Article

THE

EMBO

V4

TRANSPARENT
PROCESS

JOURNAL

Ubiquitylation-dependent oligomerization
regulates activity of Nedd4 ligases

llan Attali*, William Sam Tobelaim?, Avinash Persaud?, Khatereh Motamedchaboki*, Kobi | Simpson-
Lavy’, Bayan Mashahreh®, Olga Levin-Kravets®, Tal Keren-Kaplan®, Inbar Pilzer*, Martin Kupiec>,
Reuven Wiener®, Dieter A Wolf*”, Daniela Rotin® & Gali Prag®”

Abstract

Ubiquitylation controls protein function and degradation. There-
fore, ubiquitin ligases need to be tightly controlled. We discovered
an evolutionarily conserved allosteric restraint mechanism for
Nedd4 ligases and demonstrated its function with diverse
substrates: the yeast soluble proteins Rpn10 and Rvs167, and the
human receptor tyrosine kinase FGFR1 and cardiac lgs potassium
channel. We found that a potential trimerization interface is struc-
turally blocked by the HECT domain a1-helix, which further under-
goes ubiquitylation on a conserved lysine residue. Genetic,
bioinformatics, biochemical and biophysical data show that attrac-
tion between this a1-conjugated ubiquitin and the HECT ubiquitin-
binding patch pulls the al-helix out of the interface, thereby
promoting trimerization. Strikingly, trimerization renders the
ligase inactive. Arginine substitution of the ubiquitylated lysine
impairs this inactivation mechanism and results in unrestrained
FGFR1 ubiquitylation in cells. Similarly, electrophysiological data
and TIRF microscopy show that NEDD4 unrestrained mutant
constitutively downregulates the Igs channel, thus confirming the
functional importance of E3-ligase autoinhibition.
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Introduction

Nedd4 E3 ubiquitin ligases play a pivotal role in cell growth and
homoeostasis as they tag numerous proteins for functional or spatial
modulation or destruction. Nine mammalian members of the Nedd4
family regulate a major part of cell signalling, membrane excitability
and synaptic transmission by ubiquitylation-mediated endocytosis
and/or degradation of receptor tyrosine kinases (RTKs; Zeng et al,
2009; Persaud et al, 2011), Smads (Zhu et al, 1999), ion channels
(Kamynina et al, 2001), post-synaptic receptors (Lin et al, 2011),
endocytic proteins (Boase & Kumar, 2015) and others. Conse-
quently, mechanisms that precisely control Nedd4 activity in space,
time and amplitude are essential. Accordingly, various malignancies
correlate with abnormal expression of Nedd4 family members (Chen
& Matesic, 2007; Zou et al, 2015). Moreover, spurious targeting or
dysregulation of Nedd4 substrates has been linked to hypertension
disorders (Staub et al, 1996), Parkinson’s disease (Tofaris et al,
2011), epilepsy (Wu et al, 2015) and other pathologies.

Nedd4 family members typically contain a C2 membrane binding
domain followed by several WW substrate-interacting modules and
a HECT (homologous to E6-AP carboxyl terminus) catalytic domain
(Hein et al, 1995; Harvey & Kumar, 1999; Fig 1A). Intra-molecular
interactions of the C2 or WW modules with the HECT domain of
some Nedd4s inhibit the catalytic activity of these enzymes
(Wiesner et al, 2007; Wang et al, 2010; Zhang et al, 2016). Over the
years, several studies have identified numerous post-translational
modifications such as ubiquitylation and/or phosphorylation that
positively or negatively regulate the activity of Nedd4 family
members (Gallagher et al, 2006; Liu et al, 2014; Li et al, 2015a). For
example, it was recently demonstrated how receptor tyrosine
kinases (RTKs) open the self-inhibited closed conformation of
Nedd4 by c-Src-mediated phosphorylation of critical residues within
the C2:HECT interface (Persaud et al, 2014).
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RspS5 is the only Nedd4 family member in yeast. Unlike some of
its vertebrate orthologues, Rsp5 does not appear to be controlled by
intra-molecular inhibition (Wiesner et al, 2007). Interestingly, the
semi-dominant phenotype of the rsp5-2 mutant cannot be rescued
by the wild-type protein, suggesting that Rsp5 undergoes oligomer-
ization in vivo. Yeast two-hybrid and pull-down assays corroborated
this conjecture (Dunn & Hicke, 2001). However, the purpose and
the details of Rsp5 oligomerization remained unknown.

Here, we present a novel mechanism of Rsp5 regulation through
auto-ubiquitylation-dependent oligomerization. We demonstrate,
in vitro and in cells, molecular details of the conformational changes
induced by wubiquitylation to promote oligomerization and
consequent ligase inactivation. Interestingly, we also show that an
Rsp5 point mutant (Tardiff et al, 2013) undergoes ubiquitylation-
independent oligomerization and inactivation.

The biological significance of this new regulatory mechanism was
demonstrated in mammalian cells by following several cellular
processes that are regulated by Nedd4. Specifically, we generated point
mutations that impair the oligomerization mechanism of Nedd4, result-
ing in unrestrained activity and a subsequent increase in FGFR1
ubiquitylation. We also found that ubiquitylation-dependent oligomer-
ization and inactivation of human Nedd4 regulates the function of the
cardiac Ixs channel, thus affecting potassium current density. In
conclusion, we present a novel molecular mechanism regulating
Nedd4 activity with the broad implications for cell physiology.

Results
Rsp5 oligomerizes in yeast cells

It has been shown that ligand binding to RTKs signals for activation
of their cognate Nedd4 ligases (Persaud et al, 2014). However, as
yeast lack RTKs, we explored alternative mechanism that may regu-
late their only Nedd4 like protein, Rsp5. It was previously demon-
strated that Rsp5 undergoes self-assembly (Dunn & Hicke, 2001).
Since oligomerization is a common mechanism for regulating
protein activity, we first wanted to reproduce this observation.
Specifically, we set up a yeast two-hybrid (Y2H) binding assay to
follow the self-association of Rsp5 by monitoring the activity of the
downstream reporter, f-Galactosidase. We found that cells express-
ing both Gal4p-DNA-binding domain and Gal4p-activating domain
fused to Rsp5 showed a significantly higher B-galactosidase activity
compared to cells in which one of the Rsp5 copies was substituted
with another unrelated ligase, such as SIx5 or with Elgl (Fig 1B).

The N-terminal helix of Rsp5-HECT domain
blocks oligomerization

We sought to study whether Rsp5 self-association in Y2H is a result
of direct interaction or whether it is mediated by additional proteins.
Intriguingly, early crystallographic data supported by later biophysi-
cal experiments revealed that the HECT domain of the Rsp5 relative,
E6AP, forms trimers (Huang et al, 1999; Ronchi et al, 2014).
However, all subsequent HECT structures, including that of RspS,
were crystallized as monomers. Structural comparison reveals that
all these monomeric E3s were crystallized in the presence of the
N-terminal helix (a1) of the HECT domain, which was omitted from
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the crystallized E6AP protein. To obtain a structural insight into the
manner by which the o1 helix might affect complex formation, we
superimposed the Rsp5 structure with or without o1 (red) onto the
trimeric structure of EGAP (Fig 1C; close-up in Appendix Fig S1).

The superimposed structures suggest two major hypotheses: (i)
The Rsp5-a1 helices (in red) inhibit self-assembly by clashing at the
oligomerization interface. (ii) Rsp5 may form trimers by adopting
similar interfaces to E6AP. Energy minimization of the trimeric
model showed nice fitting of the protomers with conserved residues
at the interface (Appendix Fig S2). To test these hypotheses we
generated several constructs, including full-length Rsp5, and the
HECT domain containing (al) or lacking (Aal) the ol helix
(Fig 1A), and evaluated their oligomeric state by several techniques.
In a size-exclusion chromatography (SEC) experiment, we found
that the retention volume of full-length Rsp5 corresponds to that of
a monomer (Fig 1D). Interestingly, while ol-containing HECT
domain eluted as a monomer, Aol eluted in a volume corresponding
to an oligomeric size, thus confirming that ol removal is key to
oligomerization. To assess the oligomeric order of Aal, we
performed a time-dependent cross-linking assay with Hiss-MBP
fused Aal or with the al-containing AC2 proteins in the presence of
a mild cross-linker, disuccinimidyl suberate (DSS). In agreement
with our SEC results, the nearly full-length control protein (AC2)
remained predominantly monomeric, while Aol readily formed
trimers and higher oligomers (Fig 1E). The minute amounts of AC2
trimers seen in the gel hint on the protein propensity to oligomerize.

To identify the oligomeric order with accuracy and quantify the
distribution of the various Rsp5 species in solution, we performed
analytical ultra-centrifugation (AUC) sedimentation velocity (SV)
experiments with AC2 or Aal following removal of the Hiss-MBP
tag. Sedimentation coefficient and molar mass of the sedimenting
species were extracted by analysing the data in terms of continuous
distribution analyses c(s), following conversion to c(M). Since
molar mass calculation accounts for the fitted average frictional
ratio (f/fo), the obtained value is reliable only for the major peak of
each experiment, as the minor peaks are underrepresented in the fit
of f/fo. Analysis of AC2 revealed that 81% of species sedimented in
a monomeric peak (n =0.97) with a sedimentation coefficient
(S20,w) of 4.72S, and that 1.9% of the species were found in a peak
with an S,p of 8.48S (Fig 1F, top left with residuals presented
below, Table EV1). Analysis of Aal showed distribution in two
main population including 49.5% of species with an S, of 5.182S
and the size of a trimer (n = 3.09), and 22.8% of the species with
an S,ow of 7.62S3 (Fig 1F, top right, and Table EV1). Taken
together, these results suggest that removal of a1 exposes oligomer-
ization interfaces and promotes trimerization.

Interestingly, structural alignment showed a large number of
conserved residues at the oligomerization interfaces (Appendix Fig
S2). Moreover, the catalytic cysteines and the E2 binding sites are
located outside of the trimeric structure (Appendix Fig S3).
Together, these observations support the hypothesis that a1 blocks
a natural trimerization interface.

Ubiquitylation on K432 induces Rsp5 oligomerization
and inactivation

The contradiction between Rsp5 self-assembly in cells (Dunn &
Hicke, 2001; Fig 1B), and our in vitro results showing that ol

© 2017 The Authors



llan Attali et al ~ Oligomerization inactivates Nedd4 ligases

A

D 107 N

HECT

3IxWW - ot

E
AC2
min: 0 10 30 80 M
i —460
Trimer e
=171
Mono ~117
Aal

min:_ 0 10 30 80 M

-388

=171
=117

Figure 1. Removal of a1 alters the oligomeric state of Rsp5.
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Schematic representation of the Rsp5 domain architecture. Black strips below represent truncated proteins used in this study.

B Normalized, mean B-galactosidase activity in a yeast two-hybrid assay reporting association of Rsp5 with itself or with the negative controls, ELG1 or SLX5. Mean

values and bars of standard deviation from triplicates are shown.

C Representation of a trimeric Rsp5 model in the presence (left) or absence (right) of a1 (red). The structure of Rsp5 (30LM) was superimposed onto the E6AP trimeric
structure (1C42), with its three HECT protomers depicted in green, pink and cyan. A clash of the o1 helices is apparent at the trimerization interface.
D Size-exclusion chromatography of full-length Rsp5 or of its HECT domain, with (a1) or without (Aal) al. Proteins were loaded on a Superdex 200 16/60 column, and

elution was monitored by measuring absorption at 280 nm (Aso).

E Time-dependent cross-linking of AC2 or Aol Rsp5 with 0.5 mM disuccinimidyl suberate (DSS). Samples were resolved by SDS—-PAGE followed by Coomassie blue

staining.

F Sedimentation velocity data, fits and residuals from analytical ultracentrifugation of AC2 or Aol Rsp5. Upper panels show continuous distributions analyses c(s) of
the sedimenting species for AC2 (blue) or Aul (orange). Observed/calculated mass (oligomeric order), and distribution of species is presented in Table EV1.

impedes oligomerization (Fig 1D-F), suggests that ol must be
displaced in a cellular context. As many E3 ligases are regulated
by post-translational modifications,
translational event might dislocate 1.

Proteomic studies in yeast revealed ubiquitylation of Rsp5 on
K432 (Beltrao et al, 2012), a residue located at the N-terminal tip of
al. To test whether Rsp5 ubiquitylates itself directly on K432, we
co-expressed MBP-Rsp5,3, goo along with E1, E2 and Ub in Escheri-
chia coli (Keren-Kaplan et al, 2012), purified ubiquitylated Rsp5 and
mapped the modification sites by mass spectrometry (MS). Since
E. coli K-12 does not possess any ubiquitylation enzymes, the bacte-
rial system provides a facile assay for testing E3 self-ubiquitylation.

we speculated that a post-

© 2017 The Authors

Indeed, our MS data revealed RspS self-ubiquitylation on K432
along with additional ubiquitylation sites that concur with in vivo
studies (Fig 2A).

To test in a cellular context whether Rsp5 self-assembly depends
on self-ubiquitylation on its a1l helix, we performed mutational anal-
ysis using the yeast two-hybrid assay presented in Fig 1B. Specifi-
cally, we tested Rsp5 self-assembly following mutations that either
abolish its catalytic activity or that substitute target lysine residues
in and around ol. In line with our hypothesis, self-assembly of the
catalytically inactive Rsp5"”’¥ is impaired (Fig 2B). Moreover, a
catalytically active Rsp5 where K432, K438 and K411 were substi-
tuted by arginine residues (Rsp5°*>%) significantly reduced Rsp5
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self-assembly. Interestingly, mutating each lysine individually
reduced self-association to almost similar extent as the triple
mutant. These results confirm that self-assembly of Rsp5 relies upon
self-ubiquitylation on o1 in the cell.

To investigate the functional implications of ubiquitylation-
dependent oligomerization, we set up an in vitro ubiquitylation
assay using purified proteins of the ubiquitylation cascade, includ-
ing a fluorescein-labelled version of ubiquitin. Specifically, we
measured time-dependent ubiquitylation of the PPXY-containing
substrate-Rvs167, by an untagged full-length wild-type (Rsp5™") or
triple lysine mutant (Rsp5**>¥) ligase. Strikingly, while the mutant
ligase presented immediate substrate ubiquitylation, the wild-type
protein showed reduced and delayed activity (Fig 2C and D). Inter-
estingly, enhanced ubiquitylation was even greater when Rsp5 self-
ubiquitylation was analysed (Fig 2C and E).

To further characterize the molecular details of the mechanism
underlying Rsp5 oligomerization and inactivation by self-ubiquityla-
tion, it is necessary to produce and purify a homogenous population
of the protein modified on al, for downstream in vitro biophysical/
biochemical assays. This could prove challenging in the light of our
MS data. Likewise, directing ubiquitylation to K432, K438 or K411
by mutating all the other target lysine residues could compromise
the natural fold of the HECT domain. To overcome this hurdle, we
employed a well-established approach used in studies of endocy-
tosed proteins (Prag et al, 2003; Dunn et al, 2004; Léon et al, 2008;
Lee et al, 2009; Li et al, 2015b), namely mimicking ubiquitylation
by direct fusion of ubiquitin to the target site. Here, we fused the C-
terminus of Ub to the N-terminus of a1, thus mimicking ubiquityla-
tion on K432 (proximity of the mimicry site to the target lysine is
evident in Fig 3). The oligomerization states of apo HECT (al) or
Ub-HECT (Ub-al) proteins fused to Hiss-MBP were tested by several
methods. Analysis by SEC revealed that while ol-containing HECT
exhibited a uniform population of monomeric size, the Ub-a:1 HECT
distributed between a monomeric and an oligomeric peak (Fig 2F).
Time-dependent cross-linking with DSS corroborated this finding
(Fig 2G). For a more accurate insight into the order of oligomeriza-
tion, we performed multispeed AUC sedimentation equilibrium (SE)
experiments with each protein (Fig 2H and Table EV1). Sedimenting
species analysis of apo HECT (o1) was consistent with a single ideal
solute of monomeric size (90,662 Da compared to calculated

Figure 2. Ubiquitylation on o1 induces Rsp5 oligomerization and inactivation.
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90,264 Da). However, the average size obtained for Aa1-HECT and
Ub-HECT (Ub-a1) was larger than their calculated monomeric size,
that is 394,824 Da (versus calculated 86,244 Da) and 175,207 Da
(versus calculated 97,913 Da), identify the
oligomerization order of Aal, we tested various self-association
models by substituting the molar masses with full integers of the
monomeric size in a model of multiple sedimenting species. Analy-
sis of Aal in terms of mono-tri-hexa self-association retrieved the
best result with an A,g ratio of 0.062: 0.298: 0.640 and a local
RMSD of 0.004832. Alternative models, namely mono-di-tetra and
mono-tri-nona, resulted in poor fits with high local RMSD values of
0.0285 and 0.0098, respectively (Fig EV1). Consistent with this, the
best fit for Ub-HECT was obtained in a model of mono-tri-hexa with
an A,gp ratio of 0.0525: 0.27: 0.205. Altogether, it appears that ubig-
uitylation on K432 promotes self-assembly in the same oligomeric
order as Aal-HECT.

To make further use of the Ub-HECT chimeras for the investiga-
tion of ubiquitylation-dependent oligomerization, we tested whether
their substrate ubiquitylation activity corresponds to that of authen-
tically ubiquitylated Rsp5 presented in Fig 2C and E. Rsp5 employs
several substrate recognition mechanisms, including interactions
between its WW domains and PPXY motif-containing substrates (as
shown in Fig 2C and D), or interaction between a conjugated ubig-
uitin on the ligase and a substrate containing a Ub-interacting motif
(UIM; Harvey & Kumar, 1999; Springael et al, 1999; Polo et al,
2002; Woelk et al, 2006). As the recombinant proteins lack the WW
domains, we chose the UIM-containing proteasome subunit Rpn10,
a well-known substrate of Rsp5 (Lu et al, 2008; Isasa et al, 2010;
Udeshi et al, 2012). We Kkinetically monitored ubiquitylation of
Rpnl0 by apo HECT (al), oligomeric Ub-HECT (Ub-01°U8°) or
monomeric Ub-HECT (Ub-a1™°"°) isolated by SEC (see chro-
matogram in Fig 2F). In agreement with our results from the assay
with the full-length proteins (Fig 2C and D), oligomeric Ub-HECT
presents a significantly low rate of RpnlO ubiquitylation as
compared to apo HECT (Fig 2I and J). Strikingly, the rate of Rpn10
ubiquitylation by monomeric Ub-HECT exceeds the rate with apo
HECT, implying that oligomerization rather than ubiquitylation
inactivates the ligase. As previously observed in Fig 2C and E, ubig-
uitylation-dependent inactivation is also evident in the view of Rsp5
self-ubiquitylation (Fig 2I). Together, these results indicate that

respectively. To

A Rsp5,35_g09 Was expressed in bacteria along with ubiquitin, E1 (UBA1) and E2 (Ubc5). The left panel shows Coomassie blue-stained SDS—PAGE of Rsp5 purified from
bacterial lysates. Identification of ubiquitylation sites was performed by mass spectrometry analysis following in-gel trypsin digestion. A representative tandem

mass spectrum of a peptide containing lysine 432 is shown (right panel).

B Normalized, mean B-galactosidase activity reporting self-association of wild-type, triple or single K411R/K432R/K438R mutants of Rsp5. Mean values and standard

deviation bars from triplicates are shown.

(C) Representative gel of time-dependent in vitro ubiquitylation of MBP-Rvs167335 45, by Rsp5*'" or Rsp5>*“® in the presence of fluorescein-labelled ubiquitin.

Imaging of fluorescent ubiquitin conjugates was carried out with a Typhoon laser scanner at 488 nm. Gel quantification of (D) ubiquitylated Rvs167 or (E) self-
ubiquitylated Rsp5. Mean values and standard deviation from three experiment replicates are shown.
F SEC of apo HECT (1) or Ub-fused HECT (Ub-a1) proteins tagged with Hisg-MBP. The proteins were loaded on a Superdex 200 16/60 column, and elution was

monitored by A,go detection.

G Time-dependent cross-linking of o1 or Ub-o1 HECT domain in the presence of 0.5 mM DSS. Samples were resolved by SDS—PAGE followed by Coomassie blue staining.

H Sedimentation equilibrium (SE) data, fit and residuals of a1, Aol or Ub-o1 HECT domain. Aygo data were collected at 8,000 rpm (lighter colours) and at 12,000 rpm
(darker colours). The best fit for a1 HECT was obtained with a model of a single ideal solute with the size with a monomer. Alternatively, the best fits for Aol and
Ub-a1 HECT were obtained with a model of multiple ideal solutes with the size of monomers, trimers and hexamers (see also Table EV1).

| Time-dependent in vitro ubiquitylation of Rpn10 by apo (o1), oligomeric or monomeric Ub-fused HECT (Ub-01™™ and Ub-01°€°, respectively), in the presence of
fluorescein-labelled ubiquitin. Reaction set-up and detection were performed as described in Fig 2C.

J Histogram plot showing mean values and standard deviation bars of triplicate measurements.
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Figure 3. Structural model of ubiquitylation-dependent
oligomerization.

A In the apo form, ol (red) blocks the oligomerization interface.

B Upon ubiquitylation, the conjugated ubiquitin binds to the HECT-UBD, and
by thus pulls o1 out of the interface and enables oligomerization.

C Model of trimeric Ub-HECT. Three HECT molecules are depicted in various
shades of blue, and ubiquitin moieties are represented in orange.

D Enlarged view of the HECT:Ub interface including key residues chosen for
experimental assessment of the model.

oligomerization derived from ol ubiquitylation inactivates the
ligase.

Structural model for ubiquitylation-dependent
Rsp5 oligomerization

Fusing of MBP (alone) instead of MBP-Ub directly onto o1 did not
promote Rsp5 self-assembly (Fig 2F-H). This suggests that the
effect of ubiquitin is caused by its unique characteristic rather than
by simple conjugation of any globular protein onto al. Previous
studies revealed the existence of a conserved ubiquitin-binding
domain (UBD) within the Rsp5 HECT domain (French et al, 2009;
Kim et al, 2011; Maspero et al, 2011). We hypothesized that the
attraction between the al-ubiquitin conjugate and the HECT-UBD
pulls o1 out of the oligomerization interface, and thereby promotes
oligomerization. To examine whether distances and orientations
support this hypothesis, we generated a structure-based molecular
model of trimeric Ub-Rsp5. Our model was constructed by super-
imposing the structure of the Rsp5-HECT:Ub non-covalent complex
onto the trimeric structure of E6AP (Huang et al, 1999; Kim et al,
2011). In the apo form, ol (red) blocks the oligomerization inter-
face of the HECT domain (Fig 3A). Upon ubiquitylation on K432,
al is displaced from the oligomerization interface with the energy
that derives from the UBD:Ub interaction (Fig 3B), and thus facili-
tates Rsp5 HECT domain trimerization (Fig 3C). Insight into the

The EMBO Journal Vol 36 | No 4 | 2017
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HECT-UBD:Ub interface shows key residues selected for down-
stream experimental validation of the model, namely ubiquitin 144
and Rsp5 1537 (Fig 3D). This structural model shows that the
length of ol and the following loop perfectly match the distance
needed to juxtapose the conjugated ubiquitin with the UBD.

The HECT-UBD displace Ub-a1 from the oligomerization interface

To test whether the UBD:Ub interaction provides the driving force
for ol displacement and consequent oligomerization, we mutated
key residues at the UBD:Ub interface, namely Ub I44E and HECT
1537D, which were previously shown to disrupt the HECT-UBD:Ub
interaction (French et al, 2009; Kim et al, 2011). SEC analysis of
the Hisg-MBP fused proteins revealed that the wild-type Ub-HECT
(Ub-a1) distributed into monomeric and oligomeric peaks.
However, both Ub™*®-HECT (Ub"*"-91) and Ub-HECT™*"® (Ub-
o 1HECT 1537D) mytants eluted as monomers only (Fig 4A). In agree-
ment with this, cross-linking experiments revealed that the strong
shift of wild-type Ub-HECT towards high MW species was signifi-
cantly reduced in Ub™E-HECT and almost abolished in Ub-
HECT'™®37P (Fig 4B). SE experiments with both Ub"™E-HECT and
Ub-HECT™?”P revealed average molar masses of nearly monomeric
size, that is 106,239 Da and 105,208 Da, respectively (versus calcu-
lated MW of 97,927 and 97,913 Da, respectively). Analysis of self-
association exhibited mono-tri-hexa A,g, ratios of 0.95: 0.05: 0 and
0.94: 0.06: 0 for Ub™E-HECT and Ub-HECT™*"P, respectively
(Fig 4C). To assess the exchange between monomers and oligo-
mers in the oligomeric peak of Ub-HECT obtained in SEC (Figs 2F
and 4A), we measured self-association of the wild-type or 144E Ub-
HECT proteins by microscale thermophoresis (MST). One of the
principles of this technique relies on the exchange between unla-
belled and fluorescently labelled proteins, a tool that facilitates
assessment of homomeric complexes. Here, we titrated labelled
Rsp5 with an increasing concentration of identical unlabelled
protein and measured the exchange. In line with our previous
results, while the wild-type Ub-HECT showed dynamic exchange
with an apparent Kg of 123 + 8 nM in a 1:1 model (currently the
only applicable model for this new technique), the 144E mutation
completely abolished self-association (Fig 4D).

To test whether the disruption of the Ub:HECT-UBD interface
would also restore ligase activity, we tested Rpnl0 ubiquitylation,
by using the in vitro system presented in Fig 2. As hypothesized, Ub
I44E or 1537D mutations restored the catalytic activity of Ub-HECT
(Fig 4E and F). Interestingly, with regard to Rsp5 self-ubiquitylation,
I537D restored mono- but not poly-ubiquitylation activity. This
finding agrees with previous studies on the role of the HECT-UBD in
poly-ubiquitin chain elongation (French et al, 2009; Kim et al,
2011). Collectively, the biochemical and biophysical data support
our structural model, showing that the non-covalent interaction
between the ubiquitin that is conjugated to ol and the ubiquitin-
binding patch within the HECT domain promotes Rsp5 oligomeriza-
tion and consequent inactivation.

G747E mutation induces ubiquitylation-independent
Rsp5 oligomerization

To further validate our model in which oligomerization per se

restrains the ligase activity, we sought conditions where
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oligomerization occurs in an ubiquitylation-independent manner.
Lindquist and co-workers discovered that N-aryl-benzimidazole2
(NAB2) as a potential drug for Parkinson’s disease (PD; Tardiff
et al, 2013). Using yeast genetics, they found that Rsp5 is a central
node of a gene network affected by NAB2. Moreover, they found
that the rspS®7#”F mutant prevented the protective effect of NAB2
and presented with a defect in membrane protein trafficking.
Examining the Rsp5 structure (30LM), we found that G747 induces
a turn-like structure, stabilized by a hydrogen bond between G747
and V745 (Fig 5A). Interestingly, residues V745 and N746 of this

The EMBO Journal

turn-like structure hold ol in a closed conformation by forming
hydrogen bonds with the K432 and R436 residues, located on al.
We hypothesized that the G747E mutation would destabilize the
turn-like structure and consequently disrupt its interactions with
al. Furthermore, we speculated that such a disruption might affect
oligomerization in an ubiquitylation-independent manner. To test
this hypothesis, we loaded purified WT or G747E proteins of
RspS;32-809 onto a SEC column. Indeed, whereas the WT protein
construct eluted as a monomer, the mutant eluted as an oligomer
(Fig 5B). Furthermore, migration in a native polyacrylamide gel
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Figure 4. Oligomerization depends on binding of a1-conjugated Ub to the HECT-UBD. The following experiments were conducted with Hiss-MBP-tagged

proteins.

A Size-exclusion chromatography of wild-type and mutant Ub-HECT proteins. Ub-od, Ub-o

16/60 column, and the elution profile was monitored by A,g, detection.

lHECT*I537D bl44E

oru -0l HECT proteins were loaded on a Superdex 200

B Time-dependent cross-linking of Ub-oid, Ub'**E-o1 or Ub-0i1"E<T%372 yb-HECT proteins in the presence of 0.5 mM DSS. Samples were resolved by SDS—PAGE

followed by Coomassie blue staining.

C  Sedimentation equilibrium (SE) data, fits and residuals of Ub'**E-01 and Ub-o1"E<T"*37P mutants. A,gq was collected at 8,000 rpm (lighter colours) and at
12,000 rpm (darker colours). The best fits of both mutants were obtained in a model of non-interacting ideal solutes with mostly monomeric size and < 5% trimers

(see also Table EV1).

D  Microscale thermophoresis (MST) measurements of Ub-o1 (green) or Ub"**f-a1 (blue). Concentration of red fluorescent NT-647-NHS-labelled Rsp5 was kept
constant and titrated with 0.2-1,000 nM of identical unlabelled protein. The y-axis shows the fluorescence change ratio x 1,000.

E F

(E) Representative gel and (F) quantification of in vitro ubiquitylation of Rpn10 by a1, Ubl44E-a1 or Ub-a1HECT I537D Rsp5, in the presence of fluorescein-labelled

ubiquitin. Mean values and standard deviation bars of three replicates are shown. Reaction set-up and detection were performed as described in Fig 2C.
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revealed higher dimerization and trimerization by the mutant
protein (Fig 5C). In agreement with these data, AUC-SE experi-
ments revealed that while the WT protein behaved as an ideal
solute with the size of a monomer, the G747E mutant exhibited
mixed populations of monomers, trimers, and hexamers (Fig 5D
and Table EV1).

We then asked whether Ub-independent oligomerization of the
G747E mutant restrains ligase activity similarly to Ub-dependent
oligomerization of the WT protein. Indeed, an Rvs167 ubiquitylation
assay by untagged full-length Rsp5 showed that the G747E mutant
was inactive (Fig 5E and F). Accordingly, the model suggests that
the G747E defective phenotype in trafficking that was demonstrated
by Lindquist and co-workers, resulted from a constitutive oligomer-
ization-dependent ligase inactivation.
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Conservation and cellular outcome of ubiquitylation-dependent
oligomerization: Implication for a receptor tyrosine kinase and a
potassium channel

Rsp5 K432 is conserved in eukaryotic Smurf2 proteins. However,
K438, which was previously detected as a target residue in
higher eukaryotes, is conserved across the whole Nedd4 family
(Gao et al, 2012; Udeshi et al, 2012; Fig EV2). Moreover, in our
yeast two-hybrid assay we showed that ubiquitylation on K438R
promotes self-association of Rsp5 in yeast cells. Since ol is
connected to the HECT domain by a long loop, it may afford
the structural flexibility to accommodate the Ub:HECT-UBD inter-
action even if ubiquitin is conjugated further down the helix.
We thus tested whether ubiquitylation of this conserved lysine
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Figure 5. Ubiquitylation-independent oligomerization of the Rsp5 G747E mutant.
A Model showing stabilizing hydrogen bonds within the G747 turn-like structure, as well as hydrogen bonds between the loop (purple) and the ol (pink) residues in

the Rsp5-HECT structure (30LM).

moow

Size-exclusion chromatography profile of Rsp5as; gos"" " OF RSP5,3 805" /%, run on a Superdex 200 16/60 column.

Migration of 6.6 tM and 20 M of RSp5,s5 s0e"' " OF RSP5,3;_505° +F in a native polyacrylamide gel.

AUC-SE analysis in terms of non-interacting ideal solutes for RspS;3;_gos" " OF RSPS35-500- ' F fused to Hiss-MBP at 8,000 and 12,000 rpm (see also Table EV1).
F (E) Representative gel and (F) quantification (mean and standard deviation from three replicates) of in vitro ubiquitylation of Rvs167 by Rsp5,3;_goe""" OF

RSP5,3800° *F, in the presence of fluorescein-labelled ubiquitin. Reaction set-up and detection were performed as described in Fig 2C.
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on ol promotes oligomerization and inactivation of human
Nedd4. For this end, we employed our approach undertaken
with Rsp5 and mimicked ubiquitylation on the conserved K525
of human Nedd4 by fusing the C-terminus of Ub to this site.
Remarkably, SEC experiments showed that while apo HECT
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(a1M°9%) remained a monomer, Ub fusion onto ol promoted
oligomerization of the entire Ub-HECT (Ub-a1N°4%) population
of Nedd4 (Fig 6A). As observed in Rsp5, mutating the conserved
Ub 144 residue abolished oligomerization of the Ub-HECT Nedd4
(Fig EV3).
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Figure 6. Conservation of ubiquitylation-dependent oligomerization in human Nedd4 and implications in targeting of FGFR1.
A Elution profile from size-exclusion chromatography of apo HECT (02Ne9%4) or Ub-fused HECT (a1Ne994-Ub) of Nedd4. Proteins were loaded on a Superdex 200 16/60

column, and elution was monitored by A,go measurements.

B In vitro ubiquitylation of Rpn10 by apo HECT (a1N°%*) or Ub-fused HECT (a1N°4®*-Ub) of Nedd4. Reaction products were resolved by SDS-PAGE and blotted against a
primary rabbit «-Rpn10 antibody, followed by secondary IR labelled mouse a-rabbit. Odyssey infrared imaging system was used for IR detection.
C Quantified ubiquitylated/total Rpn10 ratio (mean values and standard deviation bars from three replicates).

D Documentation of Nedd4 knockdown by shRNA in Hela cells.

E Representative immunoblot of FGFR1 ubiquitylation (in the presence of serum) upon transfection of the indicated wild-type (WT) and mutant human Nedd4

constructs. V5-Nedd4 was used as an additional control.

F Quantified (mean £ SEM) ubiquitylated/total FGFR1 ratio from three separate experiments. P-values are from Student’s t-test.
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Subsequently, we tested the effect of ubiquitylation-dependent
oligomerization on Nedd4 activity in vitro and in cells. In vitro ubig-
uitylation of Rpn10, followed by SDS-PAGE and anti-Rpn10 immu-
noblot revealed perfect agreement with the behaviour of RspS
presented in Fig 2H and I (Fig 6B and C). While the apo HECT
rapidly ubiquitylated Rpn10, the Ub-HECT Nedd4 was largely inac-
tive during the first 10 min. To investigate the significance of our
in vitro results in cells, we examined the ubiquitylation of FGFR1, a
well-known substrate of Nedd4 (Persaud et al, 2011). HeLa cells
stably depleted of Nedd4 by shRNA targeting its 3'UTR (Fig 6D)
were transfected with wild-type or K523,525R Nedd4. Strikingly,
Western immunoblot analyses revealed that Nedd4*®2*°*R exhibited
a significantly higher activity than Nedd4™" (Fig 6E and F). More-
over, K523,525R restored the reduced activity of the F707D mutant,
which was previously shown to decrease ligase activity (Maspero
et al, 2013). This suggests that K>R mutations on the Nedd4-ul
prevented oligomerization and resulted in an unrestrained ligase.

To investigate whether the physiological significance of ubiquity-
lation-dependent oligomerization extends beyond RTKs, we tested
the effect of this Nedd4 regulatory mechanism on the cardiac Iks
potassium channel. The Ixs channel is formed by the co-assembly of
KCNQ1 and KCNE1 o and B subunits and is crucial for cardiac action
potential repolarization (Barhanin et al, 1996; Sanguinetti et al,
1996). Mutations in KCNQ1 and KCNEI1 genes cause severe cardiac
arrhythmias such as long QT syndrome and atrial fibrillation (Dvir
et al, 2014a). Nedd4 and Nedd4-like proteins bind, ubiquitylate and
thereby modulate the internalization of certain ion channels bearing
PY motifs in the intracellular C-terminus of their subunits (Abriel &
Staub, 2005; Staub & Rotin, 2006; Bongiorno et al, 2014). Nedd4-
dependent degradation is likely to be important for the regulation of
the cell surface density of Ixs potassium channels in cardiomyocytes.
We therefore recorded the currents from human Ixs channels as a
downstream reporter for Nedd4 activity. Specifically, we co-
transfected Chinese hamster ovary (CHO) cells with a vector driving
the functional expression of the tandem chimera of KCNE1 and
KCNQI1 (Wang et al, 1998) in the absence or presence of WT Nedd4
ligase and recorded Igs currents by the whole-cell patch-clamp tech-
nique (Fig 7A and B). In line with previous work (Jespersen et al,
2007), co-expression of WT Nedd4 significantly reduced the Iks
current density. At +60 mV, the current densities were
233 + 31 pA/pF and 120 + 23 pA/pF for Ixs and Ixs + WT Nedd4,
respectively (Fig 7A and B; n = 11-12; P < 0.0001). When the Ixs
channel subunits (KCNE1-KCNE1) were co-expressed with the
Nedd4 K523,525R double mutant, which cannot undergo ubiquityla-
tion-dependent oligomerization, the Ixs current density was signifi-
cantly lower compared to that obtained by the co-expression with
WT Nedd4. At +60 mV, the current densities were 50 + 11 pA/pF
and 120 + 23 pA/pF for Igxs + Nedd4"®*3°°R and Ixs + WT
Nedd4, respectively (Fig 7A and B; n = 10-11; one-way ANOVA:
F(2, 32) = 15.43, P < 0.0001). Post hoc analysis confirmed significant
differences between the current densities of Ixs and Ixs + Nedd4™?,
Ixs and Igs + Nedd4®23:52°R and between Igs + Nedd4™T and
Ixs + Nedd4®°23:525R (p < 0.0003). No significant differences were
found in the voltage dependence of Ixs channel activation in the
presence of Nedd4"" or Nedd4">**>2°R (Fig 7C).

To evaluate whether the decreased Iks current densities recorded
from Nedd4"™ or Nedd4®®**-52°R transfected cells corresponded to
increased endocytosis, we co-transfected CHO cells with Nedd4™ " or
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Nedd4®%*3%°R in the presence of YFP tagged Ixs channel. We then
imaged the cells using total internal reflection fluorescence (TIRF)
microscopy. In TIRF, fluorophores located within ~300 nm of the
plasma membrane are selectively excited but not cytoplasmic fluo-
rophores (Steyer & Almers, 2001; Dvir et al, 2014b). We quantified
the KCNQ1-YFP signal using a normalized TIRF value measured for a
given cell as the fluorescence intensity ratio between the TIRF and the
epifluorescence illumination. The lower the channel density on the
cell surface, the lower the ratio. We found that the normalized TIRF
ratio was significantly lower for KCNQ1-EYFP + KCNEI co-expressed
with Nedd4®*?3-?°R (0.236 + 0.045) when compared to that of
KCNQI-EYFP + KCNEI1 co-expressed with Neddd™7 (0.411 =+ 0.029).
The latter ratio was also significantly lower than that of KCNQI-
EYFP + KCNE1 expressed alone (Fig 7D and E; 0.618 + 0.048,
n = 10-17; one-way ANOVA: F(2, 36) = 23.332, P < 0.0001). Post hoc
analysis confirmed significant differences between the TIRF ratios of
Ixs and Ixs + WT Nedd4, Ixs and Ixs + Nedd4®2*°2°R and between
Ixs + Nedd4™T and Ixs + Nedda®®?352°R (p < 0.003). Western immu-
noblot analysis confirms similar cellular level of the transfected
Nedd4 variants (Fig 7F and G).

In order to pinpoint the principal lysine residue partaking in the
regulation mechanism of human Nedd4, we repeated our cell
biochemistry assay and electrophysiological measurements with
single residue Nedd4 mutants, that is K523R or K525R. In accord
with the degree of conservation (Fig EV2), it is K525, but not K523
that is entirely accountable for inactivation of the ligase. Specifi-
cally, mutating K525 and (but not K523) resulted in a dramatic
increase of FGFR1 ubiquitylation, and in reduction of Ixs current
density (Fig EV4).

Discussion

Nedd4 family ubiquitin ligases target a large variety of membrane
as well as soluble proteins. As such, it is little surprising that
these ligases exhibit stringent mechanisms of control and that
dysregulation of these enzymes has been implicated in various
pathologies. For example, it was recently shown that amyloid-f
induces Nedd4-dependent proteolytic targeting of AMPA receptors,
leading to reduction in dendritic spine density and synaptic weak-
ening in Parkinson’s disease (Rodrigues et al, 2016). Our study
reveals a novel auto-ubiquitylation-mediated regulatory mecha-
nism that is conserved from yeast to humans. The described
mechanism relies on both ubiquitylation of specific lysine residues
located in the ol helix and on the presence of a UBD within the
HECT domain.

Involvement of the HECT-UBD in Ub chain elongation has been
demonstrated for Rsp5 and Nedd4 (French et al, 2009; Kim et al,
2011; Maspero et al, 2011). In this study, we used size-exclusion
chromatography, cross-linking assays, sedimentation equilibrium,
and functional assays, to unravel an additional role for the UBD in
attracting the Ub-conjugated a1 thus leading to a conformational
change and to oligomerization-dependent inactivation. The self-
ubiquitylation pattern of the Ub-HECT™*”P mutant shown in this
study strengthens the notion of the dual role of the HECT-UBD: for
one, Ub-HECT™*"P restores Rpn10 and self-mono-ubiquitylation by
impairing the UBD:Ub interface and reinstating the monomeric form
of the ligase. At the same time, it restricts chain elongation as

© 2017 The Authors
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Figure 7. Ubiquitylation-dependent oligomerization mechanism regulates the cardiac Ixs potassium current.

A Representative current traces from CHO cells expressing either Igs (KCNQL + KCNEL), Iys + Nedd4™'™ or Iys + Nedd4*?352°R cells were held at —90 mV. Membrane

voltage was stepped for 3 s from —60 mV to +60 mV in 10 mV increments followed by repolarization to —60 mV for 1.5 s.

B, C (B) Current-voltage (mean + SEM) and (C) conductance-voltage (mean + SEM) relationships of the recorded cells (n = 10-11). Normalized conductance curves

were fitted to a single Boltzmann function.

D Phase contrast (left panels), epi-fluorescence (central panels) and TIRF fluorescence (right panels) images of CHO cells expressing either Iys, Igs + Nedd4™" or

Igs + Nedd4*52352°R scale bars: 10 pum.

E Quantification (mean + SEM) of the TIRF signals was normalized by the TIRF/epi-fluorescence intensity ratio, using Fiji NIH viewer. n = 10-17; one-way ANOVA
and Bonferroni’s multiple comparison test; *P < 0.05, **P < 0.01, ***P < 0.001.
F Representative immunoblot with anti-Nedd4 of total CHO cell lysates from non-transfected cells and cells transfected with wild-type or mutant Nedd4. Lysates

were also blotted with antibodies against endogenous B-actin.
G Quantified (mean + SEM) Nedd4/B-actin ratio (n = 3).
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shown in previous studies (French et al, 2009; Kim et al, 2011;
Maspero et al, 2011). The Ub™*E-HECT mutation separates these
two roles by restoring the monomeric active state (like Ub-
HECT™*’P) while maintaining the chain elongation activity as
clearly seen for self-ubiquitylation in Fig 4E. Ubiquitin chain elonga-
tion is enabled by interaction of the HECT-UBD with the conjugated
Ub on the substrate (Kee & Huibregtse, 2007; French et al, 2009;
Maspero et al, 2011). In the crude classification of the ubiquitin
“language” into “writers” (ligases), “editors” (DUBs) and “readers”
(Ub-receptors, which decode Ub signals into cellular responses), it
has been suggested that ubiquitylation of Ub-receptors (“readers”)
renders them in a closed inactive conformation (Hoeller et al, 2006;
Hurley et al, 2006). Within this framework, HECT domain ligases
such as Rsp5 and Nedd4 would appear unique in that they share
features common to both “writers” as well as “readers.”

Activity assays using monomeric and oligomeric species of Ub-
HECT RspS5 strongly suggest that it is ubiquitylation-induced
oligomerization, rather than ubiquitylation per se, which restrains
the activity of Rsp5 and Nedd4. This conclusion is strengthened by
the reduced activity of the Rsp5%7*’" mutant, which undergoes ubig-
uitylation-independent oligomerization.

The results presented in this study raise several intriguing
questions regarding the control of Nedd4-related E3 enzymes that
remain to be addressed: (i) How does oligomerization inactivate
these enzymes? Schulman and co-workers highlighted the need
for flexibility between the N-lobe and the C-lobe of the HECT
domain for catalytic activity (Kamadurai et al, 2013). We thus
speculate that in the oligomeric state, the tight interaction
between the protomers constrains mobility between the two lobes
that appears to be vital for enzyme activity. (ii) What is the basal
steady state of these ligases: active monomer or inactive trimer?
Furthermore, does this decision depend on the spatial and tempo-
ral context? An intriguing possibility is an “on demand” based
model according to which these E3s would be kept dormant as
ubiquitylated trimers until their activity is prompted by cognate
substrate. Alternatively, substrate binding may be insufficient, and
ligase activation may be triggered by deubiquitylation through a
specific DUB enzyme. Indeed, Rsp5 was shown to be in constant
interaction with Ubp2 through the intermediator protein, Rupl
(Kee et al, 2005). It will be interesting to distinguish between
these possibilities in future work. (iii) Since Nedd4 regulation
involves at least two mechanisms—ubiquitylation-mediated
oligomerization as shown here and inhibitory interactions between
the C2 and the HECT domain that is relieved by phosphorylation
—further studies are required to decipher potential crosstalk
between these regulatory mechanisms. The specific challenge will
be to understand whether these mechanisms are complementary,
redundant or mutually exclusive.

Several Nedd4 ligases ubiquitylate multiple proteins. However,
deubiquitylation, degradation and redundancy in many cases
impede the ability to assign a particular Nedd4 to its cognate targets.
The latter is often achieved by looking for mistargeting on a
background of damaged ligase. Our discovery of a Nedd4 hyper-
activating mutation provides an alternative strategy by identification
of new potential substrates through monitoring the excessive
accumulation of their ubiquitylated form.

In the broader context of the extended HECT ligase family, we
speculate that phosphorylation serves as an alternative mechanism
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for ubiquitylation-dependent oligomerization. For example, it was
shown that threonine (T485) phosphorylation of EGAP/UBE3A on
al downregulates its activity. Disruption of this phosphorylation site
(T485A) causes excessive dendritic spine development in the brain
and autism (Yi et al, 2015). Alignment of human HECT proteins
shows that the identified lysine (K525 in NEDD4) is conserved
beyond the Nedd4 subfamily (Fig EV5). Moreover, the threonine
(T485 in UBE3A) is also conserved and is sometimes substituted by
serine. We speculate that the restraint mechanism is therefore
conserved in other HECT proteins [possibly with some exceptions
such as Huwel (Pandya et al, 2010; Ronchi et al, 2014)] and func-
tions either by ubiquitylation that pulls a1 from the oligomerization
interface through the attraction of Ub to the UBD or by phosphoryla-
tion that repels o1 from the oligomerization interface (probably in a
similar manner to the G747E mutation in Rsp5). Along this view,
we speculate that this highly conserved mechanism regulates the
ubiquitylation of numerous targets and thus has a pivotal role in
homoeostasis.

Materials and Methods
DNA cloning and mutagenesis

RspS or Nedd4 and their derivatives were subcloned in-frame with
Hiss-MBP into Avrll and Ascl restriction endonuclease sites of a
modified pCDF-duet vector (Keren-Kaplan et al, 2012). Ubiquitin-
Rsp5 chimeras were generated by PCR amplification of overlapping
DNA fragments and plasmid reconstruction according to the Gibson
protocol (Gibson et al, 2009). Point mutations were introduced
using the ExSite protocol (Stratagene).

The sequence of all constructs was verified by DNA sequencing
at our home facilities to confirm that we obtained the desired clones
with no unintended mutations. Cloning of Rpn10 in pCDF-Hiss-MBP
and of the pGEN plasmids used for ubiquitylation in bacteria was
previously described in (Keren-Kaplan et al, 2012). Plasmids are
listed in Table EV3.

p-galactosidase Y2H assays

Saccharomyces cerevisiae strain PJ694 (trp1-901 leu2-3,112, ura3-52,
his3A200, gald4A, gal80A, prGAL2:ADE2 lys2::prGALI::HIS3 met2::
prGAL7-LacZ) was transformed with plasmids expressing wild-type
or mutant GBD-Rsp5 and GAD-Rsp5 by standard lithium acetate
methods (Knop et al, 1999). B-galactosidase assays were performed
using cells in log-phase (-Leu —Ura medium with 2% glucose). Cell
concentration was determined by reading 80 pl of cells at 595 nm.
40 pl of cells was added to the B-galactosidase reaction mix (40 ul
YPER (Pierce 78990), 80 ul Z-buffer (120 mM Na,HPO,, 80 mM
NaH,P0O,, 20 mM KCl, 2 mM MgS0,), 24 ul ONPG (4 mg/ml),
0.4 ul B-mercaptoethanol) and incubated at 30°C for 50 min in
Eppendorf tubes. Reactions were stopped by addition of 56 ul 1 M
Na,CO;. The Eppendorf tubes were centrifuged for 1 min at full
speed to pellet the cell debris, and 200 pl supernatant was removed
and absorbance read at 415 nm using a microplate reader. Miller
units were calculated by the equation Miller units = (1,000 x Ag;s)/
(50 x 0.04 x ((As9s — 0.055) x 5). Three biological replicates were
measured. Error bars are + 1 SD.
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Protein expression and purification

Rosetta2 (ADE3) BL21 E. coli cells were transformed with Rsp5-
containing pCDF-duet or pMAL plasmids. Culture growth was
performed at 37°C in terrific broth medium supplemented with the
selective antibiotics. Induction was performed with 1 mM isopropyl
B-D-1-thiogalactopyranoside (IPTG) at 16°C for 16-20 h. Harvested
cells were re-suspended in washing buffer that contains 50 mM Tris,
150 mM NaCl, 3 mM fB-mercaptoethanol supplemented with lyso-
zyme and AEBSF (4-(2-aminoethyl)benzenesulphonyl fluoride
hydrochloride) protease inhibitor. Complete lysis and DNA shearing
were achieved by sonication following centrifugation to isolate the
soluble fraction. Proteins were affinity purified on a column of
amylose beads (New England Biolabs) and washed with 11 of
buffer. Elution was performed with washing buffer supplemented
with 20 mM of maltose. MBP-tag removal was performed with
tobacco etch virus (TEV) protease.

Hisg-Ubc4 and Hisg-ubiquitin were purified using the same proto-
col with nickel resin instead of amylose. Size-exclusion chromato-
graphy was used for further purification of the affinity-purified
proteins. Expression and purification of Rpnl0 was previously
described in Keren-Kaplan & Prag (2012).

Size-exclusion chromatography

Size-exclusion chromatography was performed on a Superdex 200
16/60 calibrated column with an AKTAprime plus (GE healthcare)
FPLC system. Quantities of injected proteins ranged between 4 and
60 mg, depending on the experiment and flow speed was set to
1-1.5 ml/min.

Cross-linking experiments

To eliminate non-specific cross-linking, a mild cross-linker disuccin-
imidyl suberate (DSS) was used. Reaction was carried out by incu-
bating 10 uM of protein with a buffer containing 25 mM HEPES,
150 mM NaCl and 0.5 mM DSS. Quenching was performed at
increasing time points by boiling samples with SDS-loading buffer.
Quenched samples were resolved on SDS-PAGE followed by
Coomassie blue staining for detection.

Mass spectrometry

Mass spectroscopy analyses were performed at the Sanford Burn-
ham Prebys Medical Discovery Institute Proteomics Facility.
Briefly, gel bands containing ubiquitylated MBP-Rsp5,3, gg9 Were
excised and subjected to de-staining, reduction and alkylation. Gel
bands were digested with trypsin, and peptides were extracted,
concentrated and desalted. Desalted peptides were vacuum-dried
and re-dissolved in LC/MS loading buffer (2% acetonitrile in 0.1%
formic acid in water). Tryptic peptides were analysed by 1D
LC-MS/MS analysis utilizing advance low-flow electrospray ioniza-
tion source and a Magic C18 AQ reversed-phase column (Michrom
Bioresources Inc.) with a 2-h LC gradient coupled to the OrbiTrap
XL mass spectrometer (Thermo Fisher Scientific). Search results
were viewed, sorted, filtered and analysed using Sorcerer Enter-
prise v.4.0.4 release (Sage-N Research Inc.) and Peptide/Protein
prophet v.4.4.0 (ISB).
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Analytical ultracentrifugation

Physical parameters of proteins and buffers were calculated with
SEDNTREP based on amino acid sequence and buffer composition.
Experiments were performed in-house using our ProteomLab XL-I
Beckman Coulter centrifuge. Purified proteins were loaded in
double sector quartz cells that were mounted in a 4 holes An-60-
Ti rotor. Data were averaged from five replicates of A,gp measure-
ments distanced by 0.003 cm along the cell radius, and all experi-
ments were carried out at 20°C. For sedimentation velocity, 400 pl
of SEC purified constructs was loaded at concentrations indicated
in Table EV2. Rotor speed acceleration was set up to 35,000 rpm,
and full-length cell A,gp coverage was performed every 1 min for
a total of 200 scans. Continuous c(s) distribution of species was
analysed in Sedfit (Schuck, 2000). For sedimentation equilibrium,
SEC purified constructs were loaded at an OD,g9 of 1 in a volume
of 110 pl. After 20 h, measurements were taken every two hours
until equilibrium was reached at 8,000 and then at 12,000 rpm.
Analysis was performed with a model of single ideally sedimenting
solute. Proteins that showed larger average mass than their mono-
meric size were then analysed in a model of multiple sedimenting
species with mass conservation constraints (Vistica et al, 2004). In
this model, we substituted molar mass with full integers of the
monomeric size to test alternative models of self-association until
reaching the best fits. Plots were prepared by exporting the Sedfit/
Sedphat analysed data to GUSSI which was kindly distributed by
Dr. Chad Brautigam (http://biophysics.swmed.edu/MBR/software.
html).

Microscale thermophoresis (MST) analyses

Self-binding experiments of Ub-HECT or Ub"™*“:-HECT were carried
out with Monolith NT.115 (Nano Temper Technologies; Wienken
et al, 2010). Briefly, samples consisting of a 10 ul fixed concentra-
tion of NT647-labelled Rsp5 were mixed with 10 pl of titrated of
unlabelled identical protein (16 samples of the indicated titrations).
After a short incubation, the samples were loaded into standard
glass capillaries before data collection. Experiments were carried
out in 50 mM Tris (pH 7.6), 150 mM NaCl, 10 mM MgCl, and
0.05% Tween 20. Data collection was performed with 90% of the
LED and 20% of MST power.

Fluorescein labelling of ubiquitin

Ubiquitin labelling was achieved by substitution of K48 to Cys.
Following purification, 50-100 uM of purified Ub***¢ was
incubated with a fourfold excess of fluorescein-5-maleimide in
buffer containing 150 mM NaCl, 20 mM Tris-HCl (pH 7.5),
and 1 mM tris(2-carboxyethyl)phosphine for 2 h at room
temperature and quenched by adding a 10-fold excess
B-mercaptoethanol for 5 min. The labelled protein was purified
using a PD miniTrap G25 gravity column pre-equilibrated in
150 mM NaCl, 20 mM Tris (pH 7.5) and 1 mM tris(2-carboxyethyl)
phosphine following the protocol of the manufacturer. The
labelled ubiquitin was visualized on SDS-PAGE gel and scanned
in a Typhoon laser at 488 nm. Final concentrations were
measured spectrophotometrically at 280 and 495 nm and stored at
—80°C until use.
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Ubiquitylation in vitro and in cells

Rpn10 or Rvs167 ubiquitylation was set up by incubating 10-60 pg/ml
of Rpnl0/Rvs167 with 10 pg/ml of UBA1, 20 pg/ml of Ubc4,
10 pg/ml of fluorescein-labelled Ub**%¢ and 40-100 pg/ml of vari-
ous Hisg-MBP fused Rsp5 constructs supplemented with 13 mM
ATP, 10 mM MgCl and 1 mM DTT. Reaction samples were
quenched at increasing time intervals by boiling the sample in
Laemmli gel-loading buffer and resolved by SDS-PAGE. Ub conju-
gates were visualized in a Typhoon laser scanner at 488 nm. The
final concentrations were measured spectrophotometrically at 280
and 495 nm and stored at —80°C until use. In the Nedd4 functional
assay in vitro, proteins were resolved by SDS-PAGE, transferred to
a nitrocellulose membrane and blotted against primary Rabbit
o-Rpn10 and secondary IR labelled mouse a-rabbit. For ubiquityla-
tion in cells, HeLa cells stably expressing shRNA targeting the
Nedd4 3'UTR were transfected (2448 h) with FLAG-tagged human
FGFR1 and human Nedd4 (WT, or mutants), in the presence
DMEM+10% FBS. Cells were then lysed in lysis buffer, as described.
Briefly, to detect receptor ubiquitylation, 1 mg of cleared cell lysates
was treated with 1% SDS and boiled for 5 min to dissociate protein
complexes. The boiled lysates were then diluted 11 times with lysis
buffer before IP of the receptor with anti-FLAG antibodies and blot-
ting with anti-ubiquitin (anti-Ub, Santa Cruz #P4D1) antibodies, or
blotting for FLAG (Sigma). Control lysates were blotted for human
Nedd4 (Abcam #ab27979) and actin (MP Biomedical clone C4
691001).

Cell culture and transfections

Chinese hamster ovary (CHO) and human embryonic kidney
(HEK293) cells were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 2 mM glutamine, 10% foetal
calf serum and antibiotics, incubated at 37°C in 5% CO, as previ-
ously described (Dvir et al, 2014b). HeLa cells stably knocked-
down (via 3'UTR) for Nedd4 were grown in DMEM+10% FBS and
transfected as described above. For electrophysiology, CHO cells
were seeded on poly-L-lysine-coated glass coverslips in a 24-multi-
well plate and were transfected with the tandem KCNE1-KCNQ1
MK24 (1 pg) in the absence or presence of WT or Mut Nedd 4
(0.5 pg) using X-tremeGENE 9 transfection reagent (Roche). pIRES-
CD8 (0.3 pg) was co-transfected as a surface marker. For TIRF
imaging, CHO cells were seeded on poly-L-lysine-coated 1.5-mm
glass coverslips in a 12-well multiwell plate and transfected with
0.5 pg of KCNQI-YFP and 0.5 pg KCNEI1 in the absence or pres-
ence of 0.5 pg WT or mutant Nedd4. For Western blotting, CHO
cells were seeded on 60-mm dishes and transfected with 5 pg WT
or Mut Nedd4 using the using 15 pl X-tremeGENE 9 transfection
reagent (Roche).

TIRF microscopy

Fluorescent images of CHO cells were taken at room temperature by
TIRF microscopy as previously described in Dvir et al (2014b).
CHO cells were imaged 48 h after transfection at room temperature
(20-22°C). Images were taken with a Zeiss inverted microscope
(Axio Observer Z1) equipped with an alpha Plan-Fluar 100x oil
immersion objective (NA 1.45). Fluorescent cells were excited with
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the 514-nm line of an air-cooled argon-ion-laser (LASOS 771) with
light intensities of 5% for YFP. Emission images were acquired via a
575-nm filter set (Zeiss, filter sets 53) at exposure time of 100 ms
and gain*400 with an EM CCD camera (QuantEM:512SC) controlled
by an AxioVision software version 4.8.2 that was also used with the
Fiji software for quantitation.

Electrophysiology and data analysis

CHO cells were recorded in the whole-cell configuration of the
patch-clamp technique as previously described (Dvir et al, 2014b).
Cells were held at —90 mV. To establish the current-voltage
relations, voltage was stepped for 3 s from —60 mV to +60 mV in
10 mV increments followed by repolarization to —60 mV for 1.5 s.
Data analysis was performed using the Clampfit program (pClam-
p10, Axon Instruments), Microsoft Excel and Prism 5.0 (GraphPad).
Conductance (G) was calculated as G =I/(V — Vrev). G was then
normalized to the maximal conductance. Activation curves were
fitted to a single Boltzmann distribution according to G/Gmax = 1/
{1 + exp[(V50 — V)/s]}, where V50 is the voltage at which the
current is half-activated and s is the slope factor. All data were
expressed as mean + SEM. Statistically significant differences were
assessed by one-way ANOVA. Significant interactions were followed
by Bonferroni’s multiple comparison test post hoc comparisons.

In silico models

Conservation of Rsp5 surface residues was calculated in the ConSurf
webserver (Armon et al, 2001) and presented in Pymol. Generation
of the Ub-HECT trimeric model was performed by superimposing
the RspS HECT:Ub complex onto the EGAP trimeric structure (30LM
and 1C4Z, respectively). Energy minimization was done in Refmac5
(Murshudov et al, 1997). Fragment-based structural alignment of
the Rsp5, Smurf2 and Nedd4 ol-helices [30LM (Kim et al, 2011),
1ZVD (Ogunjimi et al, 2005) and 2XBF (Maspero et al, 2011),
respectively] was prepared in Pymol. Sequence alignment was
constructed by ClustalW.

Expanded View for this article is available online.
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