The C2 domain loops that interact with the HECT and WW1
domains contain six conserved residues, namely D36, D42, D95, N97,
D102 and D103, which coordinate two Ca2+ ions35 (Fig. 2a). When
superimposing the cryo-EM structure of the Nedd4-2 C2 domain on
available crystal structures of Nedd4-2 and Nedd4-1 isoform 4 C2
domains (PDB: 2NSQ and 3B7Y), we noted that the Ca2+-binding loops
had a different conformation in the cryo-EM structure, possibly due to
interactions with the HECT N-lobe (Supplementary Fig. 9b, c). Fur-
thermore, wewere unable to find any 3D class during the processing of
cryo-EM data collected on Nedd4-2 that would contain additional
density for Ca2+ ions even in the presence of 1mM CaCl2 (Supple-
mentary Fig. 4b). Combined, these data suggest very low occupancy of
Ca2+-binding sites in full-length Nedd4-2.

To further analyse the observed interactions and their importance
in autoinhibition of Nedd4-2, fourmutant variants were designed based
on the cryo-EM structure. The variant M1 contained mutations R98A+
T100A+R101A at the interface between the C2 and HECT domains; the
variantM2,mutationsN205A+R208A+H214A at the interface between
the WW1, C2 and HECT domains; the variant M3 mutations R537A+
H549A+K552A at the interface between WW4 and HECT domains; and
the variant M4, mutations R98A+T100A+R101A+N205A+R208A+
H214A combining mutations from M1 and M2. The autoubiquitination
assay revealed that Nedd4-2 variants M1, M2, and M4 (WW1-C2-HECT
interface) showed significantly increased autoubiquitination activity,
specifically by more than 75% after 2 h of incubation. A less prominent
(50%) increase was observed for the M3 variant with mutations at the
WW4-HECT interface (Fig. 2b). In addition, significantly increased
activity of all four mutant variants of Nedd4-2 is also evident from the
results of fluorescence-based autoubiquitination assay (Supplementary
Fig. 10a, b). These results thus confirm the role of interdomain inter-
actions in the autoinhibition of Nedd4-2.

Nedd4-2 does not undergo large calcium-induced structural
alterations in the absence of a lipid membrane
The absence of major structural changes with Ca2+ was confirmed by
size-exclusion chromatography (SEC) coupled to small-angle X-ray
scattering (SAXS) (Supplementary Fig. 11a–d).Ourmodel-independent
analysis of SAXS data showed that Nedd4-2 has apparent molecular

weights of 131 and 119 kDa with and without 1mM Ca2+, respectively
(Supplementary Table 2), as expected based on the protein sequence
(110.5 kDa Mw). From scattering data collected with and without Ca2+,
we calculated similar values of radius of gyration (Rg) and maximum
distance (Dmax), suggesting that Ca2+ has nomajor effect on the overall
conformation of Nedd4-2. In addition, the distance distribution func-
tions P(r) and the dimensionless Kratky plots ((sRg)

2I(s)/I0 versus sRg),
where s is themomentum transfer, I(s) is the scattering intensity, and I0
is the extrapolated intensity at zero angle) were also highly similar.
These findings support our assertion that calcium binding to Nedd4-2
does not induce large changes in conformation or flexibility (Supple-
mentary Fig. 11e, f).

Our SAXS data complemented the cryo-EM structure and enabled
us to build a complete structural model of Nedd4-2, including the
missing domains in the cryo-EM reconstruction. The best-scoring
CORAL36 model of Nedd4-2 fit the experimental SAXS data with a χ2 of
1.55. This model indicates that the segment with the WW2 and WW3
domains and the 14-3-3 binding motifs is highly flexible, adopting an
extended conformation with minimal contact with the “rigid” section
formed by the C2, HECT, WW1, and WW4 domains (Supplementary
Fig. 12).

We further analyzed interactions between Ca2+ and Nedd4-2 by
HDX-MS. HDX-MS monitors the kinetics of backbone amide hydrogen
exchange, whichdepends on solvent exposure andhydrogen bonding.
Flexible or solvent-exposed regions are rapidly deuterated, in contrast
to buried regions and those involved in the formation of stable sec-
ondary structure elements or hydrogen bonds.

With 1mM Ca2+, several Nedd4-2 regions showed significantly
higher deuterium uptake, deprotection (Fig. 3a, b and Supplementary
Figs. 13, 14), especially after a 20-s-long deuteration in the loops β1-β2
and β5-β6 (residues 32–50 and 95–98) of the Ca2+-binding C2 domain
(Figs. 2a, 3 and Supplementary Figs. 9b, c). Significant deprotection
was also observed after a 1200-s-long deuteration in other segments,
namely 132–149 in the C2 domain, 249–277 between WW1 and WW2,
401–433 between WW2 and WW3, 516–526 in the WW4 domain and
583–601, 666–669, and 730–736 in the HECT N-lobe. These regions
include interfaces between the HECT N-lobe and the C2 domain,
between the HECT domain and the L region, and between the HECT
N-lobe and the WW4 domain (Fig. 3b).

In these regions, increased deuterium uptake implies transient
Ca2+ binding to the C2 domain, which may disrupt interactions
between the C2 and HECT domains. The high deuteration levels of
segments located between WW domains (Fig. 3 and Supplementary
Fig. 14) are also in line with their high flexibility, as suggested by the
cryo-EM model. Notwithstanding transient Ca2+ binding, our cryo-EM
reconstruction and SAXS data indicate that Nedd4-2 does not undergo
any quantitative calcium-induced structural alterations in the absence
of a lipid membrane.

Nedd4-2 undergoes structural reorganization upon membrane
binding
Previous studies have suggested that Nedd4-2 binds to the membrane
in aCa2+-dependentmanner through its C2domain14,16. In this study,we

Fig. 1 | Characterization of full-length Nedd4-2 in solution. a Schematic repre-
sentation of the domain structure of Nedd4-2 isoform 5. C2, calcium binding
domain (peach); WW1 (pale purple); L region (gray); WW2 (pale blue); WW3
(cornflower blue); WW4 (blue); HECT N-lobe, N-lobe of the catalytic HECT domain
(light green); HECTC-lobe, C-lobe of the catalytic HECT domain (forest green). Red
lines denote the phosphorylation sites/14-3-3-binding motifs S342 and S428.
b Analysis of Nedd4-2-mediated ubiquitination of the chloride channel ClC-5 under
four experimental conditions: NP unphosphorylated, P phosphorylated, and with
or without 1mM CaCl₂. Proteins were separated on a 4–15% SDS-PAGE poly-
acrylamide gradient gel and visualized by in-gel fluorescent imaging: fluorescein-
labeled ubiquitin (green, 473 nm) and AF633-labeled ClC-5 (blue, 633 nm). A

Coomassie blue-stained gel showing the unmodified Nedd4-2 is shown below.
cQuantification of ubiquitinated products by in-gel fluorescent imaging at 473 nm
(arb. units arbitrary units). d Quantification of unmodified Nedd4-2 from Coo-
massie blue-stained SDS-PAGE gels. The intensities at each time point (c, d) were
normalized to the intensity at time zero. Data represent mean± SD from three
independent experiments. Statistical significance was determined using an
unpaired two-tailed Student’s t-test (ns non-significant p >0.05). eArea-normalized
distribution of sedimentation coefficients (c(s)) of unphosphorylated Nedd4-2 in a
buffer with (red) and without (blue) 1mM CaCl2. f Cryo-EM density map generated
using threshold level 7 with a cartoon representation of the Nedd4-2 model, L(α1),
α1 helix in the L region. Source data are provided as a Source Data file.
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Source data are provided as a Source Data file.
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confirmed that Nedd4-2 binds to the membrane in a Ca2+-dependent
manner through liposome-binding assays using large unilamellar
vesicles (LUVs) prepared from porcine brain polar lipid extract (BE) to
mimic the physiological lipid composition of brain cells (Fig. 4a, b).
Significant (50–60%membrane-bound fraction (MF)) Nedd4-2 binding
to BE-based LUVs was observed with at least 0.5mM CaCl2.

In addition to BE-based LUVs, we tested three other LUVs for
Nedd4-2 binding. Nedd4-2 binding to plasma membrane (PM)-
mimicking LUVs was efficient (82 ± 1% MF). Conversely, Nedd4-2
binding to nuclear membrane (NM)-mimicking LUVs was weak
(8 ± 2%MF), with nobinding in the negative control (80:20 1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphocholine:1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphoethanolamine (PC:PE)) containing LUVs (Fig. 4b). As
expected, removing the N-terminal C2 domain abrogated Nedd4-2ΔN
binding to BE-based LUVs. Alone, the C2 domain showed efficient
membrane binding (79 ± 3% MF) (Supplementary Fig. 15b). Similarly,

unphosphorylated Nedd4-2 binds to BE and PC:PE membranes as to
phosphorylated Nedd4-2 (Supplementary Fig. 15a). To rule out
calcium-induced liposome aggregation, which would affect the results
of the liposome-binding assay, we also compared the size distributions
of BE-based LUVs with and without various calcium concentrations
using multi-angle dynamic light scattering (MADLS). These measure-
ments showed that calcium does not cause aggregation of BE-based
LUVs, because the same monodisperse particle size distribution was
obtained in all cases (Supplementary Fig. 15c).

The C2 domain of Nedd4-2 contains two conserved Ca2+-binding
sites (Figs. 2a, 4c and Supplementary Figs. 9c, 16a). To assess whether
both sites are required for Nedd4-2 membrane binding, we replaced
these residues and M122 (control) with leucine by site-directed muta-
genesis and examined the structural integrity of the mutants by Dif-
ferential scanning fluorimetry (DSF) and circular dichroism (CD)
spectroscopy. DSF revealed that D42L, D95L, and D102L Nedd4-2
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Fig. 4 | Nedd4-2 binds to the lipidmembrane via the N-terminal C2 domain in a
Ca2+-dependent manner. a Nedd4-2 binding to BE-based LUVs with different
concentrations of Ca2+.bNedd4-2 binding to LUVswith different compositions. SN,
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mutants had a slightly lower melting temperature (Tm), whereas the
other mutations did not cause any significant shift in Tm (Supple-
mentary Fig. 16b–d). Far-UV CD analysis showed no significant differ-
ence in secondary structure between Nedd4-2 WT and all mutants,
with ∼23% α-helix, ∼26% β-sheet (16% antiparallel and 10% parallel),
∼18% β-turn, and ∼33% random coil. The combined DSF and CD data
suggest that none of the mutations significantly affected Nedd4-2
stability. Nevertheless, in liposome-binding assays with Nedd4-2
mutants and BE-based LUVs, all mutations, except the control
M122L, prevented Nedd4-2 binding to LUVs (Fig. 4d). Therefore, both
Ca2+-binding sites in the C2 domain should be required for Nedd4-2
binding to the membrane.

Nedd4-2 interactions with the lipid membrane were subsequently
studied by HDX-MS. When comparing the deuteration profiles of
Nedd4-2:Ca2+ with and without BE-based LUVs, we found significant
higher deuterium uptake (deprotection) in C2 domain regions
including residues 50–57 (the β2-β3 loop), 78–91 (strands β4 and β5),
92–98 (the β5-β6 loop involved in Ca2+ binding), interfaces between
the C2 domain and the N- and C-lobes of the HECT domain (residues
131–148, 182–227, and 645–648), and the hinge region (residues
825–842) (Fig. 5a and Supplementary Figs. 17, 18). These results sug-
gest that membrane binding presumably induces a conformational
rearrangement, which relieves interactions in the “locked”, auto-
inhibited conformation of Nedd4-2 (Fig. 2a) and increases the flex-
ibility and/or solvent accessibility of many regions.

In contrast, deuterium uptake was significant lower in (1) four
regions of the C2 domain (residues 32–49, 109–116, and 123–127)
including the β1-β2 loop involved in calcium binding, (2) the WW2
domain, and (3) five regions of the HECT domain (including the helix
α2, which interacts with WW4) (Fig. 5b). Hydrophobicity analysis of
Nedd4-2 sequence37 revealed that four of these regions are surface-
exposed hydrophobic patches (Supplementary Fig. 19, segments
labeled in red). These protected and hydrophobic segments are likely
the Nedd4-2 membrane binding sites. Alternatively, protection may
also reflect interactions between these segments and other Nedd4-2
regions and/or conformational changes induced bymembrane binding.

We also compared the deuteration profiles of N-terminally trun-
cated Nedd4-2ΔN lacking the C2 domain in the presence of Ca2+ and
with and without BE-based LUVs. No significant differences were
observed between the two samples. This result confirms that Nedd4-2
membrane binding is driven by its C2 domain (Supplementary Fig. 20).

14-3-3 protein binding reduces Nedd4-2 catalytic activity and
membrane binding
14-3-3 proteins recognize two phosphorylated motifs (S342 and S428)
bordering the WW2 domain (Fig. 1a) and, as such, are key Nedd4-2
interactors and regulators25,26,28,29. In our previous study with the
N-terminally truncated Nedd4-2, without the C2 domain, we showed
that 14-3-3η binding induces a conformational rearrangement of
Nedd4-2 by inhibiting interactions between its structured domains28,29.
However, the presence of the C2 domain and the stabilization of the
autoinhibited locked conformationmayhave a significant effect on the
interaction of full-length Nedd4-2 with 14-3-3. In addition, Nedd4-2
membrane binding affects deuterium uptake in regions containing 14-
3-3 bindingmotifs (Fig. 5a). Therefore, we assessed the effect of 14-3-3η
binding to Nedd4-2 on its ability to associate with the membrane.

To this end,wefirst characterized the interaction betweenNedd4-
2 and 14-3-3η by size-exclusion chromatography (SEC). Comparison of
elution profiles of Nedd4-2 alone, 14-3-3η alone and their mixture (1:2
molar ratio) confirmed the formation of the complex (Supplementary
Fig. 21). Subsequently, we assessed the stability of the Nedd4-2:14-3-3η
complex by SV-AUC analysis of its mixtures at various molar ratios
ranging from 5:1 to 1:20 (Fig. 6a, b). Based on c(s), Nedd4-2 and 14-3-3η
formed a complex with 7.0 S sw(20,w) and 1.40 f/f0, which corresponds
to ∼142 kDaMw and to 1:2M stoichiometry (167.3 kDa theoreticalMw).

Using the Lamm equation, we directly modeled SV-AUC data, which
showed best-fit apparent equilibrium dissociation constants (KD) of
3 nM (confidence interval <13 nM), with one Nedd4-2 molecule inter-
actingwith a 14-3-3ηhomodimer. Titrationwith 1mMCaCl2 indicated a
similar binding affinity, with a KD of 8 nM (3−17 nM confidence inter-
val), nearly matching the titration without Ca2+.

In the autoubiquitination assay, 14-3-3η in a 2 and 5 molar excess
decreased autoubiquitination by ∼20 and 40% (Fig. 6c, d), respectively,
in linewith previously publisheddata onN-terminally truncatedNedd4-2
without the C2 domain28. The control experiment with unpho-
sphorylated Nedd4-2, which is unable to bind 14-3-3, showed no sig-
nificant changes in autoubiquitination (Supplementary Fig. 22a, b).
However, in liposome competitive binding assays, 14-3-3η inhibited
Nedd4-2 binding to BE-based LUVs in a concentration-dependent man-
ner, decreasing theNedd4-2MF by approximately one-third in a twofold
molar excess and by approximately half in a five- and tenfold excess
(Fig. 6e). In contrast, unphosphorylated Nedd4-2 binding to BE-based
LUVs was considerably less affected by the presence of 14-3-3η, as a
significant decrease in the Nedd4-2 MFwas observed only at the highest
concentration of 14-3-3η (tenfold excess) (Supplementary Fig. 22c).
Taken together, these results demonstrate that 14-3-3 protein binding
reduces Nedd4-2 catalytic activity and membrane binding.

To better understand the inhibitory effect of 14-3-3η on Nedd4-2
catalytic activity and membrane binding, we performed HDX-MS
measurements. The comparison of Nedd4-2 deuteration profiles with
and without 14-3-3η in the absence of BE-based LUVs revealed sig-
nificant 14-3-3η-mediated protection only in two Nedd4-2 regions
(Supplementary Fig. 23), namely the segment between WW2 and the
14-3-3 binding motif S428, which is the dominant high-affinity bind-
ing site28, and the 485-501 segment of WW3, which may directly
interact with 14-3-3η28. Given the absence of major changes in deu-
terium uptake, 14-3-3η binding should not induce large structural
changes in full-length Nedd4-2 despite interacting with 14-3-3 bind-
ing motifs and WW3. HDX-MS measurements in the presence of BE-
based LUVs revealed similar but not identical changes in the deu-
teration of Nedd4-2 alone and in a complex with 14-3-3η (Fig. 5 and
Supplementary Fig. 24). These similar deuteration profiles suggest
that most Nedd4-2 remain bounded to the membrane under the
given conditions (twofold molar excess of 14-3-3η).

The deuteration profiles of Nedd4-2:Ca2+:LUV and Nedd4-
2:Ca2+:14-3-3η:LUV, conversely, revealed both lower deuteration in the
WW1-L and WW2-WW3 regions and changes in the deuteration of
several regions of the HECT domain in the presence of 14-3-3η (Sup-
plementary Fig. 25). These differences are most likely related to the
direct effect of 14-3-3η on the structure of Nedd4-2 and to the weaker
interaction of the Nedd4-2:Ca2+:14-3-3η complex with the membrane.
As a result, a fractionofNedd4-2molecules remain in the autoinhibited
state, as indicatedby theprotection in theWW1-L region and in regions
577–583 (the Le site at the HECT/WW4 interface) and 665–670 (the
interfacebetweenN- andC-lobes of theHECTdomainnear theRe site).
Therefore, 14-3-3η may inhibit Nedd4-2 membrane binding by inter-
fering with the flexible region containing the 14-3-3 bindingmotifs and
WW2, whose deuterium uptake is affected by both 14-3-3η (Supple-
mentary Fig. 23) and LUVs (Fig. 5). The decrease in catalytic activity
likely derives not only from reduced activation of Nedd4-2 in the
presence of 14-3-3η but also from reducedWW2 andWW3 accessibility
and/or transient interactions with HECT, as suggested by our previous
studies28,29.

Only in helices H3 and H9 did we find significant protection when
comparing deuteration profiles of 14-3-3η with and without Nedd4-2
(Supplementary Figs. 26, 27). These helices form the walls of the
ligand-binding groove of the 14-3-3 protein and contain residues
responsible for binding to phosphorylated motifs. In addition, the
outside surface of the helix H9 frequently contributes to interactions
with 14-3-3 protein-binding partners38. These data suggest that 14-3-3η
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interacts with Nedd4-2 primarily through the ligand-binding groove
and surfaces of the C-terminal helix H9.

Discussion
Our cryo-EM reconstruction of full-length Nedd4-2 revealed that
intramolecular interactions involving C2 domains, both HECT lobes,
WW1 and WW4 mask the E2- and Ub-binding surfaces of the HECT
domain (Fig. 2 and Supplementary Fig. 6b, c). Furthermore, the L
region interacts with the flexible hinge that connects the two lobes of
the HECT domain, thereby stabilizing its inactive conformation (Fig. 2
and Supplementary Fig. 8). This blocks access to the catalytic residue
C922, which mediates Ub transfer from the E2 enzyme to the
substrate39. To be active and able to ubiquitinate a target protein, the
Nedd4-2 HECT domain must (1) be flexible around its hinge loop so
that its C-lobe canmove away from the N-lobe, and (2) have accessible
surfaces on both lobes to accommodate the E2 enzyme and non-
covalently bound Ub (Re site)32,33,40.

When comparing the cryo-EM structure of full-length Nedd4-2
with available structures of E3 ligases of the Nedd4-family, we con-
cluded that Nedd4-2 is autoinhibited by a multi-lock mechanism
involving intramolecular interactions between structured domains, as
proposed in previous structural and functional studies17–22. Case in
point, Nedd4-2mirrors interactions between the C-terminal section of
the L region and the hinge loop observed in WWP1/2 and Itch20–22.
However, we identified several differences between the inactive con-
formations of Nedd4-2 and these E3 ligases. In Nedd4-2, WW1 com-
pletely covers the Ub-binding exosite at the HECT N-lobe, due to its
interaction with the groove at the interface of C2/N-lobe. This inter-
action also brings WW1 closer to the HECT C-lobe (Fig. 2 and Supple-
mentary Fig. 8b–d). Conversely, in WWP1/2 and Itch, WW2 performs
this masking function, as the WW domain preceding the L region, and
only partly covers the Re site, but the Le site is still occupied by the
WW4 domain, which further stabilizes the locked conformation of the
HECT domain22. The N-terminal section of the Nedd4-2 L region (α1
helix) also adopts a unique conformation and does not occupy the Re
site (Supplementary Figs. 8b–d, 9a). This conformation contrasts with
theWWP1/2 and Itch structures, whose L region blocks the flexibility of
theHECTdomain by binding to both theRe site and the hinge between
the N- and C-lobes (Supplementary Figs. 8, 9a).

Another unique feature of full-length Nedd4-2 detected in our
cryo-EM reconstruction was the interaction between the C2 domain
and the E2-binding surface of theHECTN-lobe, which is close to the Re
site and the catalytic C922 (Fig. 2 and Supplementary Figs. 6b, c, 8b–d).
In this conformation, the C2 domain covers the surface of helix α11 of
the N-lobe with the residues that provide the E3 ligase with specificity
and selectivity to E2 enzymes32,39,41 (Fig. 2a). These results corroborate
the findings of previous NMR-based studies that have mapped the C2
binding site to the N-lobe of the HECT domain18,19 and explained why
Nedd4-2 and Smurf2 activity markedly increase after removing the C2
domain16,18,22. The C2 domain also directly interacts with the WW1
domain through the loop between β5 and β6 (Fig. 2a).

Comparison of the full-length Nedd4-2 structure with the crystal
structure of the isolated HECT domain of Smurf242 revealed that the
N-lobeofbothNedd4-2HECTdomains adopts a similar structure in the
region of the C2 binding site (Supplementary Fig. 28). However, pre-
vious NMR-based studies have mapped the C2 binding site to a dif-
ferent region of Smurf2 HECT N-lobe consisting of helices α3, α4, and
α618,19. This difference may be due to the fact that these NMR studies
were performed with isolated HECT and C2 domains of Smurf2. The
relative positions of the N- and C-lobes differ in the structures of the
HECT domain alone and in the full-length protein, as revealed by
comparing full-lengthNedd4-2with the crystal structure of theNedd4-
2 HECT domain alone (Supplementary Figs. 6b, 7). In full-length
Nedd4-2, the HECT domain interacts with the C2, WW1, and WW4
domains, as well as with the L region (Figs. 1f, 2a), all of which are

missing in the Smurf2 structure. Their absence may explain why the
isolated Smurf2 HECT domain interacts differently with the C2 domain
compared to the cryo-EM structure of full-length Nedd4-2. Therefore,
our cryo-EM structure of full-length Nedd4-2 not only confirms that
somemembersof theNedd4 family of E3 ligases, including Smurf2, are
regulated by an autoinhibitory multi-lock mechanism16–19,43, but also
highlights that the C2 domain is a key component of this mechanism.
Through the C2 domain, Ca2+-mediated membrane translocation
markedly enhances the enzymatic activity ofNedd4-2 in vivo14,16. Based
on this and recent structural studies, some researchers have hypo-
thesized that Nedd4-2 is activated by blocking the inhibitory interac-
tion between C2 and HECT16–19,22. Supporting this hypothesis, NMR
titrations with isolated C2 and HECT domains have shown that the C2
domain of Nedd4-2 binds to Ca2+ (in the mM range), phospholipids,
and the HECT domain using the same interface17. In line with these
findings, our cryo-EM reconstruction revealed interactions between
the C2 domain and the HECT and WW1 domains through loops con-
taining residues involved in Ca2+ binding (Figs. 1f, 2a and Supplemen-
tary Fig. 9b, c). However, we were unable to capture any state of
Nedd4-2 with calcium bound using cryo-EM, which is consistent with
weak Ca2+ binding (Supplementary Figs. 6a, 11e, f). Changes in deu-
terium uptake at the interfaces between the C2/HECT, L/HECT, and
WW4/HECT shown by HDX-MS suggest that Ca2+ induces transient
structural fluctuations in Nedd4-2 (Fig. 3), but our cryo-EM and SAXS
models indicate that these conformational changes involve only a very
small fraction of Nedd4-2. These results are consistent with the low
Ca2+-binding affinity of the C2 domain andwith the absence of changes
in Nedd4-2 activity with and without 1mM Ca2+ (Fig. 1e). So, while
calcium alone is not able to relieve the inhibitory interaction between
C2 and HECT. Ca2+-induced conformational fluctuations at the inter-
domain interfaces may help to disrupt autoinhibitory interactions
during subsequent membrane binding.

In the presence of both Ca2+ and BE-based LUVs, our HDX-MS
measurements revealed a considerable increase in deuterium uptake
in many regions of Nedd4-2, including the interfaces between C2 and
HECT andbetween theN- andC-lobes of HECT, indicating loosening of
the Nedd4-2 structure (Fig. 5). This conformational change likely
results from the relaxation of the interaction between C2 and HECT
following Ca2+-dependent C2 membrane binding, corroborating pre-
vious models of Nedd4-2 regulation16–19,22. Changes in deuterium
uptake were much stronger with both Ca2+ and LUVs (Fig. 5) than with
Ca2+ alone (Fig. 3), so Ca2+-dependent membrane binding, but not Ca2+

binding per se, is a critical factor in relaxing the C2/HECT interaction.
Furthermore, membrane binding requires that both Ca2+-binding sites
of the C2 domain be intact, as removing any residue involved in Ca2+

coordination precluded Nedd4-2membrane binding (Fig. 4), implying
cooperative Ca2+ and phospholipid binding to the C2 domain. In
addition, analysis of the hydrophobicity of the Nedd4-2 sequence
together with HDX-MS indicated that the β1-β2 loop of the C2 domain
is involved in direct membrane interactions along with other parts of
Nedd4-2, including several regions of the HECT domain (Fig. 5 and
Supplementary Fig. 19).

Another factor of Nedd4-2 regulation is phosphorylation-
dependent 14-3-3 protein binding25–28. In our previous study with
Nedd4-2ΔN lacking the C2 domain, we showed that 14-3-3η binding
induces a conformational rearrangement of Nedd4-228,29. In this study,
14-3-3 binding did not induce any significant structural changes in full-
length Nedd4-2 but inhibited its membrane binding and enzymatic
activity (Fig. 6c–e). Nedd4-2 interactions with BE-LUVs significantly
affected the deuterium uptake of theWW2 domain (Fig. 5), suggesting
changes in its interactions with other Nedd4-2 regions and/or the
membrane. 14-3-3 binding to Nedd4-2 masks the C-terminal region of
WW2 (residues 401–433) (Supplementary Fig. 23), whichmay interfere
with the change in Nedd4-2 conformation and thus prevent its mem-
brane binding and activation. MaskingWW2 andWW3may also inhibit
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Nedd4-2 because these domains recognize substrate proteins, but we
cannot rule out transient interactions between 14-3-3 and the HECT
domain, as previously observed in N-terminally truncated Nedd4-
2ΔN28,29. However, it is clear that full-length Nedd4-2 behaves differ-
ently from Nedd4-2ΔN, probably due to the C2 domain. This domain
stabilizes the autoinhibited locked conformation ofNedd4-2, which 14-
3-3 binding alone cannot disrupt.

In subsequent studies, the structure of the Nedd4-2/14-3-3 com-
plex and Nedd4-2 must be solved in the presence of phospholipids to
elucidate structural changes induced by 14-3-3 protein and/or mem-
brane binding. Such studies will help us to understand how these
interactions contribute to the overall process of Nedd4-2 regulation
and to ascertain whether they can be targeted for treating Nedd4-2-
related diseases. For now, our cryo-EM reconstruction of full-length
Nedd4-2 has elucidated the structural mechanism of Nedd4-2
autoinhibition.

The C2 domain blocks the E2-binding surface of theHECT domain
of Nedd4-2. This blocking, Re site masking byWW1, Le site masking by

WW4, catalytic C922 blocking, and HECT domain stabilization by the L
region provide the structural basis for Nedd4-2 autoinhibition (Fig. 7).
The release of the C2/HECT interaction requires Ca2+-dependent
Nedd4-2 membrane binding via the C2 domain. However, Ca2+ alone is
unable to disrupt the C2/HECT interaction. Phosphorylation-
dependent 14-3-3 protein binding also contributes to Nedd4-2 inhibi-
tion by blocking Nedd4-2 membrane binding and further reducing its
enzymatic activity.

Methods
Nedd4-2 expression, purification, and phosphorylation
Codon-optimized full-length Nedd4-2 Isoform 5 (Nedd4-2) (UniProt ID:
Q96 PU5-5) subcloned into the pGEX-6P-1 GST expression vector was
kindly provided by Arthur L. Haas (Louisiana State University School of
Medicine, New Orleans, LA, USA)44,45. The PreScission Protease site in
the original construct was modified to a TEV protease cleavage site
using the QuikChange site-directed mutagenesis kit (Agilent, Santa
Clara, CA, USA). Nedd4-2 mutants (D36L, D42L, D95L, N97L, D102L,

Fig. 7 | Model of Nedd4-2 regulation by autoinhibition, 14-3-3 protein, and
calcium ions binding. In the inactive state, Nedd4-2 is autoinhibited by a “multi-
lock” mechanism whereby the L region restricts HECT flexibility, the C2 and WW1
domains mask Ub- (re site) and E2-binding surfaces, while WW4 masks the region
containing the autoubiquitination site K580 (Le site). Phosphorylation-dependent
14-3-3 protein binding to motifs adjacent to the WW2 domain blocks the WW2 and

WW3 domains, thereby inhibiting Nedd4-2 membrane association and enzymatic
activity. Ca2+-dependent membrane binding, substrate binding (via the WW
domains), and dephosphorylation of 14-3-3 binding motifs release inhibitory intra-
and intermolecular interactions. Schematic illustration was created in
Inkscape v1.3.
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D103L, M122L, kinase dead C922S, C2 domain, R98A+T100A+R101A,
N205A+R208A+H214A, R537A +H549A+K552A, and R98A+T100A+
R101A+N205A +R208A+H214A) were created using the QuikChange
kit (Agilent, Santa Clara, CA, USA) and confirmed by sequencing.

Nedd4-2 protein variants were expressed with an N-terminal GST-
tag in Escherichia coli BL21 (DE3) cells44,45. Overnight cultures (5mL)
grown at 37 °C in Luria-Bertani (LB) media containing ampicillin
(100 µg/mL) were transferred into 0.5 L LTB autoinduction media
(0.25 L Luria-Bertani, 0.25 L Terrific broth, 0.25 g MgSO4 ∙ 7 H2O, 2mL
glycerol, 250mg glucose, and 1 g lactose). Cells were grown at 37 °C
until 0.8 OD600 and then at 21 °C for 18 h. Pelleted cells were resus-
pended in lysis buffer (1 × PBS, 500mMNaCl, 1mMEDTA, 1mM EGTA,
1mM DTT), disrupted by freeze-thawing and sonication, and purified
on a Glutathione Sepharose 4 Fast Flow column (Cytiva, Danaher
Corporation, Washington, D.C., USA).

Once purified, proteins were dialyzed against a buffer (20mM
HEPES (pH 7.5), 500mM KCl, 2mM EDTA, 1mM DTT, 10% (w/v) gly-
cerol). The GST-tag was cleaved by incubation with TEV protease (250
U TEV per 1mg fusion protein) in dialysis buffer overnight at 4 °C. The
cleaved protein was then purified by size-exclusion chromatography
on a HiLoad 26/600 Superdex 200pg column (Cytiva, Danaher Cor-
poration, Washington, D.C., USA) in buffer (20mM HEPES (pH 7.5),
500mM KCl, 1mM TCEP, 10% (w/v) glycerol). Purified Nedd4-2 was
phosphorylated with 170 U PKA (Promega, Madison, WI, USA) per mg
protein with 0.75mM ATP and 20mM MgCl2 and incubated at 30 °C
for 2 h and then at 4 °C overnight. Excess ATP was removed by size-
exclusion chromatography on a Superdex 200 Increase 10/300 GL
column (Cytiva, Danaher Corporation, Washington, D.C., USA) in
buffer (20mM HEPES (pH 7.5), 150mM NaCl, 1mM TCEP, 10% (w/v)
glycerol). The protein was then flash-frozen for subsequent use. The
typical yield was 4–5mg pure protein per 1 L LTB media.

14-3-3η protein expression and purification
14-3-3η protein was expressed in Escherichia coli BL21(DE3) cells using
a modified pET-15b plasmid with an N-terminal His₆-tag and TEV pro-
tease site. Cells were induced with IPTG and grown overnight at 18 °C.
After lysis, the protein was purified byNi-NTA affinity chromatography
followed by His₆-tag removal by TEV protease and anion-exchange
chromatography on HiTrap Q (Cytiva, Danaher Corporation,
Washington, D.C., USA). The final purification step was size-exclusion
chromatography on a HiLoad Superdex 75 10/300 GL column (Cytiva,
Danaher Corporation, Washington, D.C., USA) in buffer (20mM
Tris·HCl pH 7.5, 150mM NaCl, 5mM DTT, 10% glycerol)46,47. Purified
protein was flash-frozen in liquid nitrogen and stored at −80 °C.

Uba1, Ube2d2, and Ub expression and purification
Kindly provided by Dr. Jan Silhan (IOCB, CAS), the coding sequences
for mouse ubiquitin-like modifier-activating enzyme 1 (Uba1) and
ubiquitin-conjugating enzyme E2D2 (Ube2d2) and human ubiquitin
(Ub) were subcloned into plasmids (pET28a for Uba1 (E1) and pET-15b
for Ube2d2 (E2) and Ub), each with a TEV-cleavable N-terminal 6×His-
tag and expressed in Escherichia coli BL21 (DE3) cells grown in LB
media at 16 and 25 °C, respectively, by induction at 0.8 OD600 for 20 h.
Pelleted cells were resuspended in lysis buffer (1 × PBS, 1MNaCl, 4mM
β-mercaptoethanol, 2mM imidazole) and purified on a Chelating
Sepharose Fast Flow column (Cytiva, Danaher Corporation, Washing-
ton, D.C., USA).

The proteins were dialyzed against a buffer (20mM Tris-HCl (pH
7.5), 150mM NaCl, 2mM EDTA, 2mM β-mercaptoethanol, 10% (w/v)
glycerol). The 6×His-tag of Uba1 was cleaved by TEV protease (250 U
TEV per 1mg fusion protein) at 30 °C for 2 h, followed by dialysis
overnight. Final purity was confirmed by size-exclusion chromato-
graphy on a Superdex 200 or 75 Increase 10/300 GL (Cytiva, Danaher
Corporation, Washington, D.C., USA) column in buffer (20mM Tris-
HCl (pH 7.5), 150mM NaCl, 2mM DTT, 10% (w/v) glycerol). Proteins

were concentrated as required, aliquoted, and flash-frozen in liquid
nitrogen.

Human ubiquitin was labeled with fluorescein-5-maleimide
(Thermo Fisher Scientific, Waltham, MA, USA; Cat. No. V49051) by
incubating purified proteinwith a 25-foldmolar excess of dye for 2 h at
room temperature and then overnight at 4 °C in the dark, according to
the manufacturer’s instructions. Excess dye was removed by size-
exclusion chromatography on a Superdex 75 Increase 10/300 GL col-
umn (Cytiva, Danaher Corporation, Washington, D.C., USA) in buffer
(20mM Tris-HCl (pH 7.5), 150mM NaCl). Labeling was assessed by MS
analysis.

ClC-5 expression, purification, and labeling
Human chloride transporter 5 (ClC-5) protein (residues 571-746,
P51795-1 sequence) was expressed from pET28b+ with a C-terminal
6×His-tag (kindly provided by Dr. Raimund Dutzler, UZH,
Switzerland)48 in Escherichia coli BL21 (DE3) cells by isopropyl-β-D-
thiogalactopyranoside (IPTG) induction (0.5mM) at 20 °C overnight.
Cells were harvested, resuspended in lysis buffer (50mM Tris-HCl (pH
7.5), 150mM NaCl, 5mM MgCl2, 5mM β-mercaptoethanol), and dis-
rupted by freeze-thawing followed by sonication.

ClC-5 was purified by Ni2+ affinity chromatography followed by
size-exclusion chromatography on a HiLoad 26/600 Superdex 75 pg
column (Cytiva, Danaher Corporation, Washington, D.C., USA) in
buffer (50mM Tris-HCl (pH 7.5), 150mM NaCl, 5mM MgCl2, 1mM
TCEP, 10% (w/v) glycerol)48,49.

ClC-5 was labeled with Alexa Fluor 633 NHS Ester (Succinimidyl
Ester) dye (AF633, Thermo Fisher Scientific Inc., Waltham, MA, USA;
Cat. No. V49090) by dialysis against buffer without amines (1×PBS (pH
7.5), 1mMTCEP) followed by incubationwith 3×molar excess AF633 at
room temperature for 1 h and then overnight at 4 °C, with shaking, in
the dark. Excess dye was removed by dialysis against 1×PBS buffer (pH
7.4) with 10% glycerol for 24 h and subsequently using 5mL Zeba Spin
Desalting Columns (Thermo Fisher Scientific Inc., Waltham, MA, USA).
MS analysis showed 37% labeling. This protein was used as a fluores-
cently labelled substrate in ubiquitination assays.

Liposome-binding assay
All lipids (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (PC/POPC),
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (PE/POPE),
1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine (PS/POPS), choles-
terol (sheep wool, 98%), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoino-
sitol (PI/POPI), and brain polar lipid extract (porcine) (BE)) were
purchased from Avanti Polar Lipids Inc. (Croda International Plc, Ala-
baster, AL, USA) either dissolved in chloroform or as a powder (subse-
quently dissolved in chloroform to the desired concentration) and
stored at –20 °C. They were used without further purification as
described in the protocol below. We prepared four different large uni-
lamellar vesicles (LUVs), namely a negative control (80:20 PC:PE),
nuclear (61:21:4:7:7 PC:PE:PS:PI:cholesterol) and plasma (12:35:22:9:22
PC:PE:PS:PI:cholesterol) membrane-mimicking50,51, and BE-based LUVs.

Our in vitro liposome-binding assay was based on a protocol by
ref. 52. After evaporating the lipid mixture (200 nmol/sample) using
the SpeedVac, we resuspended the lipids in extrusion buffer (25mM
HEPES (pH 7.5), 20% sucrose, 1mM TCEP) for 75min at room tem-
perature. Each sample was sonicated for 5 s. Extrusion was performed
13 times by the Avanti Mini Extruder with 0.1-μm membranes. The
resulting LUVs were then dissolved in binding buffer (25mM HEPES
(pH 7.5), 150mM NaCl, 1mM TCEP) and centrifuged at 18,600×g for
60min at 22 °C. The supernatant was discarded, and the pellet was
resuspended in 60 µL binding buffer containing 25 pmol target pro-
tein(s) (or more based on the needed molar excess) with or without
1mMCaCl2 or 1mMEDTA. Samples were incubated for 45min at room
temperature and centrifuged at 16,000×g for 30min at 22 °C. The
supernatant (~50–60μL) was collected for SDS-PAGE. The pellet was
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washed with 100μL binding buffer, transferred to a new Eppendorf
tube, and recentrifuged to remove non-specifically bound proteins.
The pellet was resuspended in 20 µL binding buffer and analyzed by
SDS-PAGE. Band intensitywasquantified by densitometry in Image Lab
software v6.1.0 (Bio-Rad Laboratories, Inc., Hercules, CA, USA). Data
were fitted in GraphPad Prism 10 software (Insight Partners, New York
City, NY, USA).

Multi-angle dynamic light scattering (MADLS)
MADLS measurements were performed on a Zetasizer Ultra (Malvern
Panalytical Ltd., Malvern, UK) with a 633 nm He–Ne laser light source
and an avalanche photodiode (APD) detector. Scattering intensity was
collected at 13, 90, and 173° angles and at 25 °C. Data were analyzed
using the ZS XPLORER software v3.22 (Malvern Panalytical Ltd., Mal-
vern, UK). The refractive index was set to 1.45 for liposomes before
measuring 200 nmol liposomes in binding buffer with four CaCl2
concentrations (0, 0.25, 0.5, and 1mM).

Ubiquitination assays
In vitro ubiquitination assays were performed in 60μL reaction buffer
(20mM Tris-HCl (pH 7.5), 150mM NaCl, 5mM MgCl2, 10% glycerol)
with 4μg ubiquitin, 4μg fluorescently labelled ubiquitin, 0.4μg E2
(mouse Ube2d2), 0.1 μg E1 (mouse Uba1), 2μg Nedd4-2 and with or
without 2μg fluorescently labelled ClC-5. The reaction was started by
adding ATP (2mM final concentration), followed by incubation at
22 °C. After each time point, the reaction was stopped by adding fresh
SDS-PAGE loading buffer with β-mercaptoethanol and incubating at
95 °C for 2min. Samples were resolved using SDS-PAGE 4–15% Mini-
PROTEAN TGX gels (BIO-RAD) or 12% SDS-PAGE gels. All gels were
scanned on a Typhoon 9500 FLA laser scanner at 473 and635 nm (near
the excitation wavelength of fluorescein-5-maleimide and Alexa
FluorTM 633 NHS Ester, respectively). The polyubiquitinated products
werequantifiedusing Image Labsoftware v6.1.0 (Bio-RadLaboratories,
Inc., Hercules, CA, USA) by measuring the density of bands with a
molecular weight equal to or greater than that of Nedd4-2 with 1 ubi-
quitin molecule. Subsequently, the gels were stained with Coomassie
brilliant blue and scanned using a Fusion Solo S scanner (Vilber Lour-
mat). Unmodified Nedd4-2 bands at different time points were quan-
tified using Image Lab software v6.1.0 (Bio-Rad Laboratories, Inc.,
Hercules, CA, USA) and normalized to the zero time point (Figs. 1, 2) or
the absence of 14-3-3 (Fig. 6). This quantificationmethodmonitors the
disappearance of the starting material (Nedd4-2). All assays were
performed on at least three independent experiments with similar
results. Data were fitted using GraphPad Prism 10 software (Insight
Partners, New York City, NY, USA).

Circular dichroism (CD) spectroscopy
CD spectra were measured using a 0.1 cm quartz cuvette on a
ChirascanTM-plus spectrometer (Applied Photophysics, Leatherhead,
Surrey, United Kingdom). Nedd4-2 wild-type and mutant variants
(Nedd4-2 D36L, D42L, D95L, N97L, D102L, D103L, and M122L) were
diluted in buffer to 0.2mg.mL−1

final concentration. The day before,
proteins were dialyzed against a buffer (10mM sodium phosphate (pH
7.4), 1mM TCEP). Data were recorded in the 195-260 nm wavelength
rangewith a 1 nm step and 1 s time per point at room temperature. The
resulting spectra were buffer-subtracted and normalized to the con-
centration of the corresponding samples above and are presented as
molar ellipticity vs. wavelength. Data were processed in CDNN 2.1 and
BeStSel software (https://bestsel.elte.hu/index.php, ELTE Eötvös Lor-
ánd University, Budapest, Hungary).

Differential scanning fluorimetry (DSF)
DSF was performed in a real-time PCR LightCycler 480 II (Roche
Applied Science, Penzberg, Germany)53 to compare the thermal sta-
bility of Nedd4-2 wild-type and mutant variants (Nedd4-2 D36L, D42L,

D95L, N97L, D102L, D103L, and M122L) at 0.2mg.mL−1. The total
reaction volume was 25 µL. Buffer composition was 10mM sodium
phosphate (pH 7.4) and 1mM TCEP.

Analytical ultracentrifugation (AUC)
Full-length Nedd4-2 and 14-3-3η were dialyzed against buffer (20mM
HEPES (pH 7.5), 150mMNaCl, 1mM TCEP, 1mM EDTA (or 1mM CaCl2,
where indicated)) and loaded into double-sector titaniumcenterpieces
with 12mm optical path length (Nanolytics Instruments, Potsdam,
Germany). Sedimentation velocity (SV) experiments were performed
on a ProteomLab XL-I analytical ultracentrifuge (Beckman Coulter,
Brea, CA, USA) at 20 °C and 40,000 rpm rotor speed (An-50 Ti rotor,
Beckman Coulter), and sedimentation profiles were acquired by
measuring absorbance at 280 nm. Buffer parameters were estimated
using SEDNTERP v3.0.454. The c(s) of 0.5μM Nedd4-2 and 0.1–10μM
14-3-3ηmixtureswere calculated fromrawdata using SEDFIT v17.0 and
further integrated to determine sw(20,w)

55,56. sw values were plotted as a
function of 14-3-3η concentration to construct sw isotherms, which
were fitted with an A + B ⇌ ABmodel, as implemented in the SEDPHAT
v15.2c software package, with previously known sw values of each
component. The parameters were verified, and the loading con-
centrations were corrected by global Lamm equation modeling in
SEDPHAT v15.2c software57.

Cryo-EM - sample preparation and data collection
To prepare grids, thawed Nedd4-2 was purified by size-exclusion
chromatography on a Superdex 200 10/300 GL column (GE Health-
care, Chicago, IL, USA) in buffer (20mM HEPES (pH 7.5), 130mM KCl,
20mMNaCl, 1mMEDTA, and 1mMTCEP). Peak fractions were diluted
twofold in buffer (20mM HEPES (pH 7.5), 130mM KCl, 20mM NaCl,
1mM EDTA, 1mM TCEP, 6mM CHAPSO) to final concentrations of
3mM CHAPSO and 2.7mg.mL−1 protein (without Ca2+) or 3.4mg.mL−1

(with Ca2+). In the case of Nedd4-2 with calcium, 1mM EDTA was
replaced by 1mM CaCl2. Subsequently, 3.5μL protein solution was
applied to freshly glow-discharged (45 s total time, Gatan Solarus II 955
(Gatan, Inc., Pleasanton, CA, USA)) UltrAuFoil holey grids (R1.2/1.3,
Quantifoil, Großlöbichau, Germany) and blotted on a Vitrobot Mark IV
system for 4 s at 20 °Cand 100%humidity. All gridswereplunge-frozen
in liquid ethane and stored in liquid nitrogen before screening under a
JEOL JEM 2100-plus electron microscope (Akishima, Tokyo, Japan) at
200 keV equipped with a TVIPS TemCam–XF416 4K CMOS camera
(TVIPS GmbH, Gauting, Germany) and under a Talos Arctica electron
microscope (FEI, Thermo Fisher Scientific, Hillsboro, Oregon, USA) at
200 keV equipped with a GATAN K2 Summit detector (Gatan, Inc.,
Pleasanton, CA, USA). All data were collected under a Titan Krios
electronmicroscope (FEI, Thermo Fisher Scientific, Hillsboro, Oregon,
USA) at 300 keV equipped with a Gatan K3 BioQuantum detector
(Gatan, Inc., Pleasanton, CA, USA). All 40-framemovies were recorded
at 105,000× magnification and 0.834 Å calibrated pixel size, with
defocus values ranging from −0.7 to −2.8μm and 40 e−/Å2 total
exposure.

Cryo-EM image processing
All cryo-EM images were processed in CryoSPARC 4.4.158. Once the
movies were imported, gain correction and patch motion correction
was followed by patch CTF estimation. Micrographs with estimated
CTF resolution >5 Å, full-frame motion distance >20Å, and relative ice
thickness >1.2 were discarded; then, micrographs were visually cura-
ted, removing those with excessive aggregation or ice or power
spectrum artifacts. From 200 randomly selected micrographs, the
initial particle set was picked using a blob picker (100–200Å particle
size). After visual inspection, particles were extractedwith a 300 × 300
pixel box size, followedby2Dclassification togenerate templates from
good classes. Particle picking was repeated with a template-based
picker, selected particles were extracted with a box size of 380 × 380
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pixels, followed by 2D classification. Particles in good 2D classes were
used for ab initio 3D reconstruction (300/1000 initial/final minibatch
size parameters), heterogeneous refinement (default settings), and
homogeneous (default settings), non-uniform (initial lowpass resolu-
tion set to 20Å, with a maximum align resolution of 3 Å) and local
refinements (activated pose/shift gaussian prior) according to the
supplemental workflow scheme (Supplementary Figs. 3, 4). Particles in
the 3D class of Nedd4-2 were reference-based motion corrected in
CryoSPARC 4.4.159. The final map resolution was determined by gold-
standard FSC calculation with a 0.143 FSC threshold and sharpened
with phenix.autosharpen (Phenix 1.19.1)60. Details on data collection,
processing, and validation are listed in Supplementary Table 1.

Cryo-EM - model building, refinement, and analysis
After visual inspection of the final map, known crystal structures of
Nedd4-2 domains, namely C2 (PDB: 2NSQ) and HECT (PDB: 2ONI),
were fitted using the “jiggle-fit” tool in Coot 0.9.861. Missing regions
were modeled with Modelangelo62 and manually adjusted and cor-
rected, excluding areas with insufficient or uninterpretable density.
Atomic refinement with phenix.real_space_refine in the software
package Phenix 1.19.160 preceded model validation with MolProbity63.
Model statistics are presented in Supplementary Table 1 and Supple-
mentary Figs. 3, 4. The finalmodels are deposited in PDB/EMDB under
accession codes 9GIK/51373 and 9GIM/51374.

Hydrogen-deuterium exchange coupled to mass spectrometry
(HDX-MS)
Nedd4-2 (10 µM), 14-3-3η (20 µM), their 1:2 complex, with and without
1mM Ca2+, and 10 µM Nedd4-2 with 1mM CaCl2 and LUVs (200 nmol
LUVs per 500pmol Nedd4-2) were preincubated for 30min at 4 °C
(45min for samples with LUVs) and subjected to H/D exchange. HDX
reactions were initiated by diluting the protein mixture 10× in a
D2O-based buffer (20mM HEPES (pD 7.5), 150mM KCl, 1mM TCEP,
and 1mMCaCl2 (or 1mMEDTA). Both buffer and protein solutionwere
pre-equilibrated for 1 h at the temperature of the subsequent HDX
experiment (20 °C). HDXkineticswere sampled for 20 s, 2min, 20min,
and 2 h incubation with deuterons at 20 °C. Three independently
generated exchange reactions (technical replicates, n = 3) were per-
formed for 20-s and 20-min reactions. The samples were quenched by
adding 100 µl chilled quench buffer (6M urea, 2M thiourea, 400mM
TCEP, 1M glycine-HCl (pH 2.3)) in a 1:1 ratio,manually injected into the
temperature-controlled LC system of a PAL DHR autosampler (CTC
Analytics AG, Zwingen, Switzerland), controlled by Chronos software
(Axel Semrau GmbH & Co, Trajan Scientific and Medical, Melbourne,
Australia). Samples without LUVs were applied to a custom-made
pepsin/nepenthesin-2 protease column, while samples with LUVs were
processed on a column packed with immobilized pepsin and AnPep
coupled in tandemwith a nepenthesin-2 protease column (bed volume
66 µL, AffiPro) under a flow of 0.4% formic acid (FA) in water at
200 µL.min−1

flow rate (1260 Infinity II Quaternary pump, Agilent
Technologies, Waldbronn, Germany).

The resulting peptides were trapped online, desalted on a
SecurityGuard™ precolumn (ULTRA Cartridges UHPLC Fully Porous
Polar C18, 2.1mm, Phenomenex, Torrance, CA, USA) for 3min and
then separated on a reversed-phase analytical column (LUNA®
Omega Polar C18 Column, 100Å, 1.6 µm, 100mm× 1.0mm, Phe-
nomenex, Torrance, CA, USA) at 40 µL.min−1

flow rate using a 10–40%
linear gradient of solvent B (A: 2% acetonitrile/0.1% FA in water; B:
98% acetonitrile/0.1% FA in water) (1290 Infinity II LC system, Agilent
Technologies, Waldbronn, Germany). The LC system was interfaced
with the ESI source of a TimsTOF Pro mass spectrometer (Bruker
Corporation, Billerica, MA, USA) at 0 °C to minimize back-exchange.
For deuterium back-exchange correction, fully deuterated control
samples were prepared (n = 3) using the same LC setup in offline
mode. Desalted peptides were captured, dried, redissolved in

D2O-based buffer (pD 7.5) incubated overnight at 37 °C and analyzed
using the same setup.

The mass spectrometer was operated in MS mode with 1 Hz data
acquisition. LC-MS data were peak picked and exported in DataAna-
lysis software (v. 5.3, Bruker Daltonics), further processed in DeutEx
software64, and presented in the MS Tools platform (http://peterslab.
org/MSTools/)65. Peptides were identified in the same LC-MS system,
albeitwith themass spectrometer operating indata-dependentMS/MS
mode using PASEF. LC-MS/MS data were searched using MASCOT (v.
2.7, Matrix Science) against a customized database combining Nedd4-
2, 14-3-3η, common cRAP.fasta (https://www.thegpm.org/crap/) and
protease sequences, setting the following search parameters: no
enzyme, Ser, Thr, or Tyr phosphorylation allowed as variable post-
translational modification, 10 ppm precursor tolerance, 0.05Da frag-
ment ion tolerance, decoy search enabled, FDR ˂1%, IonScore ˃20, and
peptide length ˃5.

TheHDXdata summary table and theHDXdata table are included
in Supplementary Data 1, 2 as per consensus guidelines66. The mass
spectrometry data have been deposited in the ProteomeXchange
Consortium (http://proteomecentral.proteomexchange.org) via the
PRIDE partner repository67 with the dataset identifier PXD058899.

Small-angle X-ray scattering (SAXS)
Synchrotron SAXS data were collected at P12 BioSAXS beamline
operated by EMBL Hamburg at the PETRA III storage ring (Deutsches
Elektronen-Synchrotron (DESY), Hamburg, Germany). SEC-SAXS
measurements were conducted using a Superdex 200 Increase 5/150
GL column (Cytiva, Danaher Corporation, Washington, D.C., USA) in
buffer (20mM HEPES (pH 7.5), 150mM NaCl, 1mM TCEP, 3% (w/v)
glycerol) at 0.3mL.min−1

flow rate and 293.15 K. For measurements
with calcium, an additional 1mM CaCl2 was included in both the
sample and SEC mobile phase. For measurements without calcium,
both the sample and SECmobile phase contained 1mM EDTA. Further
details are outlined in Supplementary Table 2. SEC-SAXS elution pro-
files were processed using the program CHROMIXS within the ATSAS
package v3.2.168. Data range selection was based on constant Rg where
possible. The scattering profiles were used to determine themolecular
mass, Porod volume, and Rg in PRIMUS within the ATSAS package
v3.2.169. The pair-distance distribution function P(r) was calculated
using the program GNOM within the ATSAS package v3.2.170.

SAXS-based modeling
Solution structuremodelingofNedd4-2 fromSAXSdatawasdonewith
the program CORAL within the ATSAS package v3.0.136. The cryo-EM
structure of Nedd4-2 (this work), the crystal structure of the WW3
domain (PDB ID: 1wr7)71, and the AlphaFold272 derived structure of the
WW2 domain with flanking linkers were used as input structures. The
best-scoring CORAL model was chosen according to the lowest χ2. A
low-resolution electrondensitymapwas calculatedusingDENSS v1.673.
An averaged map was constructed from 50 runs with the denss.all.py
script, which was further refined with the denss.refine.py script.

Statistics and reproducibility
Liposome-binding and ubiquitination results (Figs. 1, 2, 4, 6) are
expressed as means ± S.D. from three replicates, as indicated in figure
legends. Statistical tests wereperformed inGraphPad Prism 10 (Insight
Partners, New York City, New York). Significant differences from the
control were determined using an unpaired two-tailed Student’s t-test,
as stated in figure legends (ns non-significant p >0.05; *p ≤0.05;
**p ≤0.01; ***p ≤0.001; ****p ≤0.0001) (Figs. 1c, d, 2b, 4a, b, d, 6c–e and
Supplementary Figs. 10b, 15a, b, 22a–c).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.
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Data availability
The authors declare that all data supporting the findings of this study
are available in the main text and its supplementary information files.
The final cryo-EM maps and corresponding atomic coordinates gener-
ated in this study have been deposited in the Electron Microscopy Data
Bank (EMDB) and the Protein Data Bank (PDB) under the accession
codes EMD-51373, 9GIK (Nedd4-2) and EMD-51374, 9GIM (Nedd4-
2 +Ca2+). HDX data summary table is available in Supplementary Data 1
and the HDX data table are available as Supplementary Data 2. Themass
spectrometry proteomics data have been deposited in the Proteo-
meXchange Consortium (http://proteomecentral.proteomexchange.
org) via the PRIDE partner repository with the dataset identifier
PXD058899. The SAXS data are available in the Small-Angle Scattering
Biological Data Bank (SASBDB) under accession codes SASDUC3
(Nedd4-2) and SASDUD3 (Nedd4-2 + Ca²⁺). All datasets are freely
accessible through the respective repositories. Further informationmay
be requested from the corresponding authors. Source data are provided
with this paper.
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