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SUMMARY

HECT-family E3 ligases ubiquitinate protein sub-
strates to control virtually every eukaryotic pro-
cess and are misregulated in numerous diseases.
Nonetheless, understanding of HECT ES3s is limited
by a paucity of selective and potent modulators.
To overcome this challenge, we systematically
developed ubiquitin variants (UbVs) that inhibit or
activate HECT E3s. Structural analysis of 6 HECT-
UbV complexes revealed UbV inhibitors hijacking
the E2-binding site and activators occupying a
ubiquitin-binding exosite. Furthermore, UbVs un-
earthed distinct regulation mechanisms among
NEDD4 subfamily HECTs and proved useful for
modulating therapeutically relevant targets of
HECT E3s in cells and intestinal organoids, and in
a genetic screen that identified a role for NEDD4L
in regulating cell migration. Our work demonstrates
versatility of UbVs for modulating activity across an
E3 family, defines mechanisms and provides a tool-
kit for probing functions of HECT E3s, and estab-
lishes a general strategy for systematic develop-
ment of modulators targeting families of signaling
proteins.
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INTRODUCTION

Ubiquitination mediated by E1-E2-E3 multi-enzyme cascades
rivals phosphorylation as a predominant mechanism regulating
myriad protein functions (Cohen and Tcherpakov, 2010; Nalepa
et al., 2006). Repeated catalytic cycles result in substrates modi-
fied on multiple lysines with various polyubiquitin chains, which
alter protein functions in an extraordinary variety of ways.
Because E3 ligases control substrate specificity and the topol-
ogy of ubiquitination, they represent attractive targets for thera-
peutic intervention (Nalepa et al., 2006; Petroski, 2008). Yet,
identifying the diversity of mechanisms regulating E3 ligases,
as well as generation of tools for their manipulation, has lagged
behind deciphering regulation and developing therapeutics for
kinases (Cohen and Tcherpakov, 2010; Nalepa et al., 2006). Be-
ing the first family of E3 ligases discovered (Huibregtse et al.,
1995), Homologous to EBAP C terminus (HECT) E3s are directly
implicated in cancer, hypertension, neurological disorders, and
other diseases (Table S1) (Rotin and Kumar, 2009; Scheffner
and Kumar, 2014). Moreover, some pathogenic bacteria have
evolved HECT-like E3s as virulence factors to manipulate host
cell signaling (Lin et al., 2012; Rohde et al., 2007). Therefore, un-
derstanding molecular mechanisms of HECT E3 function could
greatly advance therapeutic strategies for many diseases.
However, development of agents to selectively modulate
HECT E3s has been hampered by extreme inter-domain
rotations accompanying catalysis, a shallow active site, and
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dynamic regulation of HECT E3 activity (Escobedo et al., 2014;
Gallagher et al., 2006; Huang et al., 1999; Kamadurai et al.,
2009, 2013; Mari et al., 2014; Persaud et al., 2014; Ronchi
et al., 2013; Verdecia et al., 2003; Wiesner et al., 2007). In princi-
ple, recently reported small molecule and peptide inhibitors
obtained by high-throughput screening for several HECT E3s
provide routes to assess functions and mechanisms of HECT
E3s in normal and diseased cells (Cao et al., 2014; Kathman
et al.,, 2015; Mund et al., 2014; Rossi et al., 2014). However,
existing molecules generally do not conform to a general strat-
egy that could be used to interrogate HECT E3s across the fam-
ily, fall short in terms of potency and specificity, and generally
have had limited utility in probing unknown HECT mechanisms.
Thus, we sought to develop a protein-based toolkit for HECT
E3s on a system-wide scale, with the goal to discover and alter
unknown functions and to validate therapeutic targets supported
by genetic studies.

The defining feature of HECT E3s is a ~40 kDa C-terminal
“HECT domain” containing two flexibly tethered lobes (N- and
C-), with 16%-92% amino acid identity across the family. In
addition to the catalytic domain, HECT E3 primary sequences
reveal various N-terminal domains that presumably enable
substrate binding and dynamic regulation by mediating auto-
inhibition and influencing subcellular localization (Figure 1A).
The largest and best-characterized class of HECT E3s com-
prises the NEDD4-family, which display a common architecture
consisting of an N-terminal C2 domain, two to four central WW-
domains distal and proximal to the catalytic domain, and the
C-terminal HECT domain (Rotin and Kumar, 2009; Scheffner
and Kumar, 2014) (Figure 1A).

Notably, studies of E3s in the NEDD4-family revealed that the
HECT domain interacts with Ub at multiple sites. For example,
in complex with E2~Ub or in the E3~Ub intermediate, the
HECT “C-lobe” binds the Ub to be transferred, and a separate
C-lobe interaction with the acceptor Ub is implied from biochem-
ical studies (Kamadurai et al., 2009, 2013; Kim and Huibregtse,
2009; Maspero et al., 2013) (Figures S1A and S1B). In addition
to interactions made by the active-site-bound Ub, a weak Ub-
binding “exosite” has been reported in the HECT “N-lobe” of

various NEDD4-family E3s (French et al., 2009; Kim et al., 2011;
Maspero et al., 2011; Ogunjimi et al., 2010). The diversity of Ub
interactions with HECT E3s is reminiscent of deubiquitinases
(DUBSs), for which we recently devised a strategy to generate spe-
cific and potent inhibitors that we proposed would be adaptable
to virtually any Ub-interacting protein (Ernst et al., 2013).

Our approach is based on the fact that numerous proteins that
interact with Ub recognize a common surface with low affinity.
The weak interactions may be required because Ub has to be
quickly released after an enzymatic reaction or transient recog-
nition has occurred. We reasoned that it is possible to identify
specific mutations in Ub that produce a Ub variant (UbV) with
optimized contacts to a particular Ub-interacting protein. To
date, this strategy has been used to create potent and specific
inhibitors that block DUB binding sites for substrate Ub mole-
cules (Ernst et al., 2013; Phillips et al., 2013; Zhang et al.,
2013). In an initial screen, we identified a UbV that bound weakly
to the HECT domain of NEDD4 and acted as an activator rather
than inhibitor of enzymatic function (Ernst et al., 2013). This
surprising result led us to hypothesize that the inherent complex-
ites of the HECT catalytic mechanism, involving allosteric
changes and multiple Ub-binding sites, may prove advanta-
geous to enabling the development of UbV modulators that
could alter enzymatic activities to promote cellular phenotypes
beyond those possible with simple active-site inhibitors (Fig-
ure 1B). In principle, such modulators could shed light on the
mechanistic subtleties and biological functions of HECT family
members and could aid development of therapeutic strategies
based on activation of ligase activity. Thus, we conducted a sys-
tem-wide, unbiased screen with a diverse UbV library (Figures
1C and 1D) to explore the full potential for modulating enzyme
function across the human HECT family.

RESULTS

Development of Potent and Selective UbV Modulators
for 20 HECT E3 Ligases

We used a phage-displayed UbV library that varies almost all
residues contacting the N-lobe exosite but only a subset of

Figure 1. A Panel of High-Affinity Ubiquitin Variants that Bind Selectively across the HECT E3 Family

(A) Schematic diagrams of HECT ES3 ligases, with variable N-terminal domains and a conserved C-terminal HECT domain comprised of N- and C-lobes. The
variable region of the largest HECT family (NEDD4-family) contains an N-terminal C2 domain and 2-4 WW domains. Domain functions are listed.

(B) Schematic drawing of HECT sub-domains and known binding interactions with E2~Ub or Ub. Different classes of HECT-ubiquitin variant (UbV) binding
complexes are anticipated from an unbiased screen.

(C) Positions subjected to diversification in the phage-displayed library used to select HECT-binding UbVs. Basic, acidic, polar, hydrophobic, and Gly residues
are colored blue, red, green, gray, and yellow, respectively.

(D) Phage display selection of UbVs binding to HECT E3 ligases, adapted with modification from Zhang and Sidhu (2014). See Experimental Procedures for
details.

(E) Representative sensorgrams and curve fits from binding measured by BLI, with soluble Ub/UbVs and immobilized GST-HECT domain fusions (NEDD4L and
WWP1, 52% sequence identity). Error bars show SEM from two independent measurements.

(F) Dissociation constants for Ub and UbV binding from titrations in (E). NL refers to UbVs selected for binding to NEDDA4L, and P1 and P2 refer to UbVs selected
for binding to WWP1 or WWP2, respectively. Weak affinities for second sites are in parentheses.

(G) The binding specificities of phage-displayed UbVs (x axis, detailed sequence information in Table S2) are shown across the HECT family (y axis), as assessed
by phage ELISA. Cognate HECT E3s are noted on top of individual graphs. Sub-saturating concentrations of phage were added to immobilized proteins
as indicated (20 HECT domains and four control proteins, GST, BSA, neutravidin [NA], and streptavidin [SA]). Bound phage were detected by the addition of
anti-M13-HRP and colorimetric development of TMB peroxidase substrate. The mean value of absorbance at 450 nm is shaded in a purple gradient (white = 0,
purple = 2.2 or greater signal).

(H) Sequence identity matrix shows conservation among the 20 HECT domains, but not negative control proteins shown in (G) (white = 0 and purple = 100%
identity). See also Figures S1 and S2.
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those mediating interactions in the transient catalytic interme-
diates (Figures S1A-S1C). Binding selections (Figure 1D)
against purified HECT domains for 19 of 28 total human and
one of five total yeast HECT E3s (Table S1) yielded 69 UbVs
with a variety of substitutions across the binding surface (Ta-
bles S2). Assessment of affinities for cognate HECT domains
by measuring EC5 values (Table S3; Figure S2A) confirmed
higher affinity interactions for UbVs (in some cases ECsq <
10 nM) than for Ub, which in accordance with previous studies
showed no detectable binding even at micromolar concentra-
tions. Tight binding was also confirmed by bio-layer interfer-
ometry (BLI) (Figures 1E and 1F). Indeed, many UbVs bound
their cognate HECT domains 500- to 1,000-fold tighter than
Ub (Table S4; Figures S2B-S2J). Moreover, ELISAs revealed
that the UbVs are highly specific, as most recognize preferen-
tially their cognate HECT domain among a panel of 20 HECT
domains and other control proteins (Figure 1G). Even among
the nine most closely related HECT E3s in humans that
comprise the NEDD4-family, for those related by <55%
identity there was strong specificity —for example, an average
of 500-fold lower affinity for half the NEDDA4L-binding
UbVs toward WWP1 (52% identity) and 70-fold lower affinity
of WWP1-binding UbVs toward NEDDA4L (Figure 1F). Although
there is some cross-reactivity for HECT domains that
are >80% identical (e.g., WWP2 UbVs to WWP1), four
NEDDA4L-binding UbVs displayed >14-fold selectivity over
NEDD4 (Table S4; Figures S2B-S2J). While a subset of UbVs
selected with WWP2 showed cross-reactivity to its close ho-
molog WWP1, those selected with NEDD4 and WWP1 were
strikingly specific and did not cross-react with non-cognate
E3s sharing >80% identity (Figures 1G and 1H).

Whereas previous studies confirmed that DUB catalytic ac-
tivity is potently inhibited by associated UbVs targeting their
substrate-binding sites (Ernst et al., 2013; Phillips et al,
2013; Zhang et al., 2013), we hypothesized that UbVs targeting
different sites on HECT E3s may modulate ligase activity in a
variety of ways that might not involve the active site (Figure
1B). To explore how UbVs could influence intrinsic HECT
ligase enzyme activity, we monitored E3 autoubiquitination
and observed a wide range of effects for 65 UbVs assayed
with 20 HECT E3s (Figure 2). Indeed, many UbVs acted as in-
hibitors (e.g., WWP1 UbVs in Figure 2C), but others massively
increased ubiquitination (e.g., WWP2 UbVs in Figure 2D).
Unexpectedly, rather than having a switch-like activating or in-
hibiting effect, two UbVs that bind NEDD4L (NL.1 and NL.2)
primarily altered extent of autoubiquitination in our assays
(Figure 2B).

UbV Inhibitors Hijack the E2 Binding Site

To gain insights into the basis for specific interactions and
the mechanisms whereby UbVs inhibit, activate, or modulate
activity, we attempted co-crystallization of numerous HECT
domain-UbV complexes, with or without E2s. We focused on
members of the NEDD4-family because they regulate crucial
physiological processes ranging from blood pressure to immu-
nity, their catalytic mechanisms are better characterized than
those of other HECT E3s (Scheffner and Kumar, 2014), and their
UbVs displayed a perplexing variety of effects despite the
perceived common catalytic mechanism across this subfamily
(Figure 2). We determined structures of six complexes (Table 1)
that span a wide range of affinities with five different HECT do-
mains (NEDD4L-NL.1, 10 nM; Rsp5-R5.4, 125 nM; WWP1-
P2.3, 230 nM; WWP1-P1.1, 325 nM; ITCH-IT.2, ~10 uM;
NEDD4-N4.4, ~90 uM) (Table S4; Figures S2B-S2J) and that
display inhibitory (P1.1, IT.2), activating (P2.3, N4.4), or modula-
tory (NL.1, R5.4) effects in autoubiquination assays, including
a complex between WWP1 and a tightly binding UbV (P2.3)
selected to bind the closely related WWP2. In all of the struc-
tures, UbV binding was mediated by a surface corresponding
to Ub’s classic protein interacting hydrophobic patch (positions
8, 44, 68, and 70). Furthermore, all these HECT domains dis-
played one of two distinctive UbV binding modes described in
detail below.

Unexpectedly, UbV P1.1 on WWP1 and UbV IT.2 on ITCH
inhibit not by binding a known Ub-binding site, but rather by
occupying the E2-binding site (Huang et al., 1999), which ap-
pears to be partially mobile based on the variety of conforma-
tions observed in previous structures of WWP1, ITCH, and other
HECT domains (Figure 3A and S1D-S1l). Here, UbV blocks the
E2 binding site through hydrophobic patch residues 8, 44, 68,
and 70 hijacking the classic HECT E3 binding site for E2 loops
1 and 2 (F63 and P97, respectively, in a HECT-bound UBCH?7)
(Huang et al., 1999; Kamadurai et al., 2009) (Figure 3B). The
inhibitory interactions are stabilized by numerous additional
contacts, including a UbV’s $1/B2 loop inserting into a nearby
flexible pocket (Figures S3A-S3E). Accordingly, these UbVs in-
hibited HECT E3 activity by counteracting Ub transfer from E2
to E3 (Figures 2C, 2E, 3C, and 3D).

N-Lobe Exosite Bound UbVs Promote E3 Catalytic
Activities

The other four structures showed UbVs binding the N-lobe
exosite of NEDD4, NEDD4L, WWP1, or Rsp5 in a manner
resembling the previously described binding of Ub at this
site (Kim et al., 2011; Maspero et al., 2011) (Figure 4A). The

Figure 2. Auto-Ubiquitination Assay for 20 HECT E3 Ligases

(A) NEDD4 full-length (NEDD4™) protein (pre-mixed for 15 min with wt Ub or UbV as indicated) was incubated for 1 hr at room temperature with E1 (UBE1),
E2 (UBE2L3), ATP, and Ub. Western blots were probed with an anti-Ub antibody (clone FK2) to detect mono- and poly-ubiquitinated NEDD4™. UbVs are not
incorporated into chains because their C termini do not contain a di-glycine motif that is required for recognition by the E1 enzyme.

(B-T) Analysis of in vitro reactions to detect auto-ubiquitination of other members of the HECT E3 family under conditions described in (A). The following HECT E3s
were analyzed: (B) NEDD4™,(C) WWP1FL, (D) WWP2F: (E) ITCH™, (F) SMURF1WW@N-HECT (G) SMURF2 HECT domain, (H) HECW1 HECT domain (UBE2J2 was
used as E2), (I) HECW2 HECT domain, (J) Rsp5™™, blot was probed with anti-Ub antibody from Santa Cruz (P4D1), (K) HERC1 HECT domain (UBE2S was used
as E2), (L) HERC2 HECT domain (UBE2N1 was used as E2), (M) HERC4 HECT domain (UBE2L3 was used as E2), (N) HERC6 HECT domain (UBE2L3 was used as
E2), (O) HACE1™- (UBE2L3 was used as E2), (P) HUWE1 HECT domain (UBE2D2 was used as E2), (Q) UBE3C HECT domain (UBE2L3 was used as E2), (R) EDD1
HECT domain (UBE2D2 was used as E2), (S) HECTD1 HECT domain (UBE2D3 was used as E2), and (T) KIAA0317 HECT domain (UBE2D1 was used as E2). E2s

were selected according to published work (Sheng et al., 2012).
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Table 1. Structure Data Collection and Refinement Statistics

Protein WWPTHECT .p2.3

Complexes ITCH™ECT 7.2 NEDD4"6CT-N4.4  WWP1"ECT _p1.1 Rsp5"ECT-R5.4  NEDD4L™ECT-NL.1  -UBCH7

PDB ID 5C7M 5C7J 5HPS 5HPL 5HPK 5HPT

Data collection

Beam line APS 19-ID APS 19-ID NECAT-24-ID-C  NECAT-24-ID-C SERCAT-22-ID NECAT-24-ID-E

Wavelength (A) 0.97899 0.97918 0.9791 0.9792 0.9792 0.9791

Crystals Native Native Native Native Native SetMet

Unit cell parameters

Space group P321 P 3, C121 P1241 P42,2 P 2,224

a, b, c (A 121.115, 121.115, 139.867, 139.867, 207.9, 44.91, 72.486, 92.352, 151.306, 151.306, 114.005, 118.897,
85.547 59.386 60.2 82.161 85.922 158.663

o B, v (°) 90, 90,120 90, 90,120 90, 96.07, 90 90, 101.6, 90 90, 90, 90 90, 90, 90

Resolution (A) 49.43-3.03 50.00-3.00 103.5 - 2.05 80.48-2.31 45.976-2.431 95.15-2.84

Measured reflections 1,286,517 725,669 130,097 151,799 556,930 342,597

Unique reflections 14277 (1343) 26023(2663) 34,664 (3461) 45787 (4593) 38009 (3757) 51506 (5066)

Completeness (%) 99.5 (96.97) 99.99 (100.00) 98.65 (99.3) 98.17 (98.58) 99.79 (99.89) 99.86 (99.74)

Rmerge 0.094 (0.908) 0.071 (0.979) 0.0615 (0.544) 0.134 (0.9418) 0.135 (0.89) 0.1414 (1.359)

Overall I/cl 61.41 (4.4) 34.75 (2.06) 12.96 (2.5) 7.72 (1.41) 17.36 (1.56) 15.7 (1.73)

Multiplicity 18.1 (18.5) 7.6 (7.8) 3.8 (3.8) 3.3 (3.4) 12.1 (2.94) 6.7 (6.7)

Wilson B-factor 96.69 97.47 37.42 38.88 51.26 67.3

Refinement

Resolution (A) 49.43-3.03 50.00-3.00 103.5 - 2.05 80.48-2.31 35.66-2.431(2.4919- 95.15-2.84
(3.143-3.034) (3.107-3.0) (2.12-2.05) (2.393-2.31) 2.431) (2.942-2.84)

Rwork/Riree 0.2537/0.2969 0.2272/0.2766 0.2159/0.2643 0.1942/0.2499 0.2114/0.2268 0.2184/0.2374

Rmsd bopd 0.008 0.007 0.01 0.012 0.011 0.011

lengths (A)

Rmsd bond 0.83 1.116 1.28 1.354 1.207 1.612

angles (°)

Number of 3868 7157 3793 7464 3749 13524

protein atoms

Number of 3 4 70 285 131 5

water atoms

B factor-average 104.6 100.8 51 455 53 86.7

B factor-Protein 104.6 100.8 51 45.6 53.2 86.7

Ramachandran statistics (Molprobity)

Preferred (%) 97.02 96.9 95.24 97.87 97.08 94.85

Allowed (%) 2.96 3.1 4.76 2.13 2.92 4.96

Disallowed (%) 0 0 0 0 0 0.19

Clash score 0.14 1.41 8.25 4.27 3.77 15.18

Statistics for the highest-resolution shell are shown in parentheses.

HECT domain N-lobe-Ub/UbV complexes superimpose with
0.8-1.5 A RMSD overall but also reveal details for how subtle
differences can be exploited for specific honcovalent targeting
at this site (Figures S1G, S4A, and S4B). Although previous
mutagenesis studies probed roles of Ub binding to the
N-lobe exosite, the interpretations have been inconclusive
and controversial. Proposed functions have ranged from
competition of Ub with the C2 domain to relieve E3 autoinhibi-
tion, binding of the acceptor Ub that receives Ub from the
HECT active site, or binding of substrate-linked Ub chains to
either stimulate or inhibit further chain elongation (French
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et al., 2009; Herrador et al., 2013; Kathman et al., 2015; Kim
et al.,, 2011; Maspero et al., 2011; Ogunjimi et al., 2010). To
date, it has not been possible to differentiate positive and nega-
tive roles of exosite Ub binding with deleterious mutations. By
contrast, adding a UbV to the ubiquitination reaction can pro-
mote positive allosteric effects on the E3 while competing
with prospective ubiquitinated substrates.

We therefore tested whether the NEDD4-family N-lobe exosite
generally recruits an acceptor Ub and/or relieves allosteric auto-
inhibition mediated by the C2 domain. For NEDD4L and WWP1,
we used pulse-chase assays that produce free Ub~Ub chains to



 HECTw HECTH

Figure 3. UbV Inhibitors Block the E2-Bind-
ing Site

(A) Crystal structures of UbV P1.1 and IT.2 in
complex with the HECT domains of WWP1 or
ITCH, shown beside a complex ofthe WWP1 HECT
domain and E2 enzyme UBCH?7. Structures are
shown aligned by the highlighted E2-binding sub-
domain. Details of interactions are in Figure S3.
(B) UbV hydrophobic patch residues hijack the
canonical binding site for F63 and P97 from the
E2 UBCH7 (Huang et al., 1999).

(C) Schematic view of HECT E3 reaction involving
E2, binding of which would be blocked by UbVs.
(D) Phosphorimager data from pulse-chase assay
showing transfer of fluorescent Ub to indicated E3
HECT domain, showing effects of selected inhib-
itory UbVs. See also Figure S3.

In (D), original image from one gel was spliced
(solid lines) and re-assembled.
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with a UbV did not inhibit Ub~Ub synthe-
sis, ruling out the possibility that this site
binds the acceptor Ub. Unexpectedly,
these UbVs activated E3~Ub, Ub~Ub
synthesis and substrate ubiquitination
for multiple truncation mutants of both
E3s, suggesting that the UbVs allosteri-

C Inhibitor UbV
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cally activate through mechanisms not
involving the C2 domain (Figures 4D-4F
and 5A-5C). Notably, occupation of the
N-lobe exosite by a UbV has different ef-
fects on different HECT E3s, because all
versions of WWP1 including the isolated

NEDDA4L
NL.3 NL.4

HECT~Ub* -

UBCH7~Ub*

HECT domain showed substantially acti-
vated Ub~Ub synthesis, whereas inclu-
sion of distal WW domains was required
to observe dramatic UbV-mediated acti-
vation for NEDDAL (Figures 4E versus 5B).

To further probe how UbVs differen-
tially modulate HECT E3 activities, we
performed a battery of experiments
with various substrates using either WT

monitor Ub transfer from the E3 to an acceptor Ub. Because
rapid HECT E3 autoubiquitination precludes generation of stable
HECT~Ub intermediates, we initiated the reactions with thio-
ester-bonded E2~Ub intermediates for the E2 UBCH7 using a
fluorescently labeled version of Ub. Adding the E2~Ub to an
active HECT E3 along with or without excess free Ub and sub-
strate tests the effects of UbVs on E3-mediated Ub transfer
from E2 to E3 to substrate or to acceptor Ub. The reactions
generate a thioester-bonded E3~Ub, isopeptide-linked Ub~Ub,
or ubiquitinated substrate product readily detected by SDS-
PAGE (Figures 4B-4F and 5A-5C). Surprisingly, experiments
performed in the presence of UbVs excluded some previously hy-
pothesized roles and instead identified novel functions for this
exosite on NEDD4L and WWP1. Saturating the N-lobe exosite

Ub or methylated Ub that cannot form

chains (Figures 5D-5F, S5, and S6).
Taken together, our data imply that UbV occupation of the
N-lobe exosite modulates activity through numerous mecha-
nisms that were not previously reported. For example, for
NEDD4L and Rsp5, N-lobe exosite-binding UbVs activated
the transthioesterification reaction (Ub transfer from E2 to E3)
in 2 manner that is independent of the C2 domain but depends
on the distal WW domains, presumably by relieving their auto-
inhibition (Figures 4D, 4F, 5D-5F, and S5B) (Riling et al., 2015).
Intriguingly, two UbVs modulate NEDD4L activity by decreasing
processive and increasing distributive multi-monoUb ligation
directly to substrate, with slightly increased Ub chain elonga-
tion (Figures S6A-S6E, S6H, and S6l). Thus, unlike previous
reports on other NEDD4-family members that suggested block-
ing Ub binding primarily inhibits processive extension of a Ub

Molecular Cell 62, 121-136, April 7, 2016 ©2016 Elsevier Inc. 127

CellPress




Cell’ress

NEDD4L

B E2(Cys)~Ub* + HECT E3(Cys) — E2(Cys) + HECT E3(Cys)~Ub*
HECT E3(Cys) + substrate~Ub* or Ub~Ub* «—— + substrate or Ub
c Distal W$/ domain
FL @ EEDED
WW,,HECT D E
ww___-HECT Ww4 HECT
proximal
HECT T HECT (c)
Proximal WW domain
o NEDD4L E NEDDAL F
FL + = = =
FLo+ - - - + - - - WW,HECT -  + - - NEDDAL N .
WW,-HECT - + - - - + - - Ww_ "HECT - = 4+ - FL - - ==
WW,mHECT = =+ - - -+ - HECT - _- _- _+ WW,-HECT - = = -
HECT - e = = UBVNL1 - + - + + - + ww . HECT = - + I +
UBVNLIL —# o i o o cte o i 2 = UBVNL1 - % - % =% —+-% -+
Yl = i T [ = — =
2 i = - - =) = % |
X - % il '
g sSazl 2 . g !
g s z g !
z : WBP2~Ub"| e |-l -
UBCHT~Ub* [w : UBCHT~Ub" (RS g .
- UBCHT-UD"| o e i e i 4 T vy
time(s)[ 150 90 90 10 ' 150 90 _ 90 10 Lut+ DR e i i B
UbVNL2 -+ -+ -+ -+ -+ -+ -+ -+ time (s) [_600 600 600 600
Py Fl g —  _ _—  — UBYNLZ TF 5% TF —F-F —F
=) - ' UVNL2 = + — + - + - + P -
4 i : = 3 =R !
g | = &F g :
2 - 4 8 |
. : 2 e g :
i e - - WBP2~Ubr| - - - - -
UBCHT~Ub* | e s s e e e s s |1 g :
i
time () 150 _90 90 10 1 150 90 90__10 UBCH7~Ub* [l 8 48 o s e,
+100 MM DTT UBCH7~Ub* |4 s s s s time (s)[ 60 45 90 1 60 25 90
+100 mM DTT
Ub~Ub* | ==
time (s) [600___600 600 600
G 1 1 21 31 a1 51 61 7
Ub [el FV[{T@T[EKTI TLEVEPSDTI ENVKAKI QDKEGIPPDQQ[IL| FAG[IL EDGRTLSDYNIWKEST L[IL AR L R G/
ISVAN IV FvTET[AKTI TLEVEPSDTI ENVKAKI QDKEGIPPDQQNLI FAGRIAL EDGRTLSDYNIIKEST LML [@URL RGHEN]
H | J
Amount Ub-diGLY UB-AQUA measurement UB-AQUA measurement
(normalized to total amount Ub) {nomalized to total:amount Ub) (normalized to total amount Ub)
= N 800 = M1 — 400 —
o B KGG =
. oo =e  Fx 4 . 43N
£ 8 400 . o g 1o = K11
g 500 e o . K27 o = K27
& I} = K29 £ 1=
S b - K33 3 B K29
S 250 3 30 S 50 B K33
2 o B K48 o
< < 20 < B K48
. 10: B K63 B K63
o o
M T Neooa + + +  NEDDAL ] ) %
N ® ::U toe Ty B 2 ;’ o o i) Time UbV.NL.1 induction (h)

Figure 4. UbV Activators Bind to the N-Lobe Exosite

(A) Close-up view of crystal structures of indicated HECT-Ub and HECT-UbV complexes, with HECT domains in magenta, Ub in olive, and UbVs in yellow. Details
of interactions are in Figure S4.

(B) Scheme of pulse-chase reactions. A thioester-bonded E2~Ub intermediate was enzymatically generated using E1, E2 UBCH?7, and fluorescently labeled Ub.
After quenching formation of the E2~Ub intermediate, various versions of HECT E3s were added either alone or with the substrate WBP2 or free Ub. Reactions
were monitored by following the fluorescent Ub, first in E2~Ub, then in E3~Ub, and where tested ultimately in substrate~Ub or Ub~Ub products.

(legend continued on next page)
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chain (Kathman et al., 2015; Kim et al., 2011; Maspero et al.,
2011, 2013), our data demonstrate that occupation of the
exosite positively and negatively influences many properties
of the reaction. Accordingly, ubiquitination can be activated
by relief from autoinhibition and increased substrate turnover,
yet individual substrate molecules may have fewer lysines
modified at a time. Depending on reaction conditions, there
may be increased flux through the pathway when NEDD4L
is saturated with an exosite-binding UbV. Indeed, we used
the UB-AQUA method, an unbiased proteomics approach for
quantifying ubiquitin signaling (Kirkpatrick et al., 2005; Ordur-
eau et al.,, 2015; Ordureau et al., 2014; Phu et al., 2011),
and found that NL.1 increased the total abundance of Ub
chains, primarily containing canonical K63-linkages, formed
on in vitro autoubiquitinated NEDDA4L (Figures 4G-4l). Further-
more, this effect was also observed upon induction of NL.1
expression in HEK293 cells, which resulted in a ~20% increase
in total K63-linked chains (Figure 4J).

Interestingly, the effect of UbV binding to the N-lobe exosite
on WWP1 differs from the effect on NEDDA4L (Figures 5D-5G
and S6). Although UbV P2.3 slightly inhibits WWP1 reactions
where a substrate molecule only encounters the E3 once, it
massively increases the amount of substrate modified and the
number of Ubs attached in reactions where ubiquitinated prod-
ucts that are released can re-bind WWP1 during repeated
reaction cycles (Figures S6F, S6G, and S6J). The simplest inter-
pretation is that UbVs block capture of a substrate-linked Ub and
that this is less important for processive monoubiquitination of
multiple sites during a single encounter with WWP1 than with
NEDDA4L. Instead, our data are consistent with a model where
this is more important for reactions where ubiquitinated sub-
strates come off and on E3s during repeated reaction cycles
(Figures S6B-S6E versus S6F and S6G).

UbVs Modulate HECT E3 Functions in Cells and
Intestinal Organoids (Mini-Guts)

Given the utility of the UbVs for probing HECT ES3 functions
in vitro, and the parallel effects of UbV NL.1 on increasing Ub
chain formation in mammalian cells (Figure 4J), we examined ef-
fects in cells upon expressing UbVs targeting a select panel of
HECT E3s (HACE1, HUWE1, WWP2, and NEDDA4L). In all cases,

expression of UbVs increased or attenuated ubiquitination levels
in accordance with their in vitro properties (Inoue et al., 2013;
Maddika et al., 2011; Torrino et al., 2011). For instance, inhibitors
of HACE1 or HUWET1 significantly decreased ubiquitination of
the HACE1 target Rac1 (Figure S7A) or stabilized the protein
levels of HUWE1 and its substrate c-Myc, respectively (Fig-
ure S7B). Furthermore, activators of WWP2 increased autoubi-
quitination and degradation of WWP2 and its substrate PTEN
(Figures S7C and S7D).

We also evaluated the effects of UbVs targeting NEDDA4L on
regulation of its best-characterized substrate, the Epithelial
Na* Channel, ENaC (SCNNT) (Kamynina et al., 2001; Kimura
et al., 2011). Kidney-derived epithelial MDCK cells stably
expressing afyENaC (Figures 6A and 6B) and activator NL.1 or
inhibitor NL.3 (Figure S7E) were tested for ENaC cell surface
stability and function. Our results show reduced stability and
cell-surface expression of ENaC by NL.1, but not NL.3 (Figures
6A-6C and S7F), and accordingly, reduced or enhanced ENaC
function (amiloride-sensitive Na* channel activity, Isc) by NL.1
or NL.3, respectively (Figures 6D and 6E). Taken together, these
results show that UbVs activate or inhibit HECT E3s in cells in a
manner consistent with their in vitro activities.

The ability to modulate NEDDA4L activity is of particular inter-
est, because elevated cell surface expression of ENaC and
Na*-Cl~ Co-transporter ([INCC], another NEDD4L substrate)
in the distal nephron causes increased Na* reabsorption and
salt-induced hypertension (Ronzaud et al.,, 2013). Indeed,
mutations in the PY motifs of ENaC, which prevent proper
NEDDA4L binding to and suppression of this channel, cause Lid-
dle syndrome, a hereditary hypertension disorder (Lifton et al.,
2001). Likewise, renal tubular deficiency of NEDD4L causes
salt-induced hypertension by elevated NCC and ENaC abun-
dance and function (Ronzaud et al., 2013). The increased
NCC function and hypertension partially resembles Pseudohy-
poaldosteronism Il (PHA Il), another genetic hypertension
caused by elevated NCC function due to mutations in its regu-
lators, the WNK kinases (Wilson et al.,, 2001). Moreover,
NEDDA4L targets ENaC in lung epithelia, and NEDDA4L depletion
there causes massive inflammation and airway mucus plug-
ging, resembling lung disease in cystic fibrosis patients (Kimura
et al., 2011).

(C) Schematic diagrams of NEDD4L and WWP1 deletion mutants used in assays to define domains (C2, all WW domains, proximal WW domain, and/or catalytic
HECT domain) required for UbV modulation of ubiquitination activities.

(D) Pulse-chase reactions testing effects of UbVs (Top: UbV NL.1, Bottom: UbV NL.2) on NEDD4L-mediated Ub transfer from E2 to E3. Requirements of various
E3 domains for UbV modulations were examined with four deletion constructs for each E3. For NEDDA4L, the distal WW domains, present in NEDD4L™" and
NEDD4LWWEN-HECT bt not NEDD4LWW(Proximal-HECT ' 5r6 required for UbV stimulation of catalysis.

(E) Pulse-chase reactions testing effects of UbVs on free Ub chain formation by NEDD4L, from phosphorimager data monitoring effects of UbVs on fluorescent Ub
transfer from an E2 (UBCH?7), to the indicated WT or deletion mutant version of NEDDA4L, to free Ub.

(F) Pulse-chase reactions testing effects of UbVs on NEDD4L-mediated Ub transfer from E2 to E3 to substrate. These reactions require the WW domains for
substrate recruitment. For NEDDAL, the distal WW domains, present in NEDD4L™ and NEDD4LWW@N-HECT bt not NEDD4LWWProximal-HECT 46 required for UbV
stimulation of catalysis.

(G) Sequence alignment of Ub and UbV NL.1. The white letters on a black background indicate identical sequences, and the black letters on a gray background
indicate similar sequences. Due to sequence identity with UbV NL.1, K27 and K29 linkage of Ub could not be absolutely quantified.

(H and I) UB-AQUA proteomics of total Ub-diGly (H) and individual Ub chain linkage types (1) for in vitro NEDDAL reaction mixtures (45 min) and the effect of UbV
NL.1. Error bars represent experimental triplicate measurements (+ SEM).

(J) UB-AQUA proteomics of individual Ub chain linkage types measured from whole-cell lysate HEK293 cells expressing UbV NL.1 for the time indicated. Error
bars represent biological triplicate measurements (+ SEM). *: Amount quantified can be from Ub and/or UbV NL.1. See also Figure S4.

In (D)—(F), solid lines indicated places where images from two gels in a single experiment were assembled together.
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Figure 5. UbVs Binding to the N-Lobe Exosite Differentially Modulate Related HECT E3 Ligases

(A-C) Same reactions were performed as in Figures 3D-3F, except for the HECT E3 WWP1. UbV P2.3 can activate all versions of WWP1 from E2 to E3 then to
substrate of Ub~Ub synthesis.

(D) Schematic of mechanisms by which UbVs activate (GO) or inhibit (STOP) Ub transfer from an E2 to a HECT E3. To prevent HECT E3 autoubiquitination, E3s
were mutated with an Ala substitution at a conserved Asp that is dispensable for Ub transfer from E2 to NEDD4-family HECT E3s but that is required for Ub
transfer from NEDD4-family HECT E3s to lysines (Kamadurai et al., 2013).

(legend continued on next page)
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Thus, our identification of UbV activators of NEDDA4L function
could point to a novel therapeutic avenue for the treatment of hy-
pertension and inflammation. This would require a proof that
UbVs can function in mammalian tissues, not just in isolated
cells. To this end, we utilized the recently developed technology
to grow 3D intestinal epithelial organoids (mini-guts) from intes-
tinal stem cells (Sato and Clevers, 2013) and grew mouse distal
colon organoids; the distal colon strongly expresses both ENaC
and NEDDA4L (Duc et al., 1994; C. Jiang and D. Rotin, unpub-
lished data). Consistent with inhibition of ENaC function
observed in MDCK cells, lentiviral transduction of NL.1 caused
organoid luminal swelling due to reduced fluid reabsorption
into the media, while expression of NL.3 had the opposite effect
(Figures 6F and S7G). The effect of UbVs on the organoid luminal
volume change is likely mediated by NEDDAL regulating ENaC
(which is expressed in these organoids; Figure S7H), as treat-
ment of NL.3 UbV-transduced organoids with the ENaC inhibitor
amiloride prevents the reduction in organoid surface area (Fig-
ure 6G). In conclusion, these data suggested that activation of
NEDD4L by targeting of the N-lobe exosite could be a means
for treatment of hypertension and inflammation.

Lentiviral UbV Genetic Screen Identifies Novel
Functions of HECT E3s
To test whether UbVs can be used in a screen to discover un-
known biological functions of HECT E3s in an unbiased and
high-throughput manner, we used our UbV panel to globally
interrogate the family for roles in cell migration, a pathway known
to involve ubiquitination and that is central to embryonic devel-
opment and plays a major role in cancer invasion and metastasis
(Deng and Huang, 2014; Simpson et al., 2008). While SMURF2
and HACE1 have been implicated in cell migration by RNAi
studies (Castillo-Lluva et al., 2013; David et al., 2014; Jin et al.,
2009), we wondered whether our unprecedented ability to acti-
vate (or block) enzyme activity with UbVs could both score these
positive controls and also potentially reveal roles for other HECT
E3s not known previously as regulators of this pathway. To this
end, we transduced HCT116 human colon cancer carcinoma
cells with a pool of 83 distinct lentiviruses, each containing an
inducible defined UbV expression cassette targeting one of 19
HECT E3s or one of 13 other proteins, and analyzed the migra-
tory response in a trans-well migration assay by deep
sequencing (Figures 7A and 7B). Selected modulatory UbVs
were further validated individually using two different cell migra-
tion assays (Figures 7C-7E).

Upon induction of UbV expression by doxycycline and as ex-
pected based on RNAIi experiments (Castillo-Lluva et al., 2013;
Jin et al., 2009), our screen identified inhibitors of HACE1

(HA.3) and SMURF2 (S2.5) that increased or decreased cell
migration, respectively (Figure 7B). In addition, we found that
two activators (P2.3 and NL.1) caused striking decreases in
cell migration. UbV P2.3 binds to both WWP1 and WWP2 (Table
S4), and its effect is thus likely due to the combined activation of
these two enzymes. UbV NL.1 potently and specifically activates
NEDDAL, which has not previously been implicated in cell migra-
tion. To identify putative NEDDA4L substrates, we assayed effects
of UbV NL.1 transient expression on protein levels of small
GTPases, which are key regulators of cell migration (Alfano
et al., 2012; Torrino et al., 2011; Wang et al., 2003; Wang et al.,
2014). Notably, we observed decreased abundance of endoge-
nous RhoB protein following transient or inducible expression
of NL.1 (Figures 7F and S7I), suggesting that RhoB could
be an ubiquitination substrate of NEDD4L. Consistent with
this, we observed that NEDDA4L interacts with RhoB in a co-
immunoprecipitation (IP) experiment (Figure 7G). Moreover,
NEDD4L was able to ubiquitinate RhoB in cells (Figure 7H) and
in vitro (Figure S7J), a process that was enhanced by NL.1. We
further confirmed that in HCT116 cells, the depletion of RhoB
decreased cell migration to the same level as Rac1 knockdown
(Figure 71). Although the function of RhoB in cell migration is not
entirely understood, our observations are consistent with a
report showing that depletion of RhoB can significantly reduce
migration and invasion of prostate carcinoma cells (Alfano
et al., 2012). Based on our observations, RhoB is likely a func-
tional substrate of NEDDA4L in regulating cell migration and
access to both inhibitors and activators of HECT E3s enhanced
our view of how these enzymes work to regulate cell migration
(Figure 7J). The results imply that activation of NEDD4L through
binding to the N-lobe exosite could be exploited as a novel
means for inhibition of metastatic phenotypes.

DISCUSSION

There is great need for platforms that enable exploring func-
tions of entire protein families in a wide array of settings.
Indeed, the ability to screen kinases with hundreds of thou-
sands of related potential inhibitory compounds has revolution-
ized our understanding of phosphoregulation and has revealed
phosphorylation cascades to target for therapeutic develop-
ment (Gross et al., 2015; Zhang et al., 2009). Given that ubiqui-
tination plays equally important roles in signaling pathways
essential for human health (Nalepa et al., 2006), it is very likely
that similar systems directed at probing E3 ligase functions will
yield new therapeutic avenues for many diseases. Furthermore,
while traditional screening methods typically focus on de-
veloping inhibitors, an emerging concept is that allosteric

(E) Roles of distal WW domains in UbV modulation of Ub transfer from E2 (UBCH5B) to NEDDAL, assayed by titrating UbVs into reactions with versions of NEDD4L
harboring all WW domains (NEDD4LW@-HECT) o only the proximal WW domain (NEDD4LWWProximal-HECT) jn aqdition to the catalytic HECT domain. The distal
WW domains are required for NL.1 and NL.2 to stimulate catalysis, whereas NL.3 and NL.4 inhibit Ub transfer from E2 to both versions of the E3. Note different

reaction times used to highlight activation or inhibition.

(F) Same as (E), but for the E3 WWP1 and an activating UbV. Notably, for WWP1, even the isolated catalytic HECT domain alone is stimulated by the UbV in these

reactions.

(G) Models for different steps in Ub chain formation affected by UbVs binding to various NEDD4-family HECT E3s. For NEDD4L and Rsp5, UbV stimulation
requires distal WW domains, potentially by releasing their autoinhibition. For WWP1, UbV stimulation only requires the HECT domain, which may be con-

formationally stabilized by UbV binding. See also Figures S4-S6.

Solid lines indicated places where images from two gels in a single experiment were assembled together.
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Figure 6. UbVs Modulate NEDD4L Functions in Cells and Intestinal Organoids (Mini-Guts)

(A and B) Western blot analysis of protein levels of HA-tagged «ENaC (A) and Myc-tagged BENaC (B) (in MDCK cells stably expressing asxta, Bmyc,17 and Yriag-
ENaC) with NEDD4L UbV NL.1 or NL.3 (or no UbV) in cells treated (or not) with the indicated concentrations of the lysosomal inhibitor chloroquine (ChQ). Actin blots
are shown as loading control. Reduced levels of cleaved aENaC (the active form of «ENaC) and BENaC were observed with the expression of NL.1 but not NL.3.
(C) Immunofluorescence analysis of cell surface ENaC in MDCK cells (stably expressing tagged «, B, and YENaC, «fyENaC) co-expressing either UbV NL.1 or
NL.3. Non-permeablized cells were stained for ENaC with antibodies directed to its ectodomain. Cells were then permeabilized and stained for DAPI (nucleus).
(D) ENaC function (Isc) analyzed in Ussing chambers in the above MDCK cells stably expressing tagged afyENaC alone or together with NL.1 or NL.3. The traces
from one representative experiment (arrow: apical addition of the ENaC inhibitor amiloride, 10 uM) are shown.

(E) Summary of three separate experiments (mean + SEM) of resting Isc or amiloride-sensitive Isc as described in (D).

(F and G) Quantification of surface area (in pixels) of control intestinal (distal colon) organoids (GFP-transduced) or organoids expression ubiquitin variant (NL.1 or
NL.3), 7 days after seeding. Histogram bars represent mean + SEM. N = 3040 organoids per condition. Pixel count to surface area ratio is 1 pixel to 0.78 um?. In
(F), Statistical analysis demonstrated a significant difference in surface area between the control and NL.1-expressing organoids (t test, p < 0.05). In (G),
NL.3-expressed organoids were incubated with or without amiloride (10 uM) for 30 min followed by analysis of surface area by microscopy. See also Figure S7.
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Figure 7. UbVs Reveal New Functions of HECT E3s in Cell Migration

(A) Schematic representation of the HECT UbV lentiviral library screens for the identification of UbVs affecting cell migration (see Experimental Procedures for
details).

(B) Ranking by migration ratio of 83 UbVs from two independent pooled UbV lentivirus screens examining cell migration in HCT116 cells using a trans-well assay.
UbVs discussed in the text are circled.

(C) Quantitation of migrated HCT116 cells (%) stably expressing control Ub and indicated UbVs using the trans-well assay. The data were presented as the
mean + SEM (N = 3) normalized to non-Dox treatment control.

(legend continued on next page)
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modulators are likewise useful tools for interrogating pathways
and developing therapeutics (Arkin et al., 2014; Hardy and
Wells, 2004).

Here we showed that engineered UbVs are broadly useful
for probing various functions across an E3 ligase family.
Rather than acting as simple substrate mimics that target the
active site, the UbVs acted through alternative structural
mechanisms, which led to many unanticipated discoveries
that collectively demonstrate versatility of the platform and di-
versity of HECT E3 ligase mechanisms. First, UbVs can target
sites not known previously to bind Ub, such as the E2-binding
site. Thus, it seems that the plasticity of the Ub fold allows se-
lection of UbVs that target binding sites in general, although
the striking similarity of the WWP1 and ITCH complexes with
their UbVs also raises the question as to whether Ub may
bind here as a natural means of regulation. Second, the ability
to use UbVs to probe functions across an E3 ligase family un-
veiled strikingly different roles of parallel interactions targeting
HECT N-lobe exosites on different reactions performed by a
given HECT E3, and among homologous proteins. Third, our
system allows simultaneous selection of UbVs modulating
various protein activities, showing that the complexity of
multi-domain proteins can be exploited to alter rather than
inhibit enzymatic functions. Notably, we anticipate that future
studies could improve capturing distinctive mechanisms, for
example, through addition of various types of counter-screens
during UbV selection.

Because a screen for UbV binders can yield modulators
targeting different sites, which lead to very different effects
on enzymatic function, the options for identifying potential
pathways for therapeutic intervention are expanded beyond
simple inhibition. Insights gained from in vitro analyses can
be extended to cellular systems with lentiviral delivery of
UbV genes. In particular, as shown by the example of
NEDDA4L, activation of E3 ligases may be exploited to enhance
ubiquitination and degradation of ion channels involved in the
regulation of blood pressure and inflammation, and of
signaling proteins involved in cell migration and other cell
functions that are subverted during cancer progression. More-
over, our results with NEDD4L UbV expression in colonic mini-
guts demonstrate for the first time that UbVs can function in
mammalian tissues, suggesting a means for modulating
HECT ES3 ligase activity for therapeutic benefit, and establish
utility of the system in models of development and disease.

We anticipate that our UbV toolkit will be useful for re-
searchers exploring other pathways regulated by HECT E3s
in cells and tissues and that the UbV selection platform will
be generally amenable to cellular screens for studying the
biology of ubiquitination and for the identification of new stra-
tegies for therapeutic targeting that go beyond traditional
inhibitor development.

EXPERIMENTAL PROCEDURES

Selection of UbVs by Phage Display

The phage displayed UbV library used in this study was re-amplified from
Library 2 as described (Ernst et al., 2013). Protein immobilization and UbV
binding selections were performed according to established protocols (Toni-
kian et al., 2007).

Protein Crystallization

Six HECT E3-UbV complexes were crystalized: NEDD4L'ECT-Ubv NL.1,
WWP1HECT_UpV P2.3-UBCH7, WWP1"ECT-UbV P1.1, Rsp5"ECT-UbV R5.4,
ITCH"ECT_UbV IT.2, and NEDD4"ECT-UbV N4.4. Crystallization conditions
and data analysis details are in the Supplemental Information.

Pulse-Chase Ubiquitination Assays

The biochemical assays were performed and monitored using either fluores-
cently labeled ubiquitin (Ub*, * stands for fluorescein probe) or substrates
(WBP2* or S-WBP2-1K*). In all UbV-treated assays, 10-fold molar ratio of
UbV/E3 was used to saturate HECT E3 with UbV during the entire reaction
time. All reacted samples were quenched by mixing with SDS sample loading
buffer, separated by SDS-PAGE, and analyzed based on fluorescent signals
of Ub*, WBP2*, or S-WBP2-1K*. A Typhoon FLA9500 Phosphoimager (GE
Healthcare) was used to scan fluorescent gel images.

ENaC Stability and Functional Assays
To evaluate ENaC cell surface stability, MDCK cells stably expressing
afyENaC (Lu et al., 2007) together with NL.1 or NL.3 were seeded on 6-well
plates and treated (or not) with 44.4 uM cycloheximide (CHX) at the indicated
times. Cells were biotin-labeled with 0.5 mg/ml EZ-Link Sulfo-NHS-LC-Biotin
(15 min, 4°C), washed with PBS to remove unbound biotin, and lysed. Stability
of surface ENaC was determined by quantifying «ENaC, as described in Sup-
plemental Information, together with procedures for Ussing chamber analysis
and immunofluorescent (IF) confocal microscopy.

Full details of experimental procedures are given in the Supplemental
Information.

ACCESSION NUMBERS

Coordinates for all structures solved in this paper have been deposited to the
PDB. The accession numbers are PDB: 5C7M, 5C7J, 5HPK, 5HPL, 5HPS, and
5HPT.

(D and E) Wound healing assay was performed to examine the effect of indicated UbVs on cell migration efficiency. Representative photos of scratch wound
closure with and without expression of NL.1 are shown in (D).

(E) Quantitation of relative wound density closure after scratch in MDA-MB-231 cells stably expressing indicated UbVs (no UbV as control). The data are pre-
sented as the mean + SEM (N = 3).

(F) Expression of NL.1 destabilizes RhoB. Whole-cell extracts from HCT116 cells with transient expression of vector or FLAG-tagged NL.1 were subjected to
western blotting using the indicated antibodies.

(G and H) NEDDA4L immunoprecipitated (G) and ubiquitinated RhoB in cells (H). NL.1 stimulated the activity of NEDDAL (H). HCT116 cells were transfected with
constructs encoding HA-Ub, Myc-NEDDA4L, FLAG-RhoB, and UbV NL.1. Whole-cell lysates were subjected to IP with Myc (G) or FLAG (H) antibody and followed
by western blotting using the indicated antibodies. Cell lysates were also immunoblotted with the indicated antibodies to monitor expression levels.

(I) RhoB is required for cell migration of HCT116 cells. Quantitation of migrated HCT116 cells expressing control shRNA or two different shRNAs targeting Rac1 or
RhoB. Scatter blots of mean migrate cell counts from three independent experiments were shown.

(J) Schematic illustration of the roles of HECT ES3 ligases in regulation of cell migration. UbV inhibitors confirmed that SMURF2 promotes and HACE1 inhibits cell
migration, presumably through ubiquitination of CNKSR2 or Rac1, respectively. In addition, UbV activators revealed that NEDDAL inhibits cell migration by
ubiquitination of RhoB and activation of WWP1 and/or WWP2 also leads to decreased cell migration. See also Figure S7.
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