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ABSTRACT Neural precursor cells expressed developmentally downregulated protein 4-2 (Nedd4-2), a homologous to the E6-
AP carboxyl terminus (HECT) ubiquitin ligase, triggers the endocytosis and degradation of its downstream target molecules by
regulating signal transduction through interactions with other targets, including 14-3-3 proteins. In our previous study, we found
that 14-3-3 binding induces a structural rearrangement of Nedd4-2 by inhibiting interactions between its structured domains.
Here, we used time-resolved fluorescence intensity and anisotropy decay measurements, together with fluorescence quenching
and mass spectrometry, to further characterize interactions between Nedd4-2 and 14-3-3 proteins. The results showed that 14-
3-3 binding affects the emission properties of AEDANS-labeled WW3, WW4, and, to a lesser extent, WW2 domains, and re-
duces their mobility, but not those of the WW1 domain, which remains mobile. In contrast, 14-3-3 binding has the opposite effect
on the active site of the HECT domain, which is more solvent exposed and mobile in the complexed form than in the apo form of
Nedd4-2. Overall, our results suggest that steric hindrance of the WW3 and WW4 domains combined with conformational
changes in the catalytic domain may account for the 14-3-3 binding-mediated regulation of Nedd4-2.
SIGNIFICANCE Ubiquitin ligase Nedd4-2 phosphorylation at residues S342 and S448 triggers its association with 14-3-3
proteins, thus modulating Nedd4-2 function and the ubiquitination of various ion channels. Here, we labeled the individual
structured Nedd4-2 domains with the environmentally sensitive extrinsic fluorophore 1,5-IAEDANS and performed
fluorescence measurements. This allowed us to monitor the mobility and accessibility of the individual domains of Nedd4-2
upon 14-3-3 protein binding. Our data reveal that the steric hindrance of the WW3 and WW4 domains together with the
conformational change in the catalytic domain may be responsible for the 14-3-3 binding-mediated regulation of Nedd4-2
functions. Therefore, 14-3-3-mediated changes in the accessibility and/or mobility of individual WW domains of Nedd4-2
may modulate different dynamic processes of membrane proteins ubiquitination.
INTRODUCTION

The Nedd4 family of mammalian homologous to the
E6-AP carboxyl terminus (HECT) E3 ubiquitin ligases en-
compasses nine members, including neural precursor cell-
expressed developmentally downregulated protein 4-2
(Nedd4-2). Nedd4-2 originated from the most conserved
and ancestral member Nedd4 by gene duplication (1) and
is only found in vertebrates, which primarily express this
ubiquitin ligase in the lungs, kidneys, brain, and heart
(2). In these organs, Nedd4-2 has been shown to modulate
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epithelial sodium channel ENaC in the lungs and kidneys
(3), the renal sodium-chloride symporter NCC (4), several
voltage-gated sodium and potassium channels (5,6), and
neural receptors (7), among other targets. Some of these
targets include membrane proteins, whose activation is
controlled by ubiquitination mediated by Nedd4-2.
Accordingly, its malfunction has been linked to lung
inflammation, Liddle syndrome, salt-sensitive hyperten-
sion, epilepsy, and developmental and end-stage renal dis-
orders, highlighting its importance for human physiology
(8–11).

The Nedd4-2 molecule consists of three spatially and
functionally distinct domains, the N-terminal calcium/lipid
binding (C2) domain, four repeats of 34 amino acids known
as WW domains, and the HECT domain (Fig. 1 A). The C2
domain regulates protein function by mediating its
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FIGURE 1 Domain structure of human Nedd4-2

and the protein constructs used in this study. (A)

Schematic representation of the Nedd4-2 domain

structure showing the positions of 14-3-3 binding

motifs S342, T367, and S448; the Ca2þ lipid binding

domain is shown in gray (denoted as C2), and the

WW1-4 domains are shown in yellow, teal,

blue, and magenta (denoted as W1-4). The N- and

C-lobes of the HECT domain are shown in rasp-

berry and salmon, respectively. (B) The constructs

used in this study are Nedd4-2186�975 (C942) and

Nedd4-2190�581 (C209, C218, C389, C414, C508,

C522, and C571). The positions of the cysteine res-

idues used for 1,5-IAEDANS labeling are shown in

red. To see this figure in color, go online.
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translocation to phospholipid membranes in a response to
enhanced cytosolic Ca2þ (12). Human Nedd4-2 contains
four WW domains located between the C2 and the HECT
domains. The WW domains (also known as WWP) are
named after their two highly conserved tryptophan residues
and proline residue. These domains preferentially bind to
proline-rich motifs (PPxY) of regulated substrates because
they contain a hydrophobic core bordered by beta sheets
with several charged residues (13,14). The catalytic HECT
domain catalyzes polyubiquitin chain assembly through a
conserved, two-step mechanism, similarly to other HECT
family members (15). This substrate ubiquitination by
Nedd4-2 through substrate-linked ubiquitin chains promotes
degradation and cell signaling (16). WW domains, in the
same protein, show different substrate specify in vitro. As
such, Nedd4-2 may interact with various proteins through
its WW domains in vivo.

In line with the above, the WW3 and WW4 domains of
Nedd4-2 directly interact with all epithelial sodium channel
(ENaC) subunits and play a key role in the feedback regula-
tion of ENaC in mammalian cells (2,17). In turn, mouse
Nedd4 uses all of its three WW domains to interact with
ENaC (18), whereas WW2-4 of human Nedd4, which has
four WW domains, are required for this interaction (19).
Moreover, the WW domains of Nedd4-2 recognize the PY
motif in its own HECT domain (20), and WW1 and WW2
interact with TRPV6 and decrease its ubiquitination rate
(21). Nedd4-2 function and its substrate specificity are
also modulated by phosphorylation and binding to adaptor
proteins, which can have both inhibitory and activatory ef-
fects. Several protein kinases, such as PKA, Akt, Sgk1,
JNK1, and IKKb, phosphorylate Nedd4-2 at S342, T367,
and S448 (22–27), thus triggering 14-3-3 protein binding
(28–30).

14-3-3 proteins are a family of highly conserved dimeric
proteins, which interact with hundreds of other proteins,
thereby regulating their functions (31–34). 14-3-3 proteins
recognize pSer/pThr-containingmotifs, which are frequently
located within disordered regions of their binding partners
and far from structured functional domains (35–37).
Nedd4-2 has three 14-3-3 bindingmotifs, but phosphorylated
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S342 and S448 are the crucial residues that facilitate high-af-
finity 14-3-3 binding (30). Both motifs are located within
disordered regions bordering the WW2 domain (Fig. 1 A).
However, the exact role of 14-3-3 binding in regulating
Nedd4-2 remains unclear. For example, Nedd4-2 interaction
with 14-3-3 is known to both prevent the ubiquitination of
ENaC, increasing ENaC activity (38), and promote the ubiq-
uitination of the GluA1 subunit of the AMPA receptor (7).
Nevertheless, we have recently performed a biophysical
characterization of the complex between the phosphorylated
Nedd4-2 and 14-3-3h, showing that 14-3-3 binding induces a
structural rearrangement of Nedd4-2 by altering interactions
between its structured domains (30). Our structural analysis
also suggested that the formation of this complex may affect
the accessibility and/or the mobility of individual WW do-
mains of Nedd4-2.

To test this hypothesis, in this study, we aimed to further
characterize interactions between phosphorylated Nedd4-2
and 14-3-3 by investigating changes in the solvent accessi-
bility and mobility of Nedd4-2 domains upon complex for-
mation. For this purpose, we used various fluorescence
spectroscopy methods, including time-resolved fluores-
cence intensity and anisotropy decay measurements and
fluorescence quenching. The results clearly indicate that
14-3-3h directly interacts with WW3 and WW4 domains
and that the 14-3-3h-protein-induced conformational
change of Nedd4-2 involves not only the WW3 and WW4
domains but also its catalytic domain.
MATERIALS AND METHODS

Heterologous expression and purification of 14-3-
3 protein

14-3-3h was expressed and purified as described previously (30,39,40). In

brief, 14-3-3h was expressed in E. coli BL21(DE3) cells using three puri-

fication steps: affinity chromatography, followed by His6-tag cleavage,

anion-exchange chromatography (HiTrap Q column, GE Healthcare, Chi-

cago, Illinois, USA), and size-exclusion chromatography (HiLoad Super-

dex 75, GE Healthcare) in a buffer containing 20 mM Tris-HCl (pH 7.5),

150 mM NaCl, 1 mM TCEP, and 10% (w/v) glycerol. The final protein

was concentrated to 30 mg∙mL�1, frozen in liquid nitrogen, and stored

in aliquots at �80�C (193.15 K).



14-3-3 masks the WW domains of Nedd4-2
Heterologous expression, purification, and
phosphorylation of Nedd4-2

The coding sequence of Nedd4-2 (residues 190–581) was PCR amplified

from the plasmid hNedd4-2 (residues 186–975) previously prepared in

our laboratory (30). The PCR product containing residues 190–581 was

ligated into the polycistronic pST39 vector SacI/KpnI restriction sites.

The entire cloned region was confirmed by sequencing. Thirteen different

Nedd4-2 mutants in both Nedd4-2 variants containing a single cysteine res-

idue (Nedd4-2190�581 variant: T209C, S218C, S389C, T414C, A508C,

T522C, S571C; Nedd4-2186�975 variant: C702S, C776S, C853S, C874S,

C942S) were generated using the QuikChange kit (Stratagene, Santa Clara,

California, USA), confirming all mutations by sequencing.

Nedd4-2190�581 WT and single cysteine variants were expressed as a

fusion protein with 6� noncleavable His-tag at the C-terminus by isopro-

pyl-1-thiob-D-galactopyranoside induction for 18– 20 h at 18�C in

E. coli BL21 (DE3) cells. The pelleted cells were suspended in lysis buffer

(1� PBS, 1 M NaCl, 4 mM b-mercaptoethanol, 2 mM imidazole, and

0.01% (v/v) Tergitol NP-40) and purified using a Chelating Sepharose

Fast Flow column (GE Healthcare), according to the standard protocol, fol-

lowed by gel filtration chromatography on a HiLoad 26/600 Superdex 75 pg

column (GE Healthcare) in a buffer containing 20 mM Tris-HCl (pH 7.5),

500 mM NaCl, 1 mM TCEP, 10% glycerol (w/v), and 0.01% (v/v) Tergitol

NP-40. Purified Nedd4-2190�581 was phosphorylated with 158 units of PKA

(Promega, Santa Clara, California, USA) per milligram of recombinant pro-

tein in the presence of 0.75 mM ATP and 20 mM MgCl2 by incubation at

30�C for 2 h and then overnight at 4�C. After phosphorylation, the protein
was repurified using a size-exclusion chromatography Superdex 75 Increase

10/300 GL column (GE Healthcare) in a buffer containing 20 mM Tris-HCl

(pH 7.5), 500 mM NaCl, 1 mM TCEP, and 10% glycerol (w/v).

Nedd4-2186�975 WT and single cysteine variants were expressed and pu-

rified as described previously (30).
Labeling of Nedd4-2 mutants by 1,5-IAEDANS

Nedd4-2190�581 contains only one cysteine residue at position 341. To pre-

pare Nedd4-2190�581 specifically labeled with a fluorescence probe at

different positions in the WW domains, we first replaced cysteine 341 by

serine and then incorporated a single cysteine into seven different positions

(C209, C218, C389, C414, C508, C522, and C571). Nedd4-2186�975 con-

tains six cysteine residues. To prepare Nedd4-2186�975 specifically labeled

with a fluorescence probe at different positions of the HECT domain, we

mutated C341S and used this mutation as a template for subsequent muta-

genesis of five cysteine residues present in the HECT domain. Mutagenesis

was performed so that only a single cysteine was present and that all other

cysteine residues were mutated to serine residues. Covalent modification of

Nedd4-2 containing a single cysteine residue with the thiol-reactive probe

1,5-IAEDANS was performed as described before (41). In brief, the protein

(2.0– 8.5 mM) in 50 mM Tris-HCl (pH 7.5), 100 mM NaCl, 1 mM EDTA

buffer, and label, were mixed at a molar ratio of 1:40 and incubated at

30�C for 2 h, and then at 4�C overnight in the dark. Subsequent gel filtration

chromatography was performed in 50 mM Tris-HCl (pH 7.5), 100 mM

NaCl, 1 mM EDTA, 10% glycerol (w/v) buffer (Sigma-Aldrich, St. Louis,

MO) to remove free unreacted label. The incorporation stoichiometry was

determined by comparing the peak protein absorbance at 280 nm with the

absorbance of bound 1.5-IAEDANS measured at 336 nm using an extinc-

tion coefficient of 5700 M�1 cm�1 (Molecular Probes, Eugene, OR).
Mass spectrometry analysis

Proteins were diluted to 50 mM ammonium bicarbonate buffer. Cysteines

were reduced with 10 mM DTT for 45 min at 60�C and free cysteines

were alkylated with 30 mM iodoacetamide for 30 min at room temperature

in the dark. Trypsin digestion proceeded overnight at 37�C with an enzyme/
protein ratio of 1:20 (w/w). Peptides were loaded on a trap column (Luna

Omega 5 mm Polar C18 100 Å, 20 � 0.3 mm, Phenomenex, Torrance, Cal-

ifornia, USA) and desalted for 5 min at flow rate 20 mL/min. Peptides were

then separated using a reversed-phase C18 column (Luna Omega 3 mm Po-

lar C18 100 Å, 150� 0.3 mm, Phenomenex) at a flow rate 10 mL/min with a

capillary UHPLC system (Agilent Technologies, Santa Clara, California,

USA) under the following gradient conditions: 1–10% B in 1 min, 10–

45% B in 19 min, 45–95% B in 5 min, where solvent A was 0.1% formic

acid and 2.0% acetonitrile in water, and solvent B was 0.1% formic acid

in 98% acetonitrile. The column was heated at 50�C and directly connected

to a timsTOF Pro mass spectrometer (Bruker Daltonics,Madison, Wiscon-

sin, USA). The instrument was operating in PASEF mode. All data were

processed by the PEAKS Studio X software (Bioinformatics Solutions, Wa-

terloo, Ontario, Canada), searching against the database of Nedd4-2190�581

protein. The FDR was set to 1% for the peptides.
Differential scanning fluorimetry

The thermal stability of the Nedd4-2 mutants was checked by measuring the

thermally induced protein denaturation, using differential scanning fluorim-

etry. Nedd4-2190�581 and Nedd4-2186�975 protein variants at concentrations

of 0.144–0.37 and 0.185 mg∙mL�1, respectively, were tested in 8� concen-

trated Sypro Orange (Sigma-Aldrich) in a total reaction volume of 50 mL in

buffer containing 100 mM HEPES (pH 7.5) and 150 mM NaCl on a Light-

Cycler 480 Multiwell Plate 96 (Roche Applied Science, Penzberg, Ger-

many). The melting temperature values, Tm, corresponding to the

inflection points of the melting curves, were determined as the minima of

the negative first derivative using the Roche LightCycler 480 SW 1.5 soft-

ware (42,43). The final results are expressed as the means from three

measurements.
Limited proteolysis

Samples containing 50 pmol of phosphorylated Nedd4-2186�975 WTwith or

without 100 pmol 14-3-3hwere digested by trypsin for 10, 20, and 30 min at

25�C in a buffer containing 50 mMTris-HCl (pH 8.0), 500 mMNaCl, 1 mM

TCEP, 10% (w/v) glycerol, and 0.01% tergitol (protease/protein ratio was

1:1000, w/w). Undigested protein served as the zero-time point. The reac-

tions were terminated by adding SDS-PAGE sample loading buffer and

boiling for 5 min. The results were analyzed by SDS-PAGE. The density of

the bands resulting from the degradation ofNedd4-2 in respective time points

were quantifiedusing ImageLab software andStudent’s t-test (Bio-Rad,Her-

cules, California, USA).
Time-resolved fluorescence

Time-resolved fluorescence intensity and anisotropy decay measurements,

as well as data analysis, were performed as described previously (44,45). In

brief, the apparatus comprised pulsed frequency-tripled Ti:Sapphire laser

(Chameleon Ultra II, Coherent, Santa Clara, California, USA) and time-

correlated single-photon counting detection (SPC150, Becker & Hickl,

Berlin, Germany) with cooled MCP-PMT (R3809U-50, Hamamatsu, Ha-

mamatsu City, Shizuoka, Japan). Dansyl fluorescence was excited at

355 nm and collected at 535 nm on a monochromator (H-20, Horiba, Kyoto,

Japan) with a stack of glass OG420 long-pass and dielectric LP520 filters

placed in front of the input slit. The repetition frequency of the excitation

pulses was lowered to 4 MHZ by the pulse-picker (APE, Berlin, Germany).

This corresponds to about 15 dansyl lifetimes (250 ns) allowing dansyl

emission to completely decay to zero between the two successive excitation

pulses. Intensity decays were accumulated under the magic-angle condi-

tions, typically in 1024 channels with a time resolution of 195 ps/channel,

until reaching approximately 1.5 � 105 counts at the decay maximum. The

instrument response function was measured by scattered excitation from the
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diluted ludox solution. FWHM of the response function was about 120 ps,

which is well below the decay channel time width. Polarized decays for

fluorescence anisotropy were acquired quasi-simultaneously with a switch-

ing time between the components of 30 s. The samples were placed in a

thermostatic holder.

All experiments were performed at 23�C in a 50 mM Tris-HCl (pH 7.5),

100 mM NaCl, 1 mM EDTA, and 10% (w/v) glycerol buffer (Sigma-Al-

drich). The concentrations of Nedd4-2190�581 variants (C209, C218,

C389, C414, C508, C522, and C571), Nedd4-2186�975 C942, and 14-3-3h

ranged from 1.6 to 4 and from 4 to 8 mM, respectively. Both fluorescence

intensity and anisotropy decays were analyzed using the model-indepen-

dent singular value decomposition-maximum entropy method (45).

Fluorescence was assumed to decay multiexponentially

IðtÞ ¼
X
i

ai , expð� t = tiÞ; (1)

where ti stands for the fluorescence lifetime components, and ai are the cor-

responding amplitudes. The mean emission lifetime was calculated as

follows:

tmean ¼
X
i

ait
2
i

,X
i

aiti: (2)

Fluorescence anisotropies r(t) were determined by simultaneous recon-

volution of I||(t) and It(t) polarized decays (46,47). The anisotropies

were assumed to decay multiexponentially:

rðtÞ ¼
X
i

b0
i , exp

�� t
�
40
i

�
; (3)

where amplitudes biʹ represent the distribution of the correlation times 4iʹ,P
b0i ¼ r0, and r0 is the initial anisotropy. We typically used 100 correla-

tion times and 100 lifetimes equidistantly spaced in the logarithmic time-

scale for MEM analysis (45).
Dansyl quenching

Stern-Volmer plots were constructed from changes in mean fluorescence

lifetime after adding acrylamide aliquots dissolved in the protein buffer.

Stern-Volmer plots were fitted to the modified SVequation (48) transformed

to the form of:

t0
�
t ¼ �

kqt0½Q� þ 1
���

kqt0½Q�Fb þ 1
�
; (4)

where t and t0 are the mean fluorescence lifetime with and without

quencher, respectively, ½Q� is acrylamide concentration, kq is the bimolec-

ular quenching constant, and Fb stands for an inaccessible fraction of the

fluorophore.
RESULTS

Construction of the Nedd4-2 protein mutants for
dansyl fluorescence measurements

For further insight into interactions between Nedd4-2 and 14-
3-3h, we labeled the individual structured Nedd4-2 domains
with the environmentally sensitive extrinsic fluorophore 1,5-
IAEDANS and performed time-resolved fluorescence inten-
sity and anisotropy decay measurements, in addition to
time-resolved collisional quenching of dansyl-labeled pro-
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teins. For this purpose, we used two Nedd4-2 variants:
Nedd4-2190�581 containing both 14-3-3 binding sites, S342
and S448, and all four WW domains, and Nedd4-2186�975,
also containing the HECT domain (Fig. 1 B) (30). Both
proteins exhibited sufficient solubility and stability for bio-
physical studies. A previous study has shown that the
Nedd4-2186�975 and 14-3-3h form a complex with a 1:2 stoi-
chiometry andKD< 50 nM (30). Therefore, the concentration
used for fluorescence studies enables that �99% of proteins
are bound in the complex.

The sequence ofNedd4-2190�581 contains a single cysteine
residue at position C341 preceding the first phosphorylation
site, that is, the 14-3-3 binding motif S342. For this reason,
we first mutated C341 to serine and subsequently introduced
a single cysteine residue at several positions of interest (mu-
tations T209C, S218C, S389C, T414C, A508C, T522C, and
S571C) to specifically label the proteinswith 1,5-IAEDANS.
The longer construct, Nedd4-2186�975, contains five addi-
tional cysteine residues in the HECT domain at positions
C702, C776, C853, C874, and C942. Thus, we first intro-
duced the C341S mutation and then proceeded with the
step-by-step mutagenesis of other Cys residues to prepare
single cysteine-containing variants. Unfortunately, of all
Nedd4-2186�975 mutant variants, only Nedd4-2186�975 with
Cys at position 942 yielded a soluble and stable protein. In to-
tal, eight single cysteine-containing Nedd4-2 variants were
prepared: seven with the Nedd4-2190�581 construct (C209,
C218, C389, C414, C508, C522, and C571) and one with
the Nedd4-2186�975 construct (C942). These cysteine resi-
dues are located in five different regions of Nedd4-2: C209
and C218 in the WW1 domain, C389 and C414 in the
WW2 domain, C508 and C522 in the WW3 domain, C571
in the WW4 domain, and C942 in the active site of the
C-lobe of the HECT domain (Fig. 1 B).

The stability of all Nedd4-2 mutants was assessed by
measuring the midpoint temperatures of the protein unfold-
ing transition (Tm) by differential scanning fluorimetry. No
substantial differences in Tm were observed in all Nedd4-2
variants, except for Nedd4-2190�581C508 (Table 1). The
slightly lower Tm of the Nedd4-2190�581C508 variant may
reflect a different conformation of the mutated WW3
domain. The binding of all phosphorylated Nedd4-2 mutant
variants to 14-3-3h was confirmed by native gel electropho-
resis (Fig. S1). The single cysteine-containing variants of
Nedd4-2 were labeled with the extrinsic fluorophore 1,5-
IAEDANS, confirming the successful modification of all
proteins by LC-MS (Figs. S2–S10).
14-3-3h protein binding affects the conformation
of Nedd4-2 WW3, WW4, and the active site of the
HECT domain: Time-resolved fluorescence
lifetime measurements

We have recently shown that 14-3-3h binding triggers the
structural rearrangement of Nedd4-2 (30), which could



TABLE 1 Stability of individual Nedd4-2 mutant variants

Nedd4-2190�581 variant Tm (�C)

C209 54.2 5 0.1

C218 55.3 5 0.1

C389 53.6 5 0.1

C414 55.7 5 0.2

C508 51.06 5 0.05

C522 56.5 5 0.2

C571 54.4 5 0.3

WT 56.29 5 0.05

Nedd4-2186�975 variant Tm (�C)

WT 41.34 5 0.06

C942 39.5 5 0.4

Midpoint temperatures of the protein unfolding transition (Tm) for Nedd4-2

WTand mutants, as determined by differential scanning fluorimetry. Uncer-

tainties are expressed as the SE values calculated from three experiments.

FIGURE 2 Mean fluorescence lifetimes of Nedd4-2 variants and their

changes upon 14-3-3h binding. The positions of AEDANS-labeled cysteine

residues within Nedd4-2 domains are indicated at the bottom. C209 and

C218, WW1; C389 and C414, WW2; C414 and C508, WW3; C571,

WW4; C943, the C-lobe of HECT domain. Each error bar reflects the stan-

dard deviation of a single-curve data analysis.

14-3-3 masks the WW domains of Nedd4-2
include conformational changes in the WW and HECT
domains. To gathermore detailed information about structural
changes in individual Nedd4-2 domains induced by their
interaction with 14-3-3h, we performed time-resolved
fluorescence intensity measurements of all eight AEDANS-
labeled cysteine variants of Nedd4-2190�581 and Nedd4-
2186�975 in the absence and presence of 14-3-3h. As an
environmentally sensitive fluorophore, AEDANS changes its
quantum yield and emission lifetime with the polarity of its
microenvironment (49). Fluorescence lifetime measurements
can therefore sensitivelymonitor subtle changes in dansyl sol-
vation and/or conformational changes induced by 14-3-3h
binding (Fig. 2; Table 2).

All AEDANS-labeled Nedd4-2 proteins exhibited multi-
exponential decays, typically containing two major and up
to two minor components. Examples of decays and lifetime
distributions are shown in Figs. S16 and S17. Since the pro-
tein is expected to scan a conformational space and the indi-
vidual components are difficult to unequivocally assign, we
used themeanfluorescence lifetime (tmean) as a qualitative in-
dicator of changes in the local environment of AEDANS-
labeled cysteines. AEDANS-labeled Nedd4-2190�581C209
and Nedd4-2190�581C218 (both Cys are located in the
WW1 domain) exhibited relatively short emission lifetimes,
15.4 and 15.1 ns, respectively, unresponsive to 14-3-3h bind-
ing. Conversely, AEDANS-labeled Nedd4-2190�581C389,
Nedd4-2190�581C414, andNedd4-2190�581C508 (Cys located
in WW2 and WW3 domains) exhibited the highest tmean of
17.0, 16.7 and 16.8 ns, respectively, in the absence of 14-3-
3h, indicating a less polar fluorophore microenvironment
(49). Lower tmean values were also detected for Nedd4-
2190�581C522 (the WW3 domain), Nedd4-2190�581C571
(the WW4 domain), and Nedd4-2186�975C942 (the C-lobe
of the HECT domain).

The strongest effect of 14-3-3h binding was observed in
AEDANS moieties attached within the WW3 domain
(Nedd4-2190�581C508 and Nedd4-2190�581C522), whose
tmean values increased by �1.4 ns. AEDANS-labeled
Nedd4-2190�581C389, C414, and C571 mutants (Cys in
WW2 and WW4 domains) also exhibited significantly
increased tmean in the presence of 14-3-3h, particularly the
Nedd4-2190�581C389 variant (the WW2 domain), whose in-
crease in tmean was close to 0.7 ns. As the dansyl fluorophore
is known to exhibit an increased tmean in a less polar environ-
ment (49), these changes in tmean may result from 14-3-3h-
induced conformational changes in Nedd4-2, which affect
interactions between dansyl moieties and amino acid residues
in their vicinity. Alternatively, the increase in tmeanmay reflect
reduced polar contacts and modulated dansyl solvation due to
a direct interaction of the fluorophore with bound 14-3-3h.

In contrast to C389, the AEDANS-labeled catalytic C942
in the active site of the HECT domain revealed a decrease in
tmean by 0.3 ns, which can be interpreted as increased con-
tacts with the polar environment resulting from increased
solvation and/or quenching interactions near this residue.
This suggests that 14-3-3h binding induces conformational
changes within the active site of Nedd4-2 HECT domain
(Fig. 2; Table 2).
14-3-3h protein binding reduces the mobility of
Nedd4-2 WW domains: Time-resolved
fluorescence anisotropy decay measurements

To investigate how 14-3-3h binding affects the mobility of
Nedd4-2 AEDANS-labeled domains, we performed time-
resolved emission polarization anisotropy measurements.
For all seven variants of Nedd4-2190�581, the results are
summarized in Table 2. Unfortunately, we were unable to
prepare Nedd4-2186�975C942 in a concentration comparable
with the other mutants. Low emission intensity called for
longer measurement times, stronger excitation, and larger
Biophysical Journal 121, 1299–1311, April 5, 2022 1303



TABLE 2 Summary of the time-resolved AEDANS fluorescence measurements

Nedd4-2 variant tmean
a,b (ns)

kq (� 10�8)

Fb

41
c,d

b1
c

42
e

b2

43
e

b3

44
f

b4

45
g

b5(M�1 s�1)h (ns) (ns) (ns) (ns) (ns)

Nedd4-2190�581

C209 15.4 4.3 0.27 0.1 0.19 1.4 0.05 9.5 0.05 79 0.06

C209 þ 14-3-3h 15.4 4.6 0.29 0.1 0.17 0.5 0.05 3.9 0.04 15 0.02 >200 0.06

C218 15.1 7.1 0.15 0.1 0.27 0.5 0.01 2.6 0.02 17 0.03 170 0.01

C218 þ 14-3-3h 15.1 6.9 0.30 0.1 0.26 0.5 0.03 3.9 0.01 15 0.02 >200 0.02

C389 17.0 2.7 0.30 0.1 0.08 1.1 0.04 3.9 0.07 26 0.13 >200 0.04

C389 þ 14-3-3h 17.7 1.5 0.28 0.1 0.08 1.6 0.04 6.5 0.05 50 0.11 >200 0.06

C414 16.7 2.6 0.31 0.1 0.08 1.4 0.06 6.6 0.07 35 0.10 >200 0.03

C414 þ 14-3-3h 17.1 2.0 0.31 0.1 0.08 1.9 0.06 9.4 0.07 97 0.04 >200 0.08

C508 16.8 2.7 0.25 0.1 0.10 1.3 0.02 4 0.06 12 0.08 79 0.07

C508 þ 14-3-3h 18.2 1.5 0.22 0.1 0.07 0.6 0.03 3.8 0.05 16 0.05 >200 0.14

C522 15.8 3.6 0.33 0.1 0.08 1.1 0.07 6.1 0.09 39 0.07 >200 0.03

C522 þ 14-3-3h 17.0 1.7 0.31 0.1 0.09 1.4 0.05 6.2 0.05 47 0.08 >200 0.07

C571 15.9 3.2 0.32 0.1 0.09 1.9 0.10 14.1 0.08 67 0.03 >200 0.03

C571 þ 14-3-3h 16.4 1.8 0.26 0.1 0.09 1.1 0.06 6.0 0.07 76 0.08 >200 0.05

Nedd4-2186�975

C942 15.7 5.5 0.49

C942 þ 14-3-3h 15.4 7.4 0.56

aMean lifetimes were calculated as tmean ¼
P

ifiti, where fi is an intensity fraction of the ith lifetime component ti, see also Eq. 2.
bSD ¼ 5 0.1 ns. The SD is a conservative upper estimate derived from the deconvolution analysis of single decay curves. Similary were derived SDs of all

other MEM-derived parameters (63).
cAnisotropies r(t) were analyzed for a series of exponentials using a model-independent maximum entropy method without setting prior assumptions

about the shape of the correlation time distributions (45), r(t) ¼ P
k’ (bk’ exp(�t/4k’)), where amplitudes bk’ represent the distribution of the correlation

times 4k’. bn presented in the table are areas of peaks positioned at correlation times 4n. SD of bn is 50.01.
dShortest resolvable correlation time rounded to the first significant digit, SD < 5 0.1 ns.
eSD ¼ 5 0.2 ns.
fSD ¼ 5 5 ns.
gDue to the finite dansyl emission lifetime this correlation time has a larger uncertainty with highly asymmetrical standard deviations. The uncertainty to

the þ direction (þSD) is much larger then to the � direction (�SD). This is indicated by the ‘‘greater then’’ (>) symbol. The exact value of this correlation

time cannot be more accurately determined.
hInaccessible fraction, SD¼5 0.02, apparent bimolecular quenching constant, SD¼5 0.2 (�10�8 M�1 s�1). The standard deviations result from the fitting

uncertainty of single quenching curves (64).

Joshi et al.
light exposure of the sample. Consequently, resulting pro-
gressive photobleaching prevented reliable collection of
sequentially measured polarized decays and evaluation of
the Nedd4-2186�975C942 emission anisotropy.

The AEDANS fluorescence anisotropy decays were com-
plex, usually with five classes of correlational times. Typical
data are shown in Fig. S18. The first two correlation times
likely reflect the fast hindered motion of the AEDANS fluo-
rophore itself (41 � 0.1 and 42 � 0.5–1.9 ns). The slower
decay components 43 and 44, with correlation times ranging
from 2.6 to 14 ns and from 12 to 97 ns, respectively, reflect
slower internal movements and components arising from the
free rotation of the generally asymmetric rotor (46). The
longest 45, poorly resolved due to the finite dansyl lifetime,
reflects the slow rotational movement of the Nedd4-2:14-3-
3h complex (Mw ¼ 150 kDa).). The 45 component is gener-
ally modulated by the asymmetricity of the complex (47)
and it may also reflect minor aggregation.

Based on the position of the label, the time-resolved fluo-
rescence anisotropy decays of AEDANS-labeled Nedd4-
2190�581 mutants can be separated into three distinct groups
with different extent of the dansyl mobilities (Fig. 3) re-
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flected by the depolarization amplitudes bi. The extent of
segmental motion of the AEDANS-labeled cysteines of
Nedd4-2190�581 and/or their 14-3-3h binding-induced
changes can be assessed by visual comparison of the initial
part of the anisotropy decay of each mutant variant and from
the amplitude b1. The higher the b1 is, the lower the steric
hindrance of the fast-depolarizing motion of the fluorophore
and the higher the internal protein mobility will be. Accord-
ing to these correlations, C209 and C218 from the WW1
domain formed the group with the highest internal mobility
(b1 ¼ 0.19 and 0.27, respectively). C218 was the AEDANS-
labeled cysteine with the highest angular mobility, which
suggest its high accessibility to the solvent and quencher
molecules. The large extent of the fast initial fluorescence
depolarization is clearly shown in Fig. 4 A). The proposed
high solvent accessibility of AEDANS-labeled C209 and
C218 is supported by their relatively short emission life-
times, 15.4 and 15.1 ns, respectively (Table 2). The group
with the lowest internal mobility contains the C389 and
C414 from the WW2 domain (b1 ¼ 0.08). As expected,
the high protein rigidity near C389 and C414 residues is
accompanied by longer emission lifetimes of 17.0 and



FIGURE 3 WW domains of Nedd4-2 exhibit different mobilities. Fluo-

rescence anisotropy decays of AEDANS-labeled Nedd4-2190�581 variants.

To see this figure in color, go online.

14-3-3 masks the WW domains of Nedd4-2
16.7 ns, respectively, thus suggesting a less polar dansyl
microenvironment (Table 2). In the third group, Nedd4-
2190�581 mutants with cysteines inserted into the WW3
and WW4 domains (C508, C522, and C571) showed inter-
mediate internal flexibility. In the apo form, the mutants
with cysteines in the WW2-4 domains exhibited almost
identical fluorescence anisotropy decays, indicating the
similar internal mobilities of dansyl-labeled protein seg-
ments and the similar overall hydrodynamic properties of
the whole protein (Fig. 3; Table 2).

Time-resolved dansyl fluorescence anisotropy measure-
ments performed in the presence of 14-3-3h revealed that
complex formation does not lower the high mobility of
the dansyl moiety at C209 and C218 within the WW1
domain because the anisotropy decays initially overlap
(Fig. 4 A). This overlap correlates with the unchanged tmean

(Table 2).
The mobilities of all other mutants differed upon complex

formation. Fig. 4 B demonstrates that the segmental
mobility of the most rigid C389 and C414 mutants (the
WW2 domain) further decreased, particularly in the C389
mutant, as shown by the elevation of the corresponding
anisotropy curve. Since Nedd4-2190�581C389:14-3-3h and
Nedd4-2190�581C414:14-3-3h complexes have the same
molecular weight, the slower initial depolarization should
be caused by the decrease in dansyl mobility. The increase
in fluorescence lifetime by 0.7 and 0.4 ns (Table 2) corre-
lates with the observed decrease in the internal mobility of
segments containing AEDANS-labeled C389 and C414,
respectively.

A similar behavior was observed in the last group of mu-
tants with cysteine residues in WW3 and WW4 domains
(C508, C522, and C571) (Fig. 4 C). Although the anisotropy
decays of these Nedd4-2190�581 variants in the absence of
14-3-3h seem to be similar, the presence of 14-3-3h signifi-
cantly reduced their dansyl mobility in the following order:
C571,C522, andC508 (Fig. 4C). Fluorescence lifetimevalues
increased in the same order upon 14-3-3h binding (Table 2).
Among all other mutants, Nedd4-2190�581C508 exhibited
the highest rigidization and a considerable lifetime increase
of 1.4 ns. This increase likely reflects a conformational transi-
tion in the C508-containing WW3 domain combined with an
increase in the solvent shielding of its dansyl group.
14-3-3h protein binding decreases the
accessibility of Nedd4-2 WW3 and WW4 domains
to the quencher, conversely increasing the
accessibility of the HECT C-lobe: Time-resolved
acrylamide quenching measurements

To further explore 14-3-3-induced structural changes in
Nedd4-2, we performed time-resolved quenching experi-
ments with all eight variants of Nedd4-2190�581 and
Nedd4-2186�975, probing fluorophore accessibility to acryl-
amide. This time-resolved approach eliminates static
quenching effects, which often complicate intensity-based
quenching experiments and result in curved Stern-Volmer
plots. Fluorescence decays of Nedd4-2 labeled by a single
AEDANS fluorophore typically contained two closely
spaced major peaks accompanied by up to two minor peaks,
as shown in Figs. S16 and S17. Being aware of the same
simplification, we represented decays by tmean that allowed
as to reduce data, construct a single Stern-Volmer plot for
each mutant, and retrieve an apparent collisional quenching
constants for the each variant. As shown in Figs. S11–S14,
this approach led to curved Stern-Volmer plots that indicate
at least two classes of the fluorophore with different acces-
sibilities to the collisional quencher, that is, acrylamide.
Although the underlying molecular mechanism remains un-
known, a likely explanation is the dynamic conformational
heterogeneity of the proteins, fluctuating between confor-
mations with different dansyl accessibilities. Hence, for
another simplification, we assumed two classes of dansyl
only, i.e., accessible and fully inaccessible forms. The
values of the apparent bimolecular quenching constant kq
determined by fitting the Stern-Volmer plots are presented
in Table 2 and compared in Fig. 5. Generally, the inacces-
sible fractions of dansyl (Fb) were similar across all mutants
�0.3, except for Nedd4-2190�581C218, whose Fb was lower.

The quenching experiments revealed that 14-3-3h binding
does not significantly affect the quenching efficiency of
C209, or C218 in the WW1 domain, with an apparent kq of
4.3 and 7.1 � 10�8 M�1 s�1, respectively (Table 2;
Fig. S11). This lack of an effect suggests a high dansyl acces-
sibility to the quencher molecules dissolved in the aqueous
environment, regardless of the presence of 14-3-3h. Among
the mutants, Nedd4-2190�581C218 exhibited the highest
accessibility to the quencher, in line with the highest internal
mobility ofC218 and the shortest emission lifetime (Table 2).
Moreover, only this mutant showed a significant change inFb
Biophysical Journal 121, 1299–1311, April 5, 2022 1305



FIGURE 4 14-3-3h binding affects the mobility of Nedd4-2 WW do-

mains. Fluorescence anisotropy decays of Nedd4-2 variants with AE-

DANS-labeled individual WW domains in the absence and presence of

14-3-3h. (A) WW1 domain variants C209 and C218, (B) WW2 domain var-

iants C389 and C414, and (C) WW3 and WW4 domain variants C508,

C522, and C571. To see this figure in color, go online.
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upon 14-3-3h binding, which is the only reason for the dra-
matic change in the shape of the quenching curves, as shown
in Fig. S11. Although the molecular mechanism is still un-
known, unbound Nedd4-2190�581C218 has approximately
two times lowerFb than the othermutants. This difference in-
dicates that the conformational heterogeneity of dansyl at po-
sition 218 in the WW1 domain is lower in the unbound
protein. The steady-state emission spectra of Nedd4-
2190�581C218 are shown in Fig. S19. In contrast to the other
mutants, the spectrum in the presence of 14-3-3h displays a
blue-shifted shoulder, which is consistent with the quenching
experiment and suggests the appearance of new conformers
upon 14-3-3h binding.

All mutants with cysteine residues in WW2-4 domains
exhibited a significantly decreased kq after14-3-3h protein
binding and only minor changes in Fb. Only the Nedd4-
2186�975C942 mutant with dansyl positioned in the HECT
domaindisplayed an increasedvalue of kqupon14-3-3h bind-
ing. The relative decrease in kq induced by 14-3-3 bindingwas
approximately 23% for Nedd4-2190�581C414, 44% for
Nedd4-2190�581C389, C508, and C571, and 53% for
Nedd4-2190�581C522 (Fig. 5). These changes are also in
line with the results from our fluorescence anisotropy mea-
surements, because the strongest effect of 14-3-3h binding
on dansyl rotational mobility was identified in the Nedd4-
2190�581C508 mutant (Fig. 4 C) and the weakest in the rigid
Nedd4-2190�581C414 (Figs. 2 and 4 B). In contrast, the
Nedd4-2186�975C942 exhibited the opposite behavior, with
a 35% increase in kq in the presence of 14-3-3h, matching
the decrease in tmean after 14-3-3h binding (Figs. S14 and 5).
14-3-3 protein binding protects the WW3 and
WW4 domains of Nedd4-2 from proteolytic
degradation in vitro

Our previous structural characterization of Nedd4-2186�975

and its complex with 14-3-3h based on SAXS and chemical
cross-linking coupled to MS (30), and the fluorescence spec-
troscopy data gathered in this study, suggest that 14-3-3h
protein binding alters interactions between its structured do-
mains, consequently changing their mobility and solvent
exposure. To further corroborate these findings, we investi-
gated which Nedd4-2 regions are sensitive to proteolysis in
the absence and presence of 14-3-3h. For this purpose, we
performed limited proteolysis experiments with trypsin
(Figs. 6 A and S15). The results of Nedd4-2 digestion
with low trypsin levels revealed that Nedd4-2186�975 alone
is highly sensitive to proteolysis, whereas adding 14-3-3h
significantly slowed the degradation of Nedd4-2186�975

(Fig. 6 B).
Mass spectrometry analysis of the Nedd4-2 fragments af-

ter 30 min of digestion with trypsin in the absence and pres-
ence of 14-3-3h showed that the most sensitive Nedd4-2
region, in both cases, is the N-terminus of our Nedd4-
2186�975 construct containing the WW1 and WW2 domains



FIGURE 5 14-3-3h binding affects the solvent exposure of Nedd4-2

domains, as shown by the apparent bimolecular quenching constants of AE-

DANS-labeled Nedd4-2 cysteine variants in the absence and presence of

14-3-3h. Each error bar reflects the standard deviation of a single-curve

data analysis.

FIGURE 6 Limited proteolysis assay showing the protective effect of

14-3-3 to pNedd4-2186�975. (A) Phosphorylated Nedd4-2186�975 in the

absence and presence of 14-3-3h digested with trypsin for 10, 20, and

30 min. The protease/Nedd4-2 ratio was 1:1000 (w/w). The reactions were

stopped by boiling the samples with SDS/PAGE loading buffer at the times

indicated before SDS-PAGE analysis. The black rectangle marks the quanti-

fied region. Unedited gel image is provided in supporting material (Fig. S15).

(B) The density of the bands representing degraded Nedd4-2186�975 in the

presence and absence of 14-3-3h were quantified in ImageLab (Bio-Rad).

Error bars represent the standard deviation of four independent experiments.

Asterisks indicate significant differences, according to Student’s t-tests

comparing relative changes between samples with and without 14-3-3h at

selected time points (*p % 0.01, ***p % 0.0001).

14-3-3 masks the WW domains of Nedd4-2
and the phosphorylation sites S342 and T367, because the
bands with an apparent Mw �60 kDa correspond to the
Nedd4-2 sequence 446–975 (the first peptide identified
from the N-terminus was peptide 446–462, phosphorylated
at S448, with an m/z signal of 1736.86). Peptides containing
the preceding phosphorylation sites S342 and T367 (the
peptide 339–362 phosphorylated at S342 with an m/z signal
of 2383.06 and the peptide 365–394 phosphorylated at T367
with an m/z signal of 3207.44) were detected only in control
samples without trypsin. Combined, these data indicate that
14-3-3h binding protects the 14-3-3 binding motif S448 and
the WW3-4 and HECT domains at the C-terminus of
Nedd4-2 against proteolytic degradation, and are thus in
line with the results from our fluorescence analysis (Fig. 4).
DISCUSSION

Nedd4-2 WW domains function as protein interaction mod-
ules and participate in a wide range of eukaryotic signaling
processes, as shown in numerous studies (50,51). These
WW domains of Nedd4-2 bind PY motifs present in ENaC
subunits (17) and in SGK1, ACK1, and WNK1 (52–54).
Nedd4-2 contains fourWWdomainswithdifferent sequences.
Therefore, each WW domain likely has a specific function.

In this study, we analyzed the domain specificity of Nedd4-
2 to two binding partners, namely ENaC and SGK1. The
in vitro characterization of the binding of individual domains
of Nedd4-2 by surface plasmon resonance demonstrated that
WW2 andWW3 bind to SGK1 both individually and cooper-
atively, whereas only WW3 and WW4 bind to ENaC
(17,55,56). The findings of Wiemuth et al. support a model
where SGK binds to WW2 and WW3 and then phosphory-
lates Nedd4-2 and pulls it back from the ENaC (56).
Nedd4-2 phosphorylation triggers the binding of scaf-
folding 14-3-3 proteins, which further modulate Nedd4-2
function, albeit throughmechanisms not yet fully understood
(29). Our recently reported structural characterization of the
Nedd4-2:14-3-3h complex based on SAXS, cross-linking,
and crystallography data suggested that 14-3-3h binding al-
ters interactions between the structured domain of Nedd4-2,
thus indicating that complex formation may affect the acces-
sibility of the catalyticHECTand/or individualWWdomains
(30). To test this hypothesis, we studied the 14-3-3h-induced
conformational changes, mobility, and solvent accessibility
of individual WW domains and HECT domains of Nedd4-
2 by time-resolved dansyl fluorescence.

The data reported here clearly indicate that 14-3-3h directly
interactswithWW3andWW4domains, as shownby the large
increase in dansyl fluorescence lifetime and by the decrease in
solvent accessibility and mobility of AEDANS-labeled Cys
residues at positions 508, 522, and 571 (Table 2; Figs. 2,
4 C, and 5). The blue shift of the emission spectra of about
4–5 nm for labeled Cys508 and Cys522 residues and �1 nm
for Cys571 upon 14-3-3h binding is consistent with this
conclusion, Fig. S19. The shift indicates a less polar
Biophysical Journal 121, 1299–1311, April 5, 2022 1307



FIGURE 7 Phosphorylation followed by 14-3-3 binding regulates Nedd4-

2. (A) Nedd4-2 binds to ENaC PY motifs and catalyzes its ubiquitination,

reducing the rate of sodium transport and consequently the surface expression

of these channels. Phosphorylation by various kinases (PKA, SGK, and Akt)

triggers 14-3-3 protein binding, which sterically blocks WW domains and af-

fects the structure of the active site, thereby preventing Nedd4-2 binding to

ENaC and its ubiquitination. The 14-3-3 binding motifs S342, T367, and

S448 are shown as teal circles with P. (B) Positions of AEDANS-labeled

cysteine residues in the SAXS-based model of the pNedd4-2186�975:14-3-3h

complex (30). The 14-3-3h protomers are shown in pale green and pale

cyan. In the HECT domain of Nedd4-2186�975, the N-lobe is indicated in rasp-

berry and theC-lobe in salmon.WW2,WW3,andWW4domains are indicated

in teal, blue, andmagenta, respectively. Phosphorylated 14-3-3 bindingmotifs

of Nedd4-2 are shown as orange sticks (PDB: 6ZBTand 6ZC9 (30)). The po-

sitions of the cysteine residues in theWW2,WW3,WW4, andHECTdomains

labeled by AEDANS are indicated as red balls. The WW1 domain is not

shown. The PYmotif (L948PPY951) is shown in red. To see this figure in color,

go online.
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microenvironment, as shown in Fig. S20 for free AEDANS in
water andDMSO. The observed changes can be interpreted as
a modulation of the AEDANS microenvironment, mobility,
and quencher accessibility due to at least two distinct ac-
tions: 1) the 14-3-3h-protein-induced conformational change
involving Nedd4-2 WW3 and WW4 domains, and/or 2) the
direct contact of the 14-3-3h protein with these labeled
cysteine residues and consequent shielding from the polar sol-
vent and restriction of their mobility.

The fluorescence properties of AEDANS-labeled Cys
residues at positions 389 and 414 within the WW2 domain
were affected by 14-3-3h binding to a lesser extent. The
mobility of the WW2 domain, which exhibited the lowest
1308 Biophysical Journal 121, 1299–1311, April 5, 2022
internal mobility of all four WW domains of Nedd4-2
(Fig. 3), was only weakly affected by 14-3-3h binding
(Fig. 4 B). Nevertheless, as in the WW3 and WW4 do-
mains, complex formation induced some structural changes
near this domain, as indicated by the increase in tmean. The
decrease in kq values (Table 2; Figs. 2 and 5) and a slight
blue spectral shift (Fig. S19) suggest decreased solvent
accessibility of the WW2 domain after 14-3-3h binding.

In contrast, the fluorescent lifetimes and apparent kq of
AEDANS-Cys at positions 209 and 218 within the WW1
domain remained unaffected by 14-3-3h binding. This
domain exhibits high internal mobility, high collisional
quenching of the AEDANS emission, and short emission
lifetimes, both in the absence and in the presence of 14-3-
3h. Taking together, this indicates that WW1 is relaxed
and highly accessible to the solvent (Table 2; Figs. 2, 3, 4
A and 5).

While emission spectrum ofAEDANS-C209 is also insen-
sitive to 14-3-3h binding, the appearance of blue-shifted
shoulder on the emission spectrum of AEDANS-C218 in
the presence of 14-3-3h suggests binding-induced increase
of the conformational heterogeneity in this region
(Fig. S19). Considering the above, 14-3-3h does not affect
considerably the interactions and structure of the WW1
domain, but the 14-3-3h binding-induced conformational
change of Nedd4-2 also involves its catalytic domain, as
shown by analysis of the fluorescent properties of AE-
DANS-labeled C942 within the active site of the HECT
domain (Table 2; Figs. 2 and 5).Nedd4-2 is key regulator of
Naþ transport in mammalian cells (3,57–59). When cells
need to reduce Naþ transport, Nedd4-2 binds to the PYmotif
of the epithelial sodium channel ENaC and catalyzes its ubiq-
uitination. Conversely, when increased Naþ transport is
required, Nedd4-2 is phosphorylated by various kinases,
which induces 14-3-3 protein binding and blocksENaC ubiq-
uitination. As a result, ENaC remains permanently active on
the cellular surface (Fig. 7 A) (reviewed in (58)).

Our fluorescence spectroscopy measurements, together
with a recent structural analysis of apo Nedd4-2 and the
Nedd4-2:14-3-3h complex (30), suggest a plausible mecha-
nism for this 14-3-3-mediated inhibition of Nedd4-2 binding
to ENaC (Fig. 7). Models of apo Nedd4-2 and its complex
with 14-3-3h indicate that the WW2 and WW3 domains,
in the apo form, interact with the HECT domain and that
these interactions are disrupted in the presence of 14-3-
3h, which apparently sequesters WW3 into the central chan-
nel of its dimeric molecule, away from the HECT domain
(Fig. 7 B). This model of the complex also suggests interac-
tions of 14-3-3h with WW4 and HECT domains.

In line with these models, our time-resolved fluorescence
measurements (Figs. 2, 3, 4, and 5), together with the re-
sults of limited proteolysis (Fig. 6) reported in this study,
confirm the interactions between 14-3-3h and WW3 and
WW4 domains and the structural change within the
HECT domain upon complex formation. Moreover, our



14-3-3 masks the WW domains of Nedd4-2
time-resolved fluorescence anisotropy and quenching mea-
surements show that complex formation decrease the
mobility and solvent accessibility of WW2-4, most likely
because 14-3-3h binding sterically masks these domains.
Therefore, this physical obstruction of WW domains may
be responsible for the 14-3-3-dependent modulation of
Nedd4-2 functions.

In a second modulatory mechanism, 14-3-3 directly inter-
acts with the HECT domain, changes the relative positions
of the N- and C-lobes of the HECT domain (30), and thus
may also affect the catalytic activity of this domain. Indeed,
our experiments revealed that the AEDANSmoiety attached
to C942, which is a catalytic residue (60), exhibits a some-
what lower tmean and a considerably higher accessibility to
the solvent in the complexed form than in the apo form
(Figs. 2 and 5), thus indicating a structural change within
the catalytic core of the enzyme.

In conclusion, the fluorescence spectroscopy analysis of
the Nedd4-2:14-3-3h complex reported in this study indi-
cates that the steric hindrance of the WW3 and WW4 do-
mains, together with the conformational change in the
catalytic domain, may be responsible for the 14-3-3 bind-
ing-mediated regulation of Nedd4-2 functions. Moreover,
our data provide a platform for future studies targeting the
14-3-3:Nedd4-2 interface for potential therapeutic purposes
for treating Nedd4-2-related diseases, such as Parkinson and
kidney disease, hypertension, etc. Recent advances in the
development of small-molecule compounds that stabilize
protein-protein interactions in 14-3-3 protein complexes
have demonstrated the feasibility of this approach. For
example, Ottmann’s group recently identified compounds
able to stabilize complexes between 14-3-3 and the adaptor
protein SLP76 (61) or the p65 subunit of NF-kB (62). Our
finding that Nedd4-2 interacts with 14-3-3h not only
through phosphorylated motifs, but also other regions,
including WW3 and WW4 domains, suggests the presence
of a sufficiently large binding interface that could be tar-
geted by small-molecule compounds as an alternative or
complimentary strategy in suppressing the activity of
Nedd4-2.
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Supplemental Figure S1. Characterization of the interaction between single cysteine variants 

of Nedd4-2190-581 and Nedd4-2186-975 and 14-3-3η in solution. 12% TBE-PAGE showing the 

phosphorylation-dependent formation of a complex between single cysteine variants of pNedd4-

2190-581 (C209, CC218, C389, C414, C508, C522, C571 and WT) or pNedd4-2186-975 C942 and 14-

3-3η after loading 240 pmol of 14-3-3η and 120 pmol of Nedd4-2 or pNedd4-2 on the native gel, 

respectively.  
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Supplemental Figure S2. Verification of dansyl labeling of Nedd4-2190-581 at C209 from WW1 

domain.  A. Peptide mapping of pNedd4-2190-581 after digestion with immobilized pepsin. All 

peptides identified by ESI-MS/MS (timsToF Pro) are shown as blue bars. Grey bars represent de 

novo peptides. B. Fragmentation spectrum of dansyl labelled peptide.  
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Supplemental Figure S3. Verification of dansyl labeling of Nedd4-2190-581 at C218 from the 

WW1 domain.  A. Peptide mapping of pNedd4-2190-581 after digestion with immobilized pepsin. 

All peptides identified by ESI-MS/MS (timsToF Pro) are shown as blue bars. Grey bars represent 

de novo peptides. B. Fragmentation spectrum of the dansyl labelled peptide. 
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Supplemental Figure S4. Verification of dansyl labeling of Nedd4-2190-581 at C389 from the 

WW2 domain. A. Peptide mapping of pNedd4-2190-581 after digestion with immobilized pepsin. 

All peptides identified by ESI-MS/MS (timsToF Pro) are shown as blue bars. Grey bars represent 

de novo peptides. B. Fragmentation spectrum of the dansyl labelled peptide.  
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Supplemental Figure S5. Verification of dansyl labeling of Nedd4-2190-581 at C414 from the 

WW2 domain. A. Peptide mapping of pNedd4-2190-581 after digestion with immobilized pepsin. 

All peptides identified by ESI-MS/MS (timsToF Pro) are shown as blue bars. Grey bars represent 

de novo peptides. B. Fragmentation spectrum of the dansyl labelled peptide.  
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Supplemental Figure S6. Verification of dansyl labeling of Nedd4-2190-581 at C508 from the 

WW3 domain. A. Peptide mapping of pNedd4-2190-581 after digestion with immobilized pepsin. 

All peptides identified by ESI-MS/MS (timsToF Pro) are shown as blue bars. Grey bars represent 

de novo peptides. B. Fragmentation spectrum of the dansyl labelled peptide.  
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Supplemental Figure S7. Verification of dansyl labeling of Nedd4-2190-581 at C522 from the 

WW3 domain. A. Peptide mapping of pNedd4-2190-581 after digestion with immobilized pepsin. 

All peptides identified by ESI-MS/MS (timsToF Pro) are shown as blue bars. Grey bars represent 

de novo peptides. B. Fragmentation spectrum of the dansyl labelled peptide.  
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Supplemental Figure S8. Verification of dansyl labeling of Nedd4-2190-581 at C571 from the 

WW4 domain. A. Peptide mapping of pNedd4-2190-581 after digestion with immobilized pepsin. 

All peptides identified by ESI-MS/MS (timsToF Pro) are shown as blue bars. Grey bars represent 

de novo peptides. B. Fragmentation spectrum of the dansyl labelled peptide.  
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Supplemental Figure S9. Verification of dansyl labeling of Nedd4-2186-975 at C942 from the 

C-lobe of HECT domain. Peptide mapping of pNedd4-2186-975 after digestion with immobilized 

pepsin. All peptides identified by ESI-MS/MS (timsToF Pro) are shown as blue bars. Grey bars 

represent de novo peptides.  
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Supplemental Figure S10. Verification of dansyl labeling of Nedd4-2186-975 at C942 from the 

C-lobe of HECT domain. Fragmentation spectrum of dansyl labelled peptide identified by ESI-

MS/MS (timsToF Pro). 
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Supplemental Figure S11. Results of acrylamide quenching of dansyl fluorescence of C209 

(A) and C218 (B) of Nedd4-2190-581 from the WW1 domain. 
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Supplemental Figure S12. Results of acrylamide quenching of dansyl fluorescence of C389 

(A) and C414 (B) of Nedd4-2190-581 from the WW2 domain. 
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Supplemental Figure S13. Results of acrylamide quenching of dansyl fluorescence of C508 

(A), C522 (B) and 571 (C) of Nedd4-2190-581 from the WW3 and WW4 domains.  
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Supplemental Figure S14. Results of acrylamide quenching of dansyl fluorescence of C942 

of Nedd4-2186-975 from the HECT domain. 
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Supplemental Figure S15. Limited proteolysis assay showing the protective effect of 14-3-3 

to pNedd4-2186-975. Phosphorylated Nedd4-2186-975 in the absence and presence of 14-3-3 

digested with trypsin for 10, 20 and 30 min. The protease/Nedd4-2 ratio was 1:1000 (w/w). The 

reactions were stopped by boiling the samples with SDS/PAGE loading buffer at the times 

indicated, before SDS-PAGE analysis. Unedited gel image corresponds to Figure 6A. 
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Supplemental Figure S16. Typical fluorescence decay of AEDANS-labelled Nedd4-2.  

Emission decay (A) and lifetime distribution (B) of AEDANS-labelled Nedd4-2186-975 C508.  

Lifetime (ns)

0.1 1 10 100

A
lp

h
a

1

2

3

4

C508



26 

 

A 

 

 

 

 

 

 

 

 

 

 

 

 

 

B 

 

 

 

 

 

 

 

 

 

 

Supplemental Figure S17. Typical fluorescence decay of AEDANS-labelled Nedd4-2 in the 

presence of 14-3-3.  Emission decay (A) and lifetime distribution (B) of AEDANS-labelled 

Nedd4-2186-975 C508 in the presence of 14-3-3. 
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Supplemental Figure S18. Typical fluorescence anisotropy data of AEDANS-labelled Nedd4-

2. Fluorescence anisotropy decay (A) and correlation time distribution (B) of AEDANS-labelled 

Nedd4-2186-975 C389. 
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Supplemental Figure S19. Emission spectra of Dansyl-labeled Nedd4-2 variants in the 

absence (black) and the presence (red) 14-3-3η. The emission was excited at 355 nm. 
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Supplemental Figure S20. Emission spectra of free AEDANS in DMSO and water, excitation 

wavelength was 355 nm.  
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