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Abstract

Downregulation of ubiquitin (Ub) ligase activity prevents premature ubiquitination and is critical for cellular
homeostasis. Nedd4 Ub ligases share a common domain architecture and yet are regulated in distinct ways
through interactions of the catalytic HECT domain with the N-terminal C2 domain or the central WW domain
region. Smurf1 and Smurf2 are two highly related Nedd4 ligases with ~70% overall sequence identity. Here,
we show that the Smurf1 C2 domain interacts with the HECT domain and inhibits ligase activity in trans.
However, in contrast to Smurf2, we find that full-length Smurf1 is a highly active Ub ligase, and we can
attribute this striking difference in regulation to the lack of one WW domain (WW1) in Smurf1. Using NMR
spectroscopy and biochemical assays, we identified the WW1 region as an additional inhibitory element in
Smurf2 that cooperates with the C2 domain to enhance HECT domain binding and Smurf2 inhibition. Our work
provides important insights into Smurf regulation and highlights that the activities of highly related proteins can

be controlled in distinct ways.

© 2019 Elsevier Ltd. All rights reserved.

Introduction

Ubiquitination is a posttranslational modification
that controls a broad range of essential cellular
processes in eukaryotes including endocytosis,
protein interaction, localization and degradation,
and DNA transcription and repair. The ubiquitination
reaction is catalyzed by three enzymes that act in a
consecutive manner [1]. An E1 enzyme activates
ubiquitin (Ub) and transfers it to an E2 enzyme.
Lastly, Ub is covalently linked to a substrate with the
aid of a Ub ligase (E3 enzyme). Ub can be attached
to proteins as monomer at a single or multiple Lys
residues (monoubiquitination/multiubiquitination) or
as a polymeric chain (polyubiquitination) that is
linked via any of the seven Lys residues or the Ub
N-terminus by the repeated action of the ubiquitina-
tion enzyme cassette [2]. The length and linkage of
polyUb chains are largely determined by the E3
ligases and dictates the cellular fate of the modified
target. Moreover, as E3 enzymes are the first in the
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reaction chain to interact with substrates, they play
an important role in conferring specificity to the
reaction. Not surprisingly, genetic alteration and
deregulation of E3 enzymes are directly linked to a
variety of diseases, including cancer [3].

A subfamily of E3 ligases contains a so-called
HECT (Homologous to the E6AP Carboxyl Termi-
nus) domain at the C-terminus that catalyzes Ub-
substrate ligation in a two-step manner [4]. First, the
HECT domain forms a thioester intermediate via its
catalytic Cys with the C-terminus of Ub. Next, Ub is
transferred from the HECT thioester to the e-amino
group of a Lys side chain in the substrate. Of note,
many HECT domains depend on a noncovalent
interaction with Ub to form polyUb chains [5—7].
Nedd4 family E3s are the largest class of HECT-type
Ub ligases with nine members in humans (Nedd4,
Nedd4L, WWP1, WWP2, lich, Smurf1, Smurf2,
HECW1, and HECW2) [8]. Nedd4 ligases target
components of various signal transduction pathways
that are crucial for developmental and carcinogenic
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processes [9—14]. These enzymes share a con-
served domain organization with an N-terminal C2
domain mediating membrane localization, two to
four WW domains that contain two signature Trp
residues and bind proline-rich substrates or adaptor
proteins, and the C-terminal, catalytic HECT domain.
In the absence of substrates or adaptor proteins, the
catalytic activity of Nedd4-like family E3s is down-
regulated by intramolecular interactions that prevent
premature auto- and substrate ubiquitination. In
Nedd4 members, such as Smurf2, Nedd4, and
Nedd4L [15—18], the N-terminal C2 domain interacts
with the C-terminal HECT domain to inhibit ligase
activity. In the Nedd4 members such as Itch, WWP1,
and WWP2 instead, autoinhibition does not involve
the C2 domain but is mediated by intramolecular
interactions between the second WW domain, the
WW2-3 linker, and the HECT domain [19—21]. In
any case, these intramolecular interactions with the
HECT domain prevent E2-E3 transthiolation and
block noncovalent Ub binding.

Smurf1 and Smurf2 share 70% sequence identity
for the full-length (FL) proteins with the major
difference being the lack of the first WW domain in
Smurf1 (Fig. 1a). Considering only the C2 and HECT
domains, the level of sequence identity rises to even
almost 90% suggesting that the autoinhibitory
C2:HECT interaction should be conserved in
Smurf1. However, reports on the catalytic activity in
the literature disagree on whether Smurf1 activity is
regulated [9,22—24]. Here, we investigated in detalil
the mechanism of Smurf ligase regulation. We found
that the Smurf2 WW1 domain together with the C2-
WW1 linker strongly enhances the C2:HECT inter-
action to effectively downregulate E3 ligase activity.
Although Smurfi and Smurf2 are highly related
proteins, we find that, in contrast to Smurf2, Smurf1
is not inhibited by a C2:HECT interaction. We show
here that this difference in regulation between
Smurfi and Smurf2 stems from the lack of the
WW1 domain in Smurf1.

Results

The Smurf1 HECT domain interacts with the C2
domain in trans

To investigate whether the C2:HECT interaction is
conserved between Smurfl and Smurf2, we per-
formed chemical shift perturbation (CSP) experi-
ments with an AILMV (Ala -, lle 8¢-, Leu-34 »-, Met -
, and Val v4-['H,'3C]-methyl-, but otherwise
[?H,'2C])-labeled Smurfl HECT domain (Fig. 1b,
Supplementary Fig. 1a). NMR spectroscopy is a
highly sensitive tool to study biomolecular interac-
tions as the resonance frequencies (chemical shifts)
of the observed atomic nuclei depend on the local

chemical environment. Ligand binding causes
changes in the local chemical environment of those
amino acids that are located in the binding pocket
resulting in observable CSPs for those residues [25].
To examine whether the Smurf1 C2 domain interacts
with the HECT domain, we recorded 2D 'H,'*C
correlation (HMQC) spectra of the AILMV-labeled
HECT domain alone and in the presence of
unlabeled Smurf1 C2 domain (Fig. 1b, Supplemen-
tary Fig. 1a). Comparison of these spectra revealed
CSPs of more than 15 Hz for a number of methyl
groups in the Smurf1t HECT domain. This demon-
strates that the Smurf1 HECT domain interacts with
the C2 domain.

To map the CSPs onto the structure of the Smurf1
HECT domain, we generated a homology model
based on the sequence of the ~86% identical Smurf2
HECT domain (PDB ID: 1ZVD) [26] and assigned
most of the lle 8;- and Met e-methyl peaks in the
IM (lle 3;- and Met e-['H,'®C]-methyl-) HMQC
spectrum of the Smurfl HECT domain by point
mutation of lle and Met residues and comparison of
the WT and mutant HMQC spectra. With this in
hand, we can show that the Smurfi C2 domain
interacts with the HECT domain on a binding surface
that is highly similar to Smurf2 (Fig. 1c, Supplemen-
tary Fig. 1b and c) [15,17]. To substantiate this result,
we introduced a Y433M mutation in the Smurf1
HECT domain that is located within the C2 binding
surface on the N-lobe (Fig. 1c) as an additional NMR
reporter for C2 domain binding [17,27]. The addi-
tional peak resulting from the mutation could be
easily identified by comparison of the mutantand WT
HMQC spectra (Supplementary Fig. 1d). Indeed,
addition of the Smurf1 C2 domain to this mutant
altered the chemical shift of the Y433M methyl
group. Otherwise, the CSPs for this mutant were
similar to those observed in the WT Smurf1 HECT
domain (Supplementary Fig. 1e). This result thus
confirms the C2 binding surface mapped with the
CSPs of the WT HECT domain.

To examine whether also the binding surface of
the HECT domain on the C2 domain is conserved
among Smurf1 and Smurf2, we recorded 'H,'°N-
correlation TROSY spectra of a partially deuterated,
">N-labeled Smurf1 C2 domain in the absence and
presence of increasing amounts of unlabeled HECT
domain. We observed that a number of peaks in the
Smurf1 C2 domain exhibited substantial CSPs
(Fig. 1d). To map the HECT binding surface on the
C2 domain, we assigned the backbone resonances
of the Smurft C2 domain using standard triple
resonance NMR experiments and visualized the
observed CSPs on the crystal structure of the C2
domain (PDB ID: 3PYC) [22]. This revealed that also
the HECT domain interacts with the C2 domain in
Smurf1 using virtually the same binding surface as in
Smurf2 (Fig. 1e) [15].
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Fig. 1. The Smurf1 HECT domain interacts with the C2 domain on a surface that is conserved in Smurf2. (a)
Sequence identity between Smurf1 and Smurf2. Identical residues are colored in blue. Alignment gaps are indicated with
red lines. The regions comprising the C2, WW, and HECT domains are highlighted with black boxes, and the
corresponding residue numbers are indicated. (b) Overlay of selected regions of 'H,'®*C-methyl HMQC spectra of the
AILMV-labeled Smurf1 HECT domain in the absence and presence of increasing amounts of unlabeled Smurf1 C2
domain. (c) Chemical shift mapping of the Smurf1 HECT:C2 interaction on a ribbon representation of a Smurf1 HECT
homology model. Residues exhibiting CSPs >15 Hz at an eight-fold stoichiometric excess of C2 domain are color-coded
as indicated. lle and Met side chains are shown as sticks, while the isotope-labeled methyl carbons are shown as spheres.
(d) Overlay of selected regions of 'H,"®N-TROSY spectra of the '>N-labeled Smurfi C2 domain in the absence and
presence of increasing amounts of unlabeled Smurf1 HECT domain. (e) As ¢, but for HECT domain binding to the Smurf1
C2 domain. Residues exhibiting CSPs >15 Hz at a two-fold stoichiometric excess of HECT domain are color-coded as
indicated. Nitrogen atoms are shown as spheres.
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Finally, we compared the interactions of the C2
and HECT domains in Smurfi and Smurf2 in a
quantitative manner. To determine the dissociation
constants (K4 values) for the Smurft and Smurf2
C2:HECT interactions, we performed 2D NMR line
shape fitting analyses of methyl chemical shift
titration experiments with the Smurf1 and Smurf2
HECT domains and the respective unlabeled C2
domains (Supplementary Table 1, Supplementary
Fig. 2a—d) [28]. Both HECT domains interacted with
their respective C2 domain with similarly weak
affinities (347 + 10 uM and 269 + 6 pM for Smurf1
and Smurf2, respectively) (Table 1). Of note, the Ky
value for Smurf2 lies in the same range as the
previously reported Ky of 220 + 6 uM for the
C2:HECT interaction determined by fluorescence
polarization [17]. In sum, these NMR binding studies
show that the C2 domain of Smurf1 interacts with the
HECT domain using the same binding interface and
with similar affinity as in Smurf2.

Smurfl contains a noncovalent Ub binding
surface

Numerous HECT domains contain a noncovalent
Ub binding surface (UBS) that promotes Ub chain
elongation [5—7,29]. We therefore examined
whether Smurf1 interacts with Ub in a noncovalent
manner. Indeed, the IM-labeled Smurf1 HECT
domain exhibited numerous CSPs on addition of
unlabeled monomeric Ub, demonstrating that
Smurf1 interacts with Ub in a noncovalent manner
(Supplementary Fig. 3a). As in Smurf2, numerous
residues, such as 1382, 1455, and 1480, are involved
in both Ub and C2 domain binding, demonstrating
that these binding surfaces overlap on the Smurf1
HECT domain (Fig. 1b and ¢, Supplementary Fig. 1b
and ¢, Supplementary Fig. 3a—d) [17]. To determine
the Ky values for the Smurf1 and Smurf2 HECT:Ub
interactions, we performed 2D NMR line shape fitting
analyses of methyl chemical shift titration experi-
ments with the Smurf1 and Smurf2 HECT domains
and monomeric Ub (Supplementary Table S1, Sup-
plementary Fig. 4a—d). Both HECT domains inter-
acted with Ub with similar affinities (305 + 16 uM and
396 + 21 uM for Smurf1 and Smurf2, respectively)

Table 1. Dissociation constants for the Smurf1 and Smurf2
HECT domains*.

Ligand Smurf1 Smurf2

Ubiquitin 299 + 17 393 + 21
Smurf1/Smurf2 C2 347 + 26 269 + 20
Smurf2 C2-WW1 — 15+ 4

*Kq values are given in M and were determined by line shape
fitting of NMR CSP experiments. Errors were estimated with
bootstrapping statistics on 100 replica and assumed a 5% error in
protein and ligand concentrations.

(Table 1). These values agree well with previous
results on a number of HECT:Ub interactions [29]. In
sum, as suggested by the high level of sequence
identity of the Smurfi and Smurf2 C2 and HECT
domains, we find that the binding capabilities and
affinities of the HECT domains towards monomeric
Ub and the respective C2 domains are conserved
between Smurf1 and Smurf2.

The C2 domain does not inhibit the activity of
full-length Smurf1

In Smurf2, the C2 domain plays an important role
in downregulating the activity of the HECT domain to
prevent untimely target ubiquitination [15,17]. To
investigate whether the C2 domain exerts a similar
autoinhibitory effect on the HECT domain in Smurf1,
we examined the autoubiquitination activities of
recombinant WT Smurf1 and a Smurf1 variant
lacking the C2 domain (AC2) and compared them
to the corresponding Smurf2 proteins (Fig. 2a).
Interestingly, we observed that the AC2 Smurfi
was comparable in activity to the FL protein (Fig. 2b),
while deletion of the C2 domain in Smurf2 showed a
dramatic increase in autoubiquitination activity for
Smurf2 (Fig. 2c) as reported previously [15,17,22]. In
contrast to Smurf2, the C2 domain thus does not
inhibit autoubiquitination activity Smurf1 in cis,
although it can interact weakly with the HECT
domain in trans (Fig. 1b—e).

To examine whether the Smurf1 C2 domain has
the potential to modulate HECT domain activity, we
performed autoubiquitination assays with the Smurf1
HECT domain in the absence and presence of
increasing amounts of C2 domain. Interestingly,
although the C2 domain does not regulate the
activity of FL Smurf1, the C2 domain can inhibit
HECT domain activity in trans to a similar degree as
in Smurf2 (Fig. 2d). This demonstrates that the
Smurfi C2 domain can interact and inhibit HECT
domain activity in trans but cannot exert autoinhibi-
tion in cis. This result suggests that conformational
restriction may prevent the C2 domain in Smurf1
from blocking HECT activity.

The WW1 domain and the linker region are
involved in Smurf inhibition

Because the major differences between Smurf1
and Smurf2 lie in the region linking the C2 and HECT
domains and in particular the lack of the WW1
domain in Smurfi (Fig. 1a), the results of our
ubiquitination assays suggest that these regions
play a pivotal role in regulating Smurf activity. We
therefore designed chimeric Smurf1 and Smurf2
proteins that contained the linker region of Smurf2
(Smurf1 FL: Smurf2 linker) or vice versa of Smurf1
(Smurf2 FL: Smurf1 linker) (Fig. 2a). Moreover, we
introduced the Smurf2 WW1 domain in Smurf1
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(Smurf1 FL: Smurf2 WW1) and generated a Smurf2
variant lacking the WW1 domain (Smurf2 AWW1)
(Fig. 2a).

Substitution of the Smurf1 linker with that of
Smurf2 led to a significant loss in autoubiquitination
activity as compared with WT Smurfi and thus
enabled Smurf1 autoinhibition (Fig. 2e). Accordingly,
Smurf2 with a Smurf1 linker exhibited a considerably
higher autoubiquitination activity than WT Smurf2,
demonstrating that the Smurf1 linker region does not
allow for efficient autoinhibition (Fig. 2f). Moreover,
the presence of the Smurf2 WW1 domain enabled
autoinhibition of FL Smurf1, albeit to a slightly lower
degree than the entire Smurf2 linker region in
Smurf1 (Fig. 2e). Accordingly, deletion of the WW1
domain led to Smurf2 activation, although the level of
activation was lower than for Smurf2 carrying the
Smurft WW linker region (Fig. 2f). This suggests that
apart from the WW1 domain, other regions within the
linker between the C2 and the HECT domain may
play a role in Smurf autoinhibition.

Our assays thus demonstrate that the Smurf1 C2
domain is capable of binding and inhibiting the
HECT domain in trans, but that the Smurf1 linker
region and in particular the absence of the WW1
domain does not allow for the C2 and HECT
interaction to occur in Smurf1 in cis.

The C2 domain interacts with the C2-WW1 linker

To gain insight into the role of the WW1 domain in
Smurf autoinhibition, we sought to uncover intramo-
lecular interactions in Smurf2 that involved the WW1
domain and its linker to the C2 domain. However, we
have previously shown that the isolated Smurf2
WW1 domain does not interact with the HECT
domain in trans [15]. Therefore, we examined
whether the C2 domain can interact with WW1
domain in trans. To this end, we recorded 2D
"H,"®N-correlation spectra of the '®N-labeled
Smurf2 C2 domain in the absence and presence of
increasing amounts of unlabeled Smurf2 WW1
domain. However, we did not detect chemical shift
changes for the C2 domain on addition of the WW1
domain (Supplementary Fig. 5a). Similarly, we
observed no CSPs in the Smurf2 WW1 domain

when we compared the isolated WW1 domain
(Smurf2 aa 157—197) with a WW1 domain preceded
by the C2-WW1 linker (linker-WW1; Smurf2 aa
145—197) (Supplementary Fig. 5b and c) or to the
WW1-WW2 module preceded by the C2-WW/1 linker
(linker-WW1-WW2 Y257W; Smurf2 Y257W aa
145—290) (Supplementary Fig. 5b and d). Of note,
the WW2 domain included a substitution of Y257 to a
Trp at the position of one of the signature Trp
residues in WW domains to improve the stability of
the domain. These NMR experiments demonstrated
that the Smurf2 WW1 domain does not undergo
intramolecular interactions with the C2-WW1 linker,
the C-terminal linker, or the WW2 domain nor does it
interact with the C2 domain in trans.

Next, we recorded a 2D "H, "*N-correlation spectra
of a '"N-labeled Smurf2 C2-WW1 fragment (aa
10—197) and compared it with the isolated C2 domain
and the linker-WW?1 construct. Interestingly, this
revealed numerous chemical shift changes for the
C2-WW1 fragment (Fig. 3a). These CSPs thus reveal
an intramolecular interaction within the C2-WW1
module of the Smurf2 ligase. To identify the residues
involved in the intramolecular interaction, we assigned
the backbone resonances of the C2-WW1 fragment
using standard triple resonance NMR experiments.
We found that the residues exhibiting CSPs in the C2-
WW1 fragment compared with the isolated C2 domain
or linker-WW1 construct mapped to the region close to
the N- and C-terminus in the Smurf2 C2 domain and
the C-terminal half of the C2-WWH1 linker (Fig. 3b). We
therefore conclude that the C2-WW1 linker folds back
on the C2 domain in cis. Most notably, the region in the
C2 domain that is affected by the presence of the C2-
WW1 linker and the WW1 domain is directly adjacent
to the HECT domain binding surface and thus may
help to recruit the C2 domain to the HECT domain
(Fig. 3b) [15].

The C2-WW1 linker and the WW1 domain
enhance the C2:HECT interaction and Smurf2
autoinhibition

Having established that the C2 and C2-WW1
linker are structurally coupled in the Smurf2 C2-
WW1 module, we examined next the effect of C2-

Fig. 2. The region connecting the C2 and HECT domains plays a role in Smurf autoinhibition. (a) Schematic
representation of the Smurf1 and Smurf2 protein variants used for autoubiquitination assays. Autoubiquitination activity of
the Smurf1 and Smurf2 proteins is indicated on the right-hand side based on the quantification of assays shown in (b—f).
(b and c) In vitro ubiquitination assays using WT and AC2 Smurf1 (b) and Smurf2 (c) proteins. (d) Top: In vitro
autoubiquitination of Smurf1 (left panel) and Smurf2 (right panel) HECT domains in the absence and presence of
increasing amounts of the respective C2 domain as indicated. Bottom: Input samples showing equivalent HECT domain
levels and increasing concentrations of the respective C2 domain. (e, f) In vitro ubiquitination assays using full-length (FL)
and chimeric Smurf1 proteins (e) and FL, chimeric, and AWW1 Smurf2 proteins (f). All proteins were the bacterially
expressed and purified. Reactions were stopped at the indicated time points. Reaction samples were separated by SDS-
PAGE and autoubiquitination activity detected by immunoblotting (IB) with a-Ub antibody (top panels) or Coomassie
(bottom panels) (b—c, e—f). Levels of unmodified E3 ligase at different time points relative to the starting point (t = 0 min;

100%) in the Coomassie images are indicated on the bottom.
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WW1 fragment on HECT domain activity. To this
end, we performed autoubiquitination assays with
the Smurf2 HECT domain in the absence and
presence of increasing amounts of the C2-WW1
fragment. Although a large stoichiometric excess of
the isolated C2 domain was required to inhibit the
autoubiquitination activity of the Smurf2 HECT
domain (Fig. 2d, right panel), the HECT domain
was already strongly inhibited by a five-fold excess
of the C2-WW1 fragment (Fig. 3c). This shows that
the C2-WW1 fragment inhibits Smurf2 HECT
domain activity more potently than the isolated C2
domain.

To exclude the possibility that the reduced HECT
domain activity in the presence of the Smurf1l or
Smurf2 C2 domain or the Smurf2 C2-WW1 fragment
resulted from upstream effects on E1 or E2 activity,
we performed E2 charging assays with UbcH7 in the
absence of an E3 ligase. The presence of concen-
trations of the Smurf1 and Smurf2 C2 domain or the
Smurf2 C2-WW1 fragment corresponding to a 30-
fold excess in Figs. 2c and 3c had no effect on
UbcH7 thioester formation (Supplementary Fig. 6a).
This demonstrates that HECT domain inhibition by
the C2 domains or the C2-WW1 fragment occurs on
the level of the E3 ligase. Of note, this result is fully
consistent with our previous observation that the C2
domain engaged in an intramolecular interaction that
impairs thioester formation of the HECT domain [17].

Because the Smurfi and Smurf2 C2 and HECT
domains share high degrees of sequence identity
(Fig. 1a), we also examined the cross-reactivity of
the respective C2 and HECT domains of the other
ligase. To this end, we performed autoubiquitination
assays with the Smurf1 and Smurf2 HECT domains
in the presence of the Smurf1 or Smurf2 C2 domain
or the Smurf2 C2-WW1 fragment (Supplementary
Fig. 6b and c). As expected based on the high
degree of sequence identity, the Smurf1 HECT
domain was not only inhibited by its own C2
domain but also by the Smurf2 C2 domain (Supple-
mentary Fig. 6b). As in the case of Smurf2, the
inhibitory effect of the C2 domain on the Smurf1
HECT domain was strongly enhanced when the
Smurf2 C2 domain was fused to the WW1 domain
(C2-WW1 fragment). Similar to Smurf1, the Smurf2

HECT domain was inhibited by both, its own C2
domain and the Smurf1 C2 domain (Supplementary
Fig. 6¢). Overall, these results are consistent with
our studies of the chimeric Smurf1 proteins where
the introduction of the Smurf2 C2-HECT linker
sequence or the Smurf2 WW1 domain enabled
autoinhibition of Smurf1 in cis (Fig. 2e).

To elucidate how the C2-WW1 linker and the WW1
domain modulate the C2:HECT interaction, we
added the unlabeled C2-WW1 fragment to the IM-
labeled Smurf2 HECT domain in a stepwise manner
and compared the resulting 'H, '*C-methyl correla-
tion spectra. In contrast to the isolated C2 domain,
the C2-WW?1 fragment induced CSPs in the HECT
domain already at low stoichiometric amounts
(Fig. 3d). Consistently, 2D NMR line shape fitting
analysis showed that the C2-WW1 fragment greatly
enhances the interaction with the HECT domain and
increases the in trans affinity ~18-fold as compared
with the isolated C2 domain (Table 1, Supplemen-
tary Table 1, Supplementary Fig. 7a—c). For many
lle and Met residues, such as 1402, M411, 1489, and
1500, we noticed an almost linear progression of the
CSPs on addition of the C2-WW1 fragment in
comparison with the isolated C2 domain (Supple-
mentary Fig. 1b, Fig. 3d and Supplementary Fig. 7a).
This shows that apart from enhancing affinity, the
binding mode of the C2 domain to these residues is
not affected by the WW1 domain or the C2-WW1
linker. However, we also observed CSPs that
deviated (1626) or were not present (1424, M449,
M490, M522, M594, 1609) for the isolated C2
domain. Mapping the observed CSPs on the
Smurf2 HECT domain revealed that the presence
of the C2-WW1 linker and the WW1 domain extends
the binding surface towards the interface of the two
subdomains that form the HECT domain N-lobe
(Fig. 3e). Of note, this extension of the binding
surface also results in an even more substantial
overlap with the noncovalent UBS than for the
isolated C2 domain (Fig. 3e, Supplementary
Fig. 1c and Supplementary Fig. 3c). Taken together,
our results show that the Smurf2 C2-WW1 linker and
the WW1 domain enhance the affinity and inhibitory
potential of the C2:HECT interaction by extension of
the HECT domain binding surface.

Fig. 3. The Smurf2 C2-WW1 fragment enhances HECT domain binding and inhibition. (a) Chemical shift
perturbation studies of the Smurf2 C2-WW1 fragment. Overlay of a representative region of the 'H,'®N-correlation spectra
of "®N-labeled Smurf2 constructs containing the WW1 domain as indicated. (b) Mapping of chemical shift perturbations in
the C2-WW1 fragment using a homology model based on the NMR and crystal structures of the Smurf2 C2 domain and the
YAP and Smurfi WW1 domains (PDB IDs: 2LAY and 2LAZ). Residues exhibiting CSPs >20 Hz are color-coded as
indicated. Nitrogen atoms are shown as spheres. (c) In vitro autoubiquitination of the Smurf2 (right panel) HECT domains
in the absence and presence of increasing amounts of the C2-WW1 fragment as indicated, otherwise as Fig. 2(d). (d)
Overlay of selected regions of 'H,"3C-methyl HMQC spectra of the IM-labeled Smurf2 HECT domain in the absence and
presence of increasing amounts of the Smurf2 C2-WW1 fragment. (e) Chemical shift mapping on a ribbon representation
of a Smurf2 HECT domain. Residues exhibiting CSPs >15 Hz at an eight-fold stoichiometric excess of the C2-WW1

fragment are color-coded as indicated.
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NMR spectra showed extensive line broadening in
the C2-WW1 module already at low stoichiometric
amounts of the HECT domain as expected for a
binding affinity in the lower micromolar range and
the formation of a >50 kD protein complex (Fig. 4a).
Mapping of the CSPs on a structural model of the
C2-WW1 module exhibited not only the already
known HECT domain binding surface on the C2
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domain but also the region surrounding the N- and
C-terminus of the C2 domain, the C2-WW1 linker,
and the WW1 domain (Fig. 4b). These findings
suggest that the C2-WW1 linker and the WW1
domain preassemble with the C2 domain to enlarge
the interaction surface with the HECT domain and
to enhance the binding affinity in comparison with
the isolated C2 or WW1 domain.

Mutation of the C2-WW1 linker and the WW1
domain enhance Smurf2 activity

To investigate the importance of the C2-WW1 linker
in the context of the Smurf2 ligase, we replaced the
linker with a sequence consisting of glycine and serine
residues (Smurf2 GS-linker) and assessed the cata-
lytic activity of this Smurf2 variant by comparing its
autoubiquitination capabilities to those of FL and
AWW1 Smurf2. We found that substitution of the
linker sequence indeed enhanced Smurf2 activity in
comparison to the WT protein, albeit not to the same
degree as the deletion of the WW1 domain (Fig. 4c).
We thus conclude that the C2-WW1 linker contributes
to Smurf2 autoinhibition but that its mutation is not
sufficient to fully release the C2 and WW1 domains
from the HECT domain.

Moreover, to examine the importance of the WW1
domain in Smurf2 inhibition, we introduced site-
specific mutations in the Smurf2 WW1 domain in the
context of the FL protein. Guided by the NMR
binding studies (Fig. 4a and b), we designed a
double and a triple Smurf2 mutant (E164A/R166A
and L176A/H178A/R181A) where we substituted
WWi1 residues that showed CSPs on HECT domain
interaction (Fig. 4b). Both, the double and the triple
mutant, displayed elevated activity compared with
the WT Smurf2 protein in autoubiquitination assays
(Fig. 4c). Taken together, these assays show that
mutations in the HECT domain binding surface of the
WW1 domain and mutation of the C2-WW1 linker
both interfere with the C2-WW1:HECT interaction
and thereby relieve Smurf2 autoinhibition.

In sum, our NMR and biochemical analyses
demonstrate that the C2 and WW1 domain in
Smurf2 form a supramodule where the C2-WW1
linker directly interacts with the C2 domain and
together with the WW1 domain significantly
enhances the interaction with HECT domain. This
enhanced interaction in turn results in more efficient
inhibition of HECT domain activity. In contrast, the
lack of the WW1 domain in Smurf1 may prevent the
C2 domain from binding the HECT domain tightly
enough to inhibit ligase activity providing a rationale
for the differential regulation of these two highly
related enzymes (Fig. 4e).

Discussion

Most eukaryotic proteins consist of domains that
mediate specific interactions and/or catalytic activity
[30]. Although protein domains are in principle
structurally and functionally independent, their activ-
ities are often modulated through intramolecular
interactions with other domains or linker regions in
so-called supramodules [31,32]. However, how linker
regions and the formation of supramodules regulate
protein function and the activity of catalytic domains is
still poorly understood, limiting the possibilities of
predicting regulatory mechanisms based on domain
composition and sequence similarity.

For numerous Nedd4 Ub ligases, the mechan-
isms underlying autoinhibition have been investi-
gated [15,17,19—21]. Surprisingly, despite their
common domain architecture and high levels of
sequence conservation within the C2, WW, and
HECT domains, the mode of autoinhibition seems
to be distinct for the individual Nedd4 family
members. In a subset of Nedd4 ligases, the N-
terminal C2 domain interacts directly with the
catalytic HECT domain, while in lich, WWP1, and
WWP2, the WW2 domain and the WW2-WW3
linker interact with the HECT domain to inhibit
ubiquitination activity.

Fig. 4. Both the Smurf2 C2-WW1 linker and the WW1 domain interact with the HECT domain. (a) Overlay of
selected regions of 'H,"®N-TROSY spectra of the '°N-labeled Smurf2 C2-WW1 fragment in the absence and presence of
increasing amounts of unlabeled Smurf2 HECT domain. (b) Mapping of the chemical shift perturbations induced by the
HECT domain on the ribbon representation of C2-WW1 fragment. Nitrogen atoms are shown as spheres. Residues
exhibiting CSPs (/pound/lfree > 50%) at a stoichiometric ratio of 1:0.5 are color-coded as indicated. Mutation sites in the
WW1 domain (E164/R166 and L176/H178/R181) assayed in (d) are highlighted. Reported phosphorylation sites (T144,
T168, S170) are indicated. (c) In vitro ubiquitination assays using WT and AWW1 Smurf2 and a Smurf2 variant where the
C2-WW1 linker was substituted with Gly and Ser residues (GS-linker), otherwise as Fig. 2b. (d) In vitro ubiquitination
assays using WT and AC2 Smurf2 and Smurf2 variants with mutated WW1 binding surfaces (E164A/R166A and L176A/
H178A/R181A). Autoubiquitination activity was detected by fluorescence imaging. The use of fluorescently labeled Ub is
indicated with Ub*, otherwise as Fig. 2b. (e) A schematic representation of the conformations of the full-length Smurf
proteins is shown. Binding of the C2 domain together with the WW1 domain and the C2-WW1 linker to the HECT domain in
Smurf2 enables a closed, autoinhibited conformation where the C2-WW1 binding surface overlaps with the Ub binding
surface (UBS) (upper panel). The lack of the WW1 domain in Smurf1 prevents the C2 domain from interacting with the
HECT domain in cis resulting in an open a constitutively active full-length Smurf1 enzyme (lower panel). The numbers in
parentheses of the Smurf1 WW domains indicates the respective equivalent WW domain in Smurf2.
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Here, we have investigated the regulation of the
highly related Ub ligases Smurfl and Smurf2.
Surprisingly, we find that despite sharing ~70%
sequence identity, Smurf1 is not downregulated by a
C2:HECT interaction, although the Smurfi C2
domain can interact with the HECT domain and
inhibit its activity in trans. We can attribute this
differential regulation to the presence of an addi-
tional WW domain (WW1) in Smurf2 and show that
the C2-WWH1 linker and the WW1 domain strongly
enhance the C2:HECT interaction and consequently
the inhibition of the HECT domain. This identifies the
C2-WW1 linker and the WW1 domain as regions
mediating Smurf autoinhibition in addition to the C2
domain. Interestingly, we identified three phosphor-
ylation sites in the region comprising the Smurf2 C2-
WWH1 linker and the WW1 domain (T144, T168, and
S170) that are conserved among humans, mice, and
rats [33]. At least two of these sites (T168 and S170)
lie in direct vicinity to the WW1:HECT interaction
surface (Fig. 4b) and thus may play a role in
regulating Smurf2 autoinhibition.

Consistent with the C2-WW1 region playing a role
in Smurf2 autoinhibition, we find that recombinant FL
Smurf1 that naturally lacks the WW1 domain is a
constitutively active enzyme in vitro. Although a C2-
mediated inhibition of Smurf1 has been reported in a
previous study [23], our results fully agree with at
least three other studies that find Smurf1 not being
regulated by a C2:HECT interaction [9,22,24]. In any
case, it is unknown whether Smurf1 is indeed a
constitutively active ligase under endogenous
expression levels in cells. Because Smurf1 plays
important roles in key developmental processes, it
seems unlikely that Smurf1 activity would not be
regulated in vivo. Mechanisms of regulation that are
obscured under in vitro or overexpression conditions
include posttranslational modification Smurf1 or the
interaction with adaptor proteins that may inhibit
Smurf1 activity in cells. Moreover, target-regulated
expression or differential activity depending on the
cellular localization of Smurf1 could also prevent
premature target ubiquitination. In fact, the substrate
specificities of Smurf ligases have been linked to
both posttranslational modifications [14,34,35] and
cellular localization [22].

Lastly, given the high level of sequence identity
between Smurf1 and Smurf2, the result that these
enzymes are regulated differently is surprising. This
study thus emphasizes the importance of detailed
mechanistic studies to decipher the molecular basis
of ligase activity. As Nedd4 family members are
important regulators of developmental and carcino-
genic processes, the detailed studies of the
catalytic mechanisms and differential regulation of
these enzymes as presented here have direct
implications not only for understanding their func-
tion but also for the design of novel ligase-selective
therapeutics.

Materials and Methods

Constructs and reagents

Human wild-type Smurf2 (Sf2) (aa 1—748), AC2 (aa
145—748), and the HECT domain (aa 366—748) were
described previously [15]. A codon-optimized gene
fragment of the C2 domain (aa 10—140) was
purchased from ThermoFisher and cloned into a
modified pETM-60 vector encoding an additional N-
terminal Hisg-tag. Sf2 AWW1 (aa 1—162, 186—754
Sf2) and Sf2 GS-linker (aa 1—146 Sf2, SGGSG,
156—754 Sf2) were generated from FL Smurf2 using
the QuikChange Site-Directed Mutagenesis protocol
(Stratagene). The Sf2 C2-WW1 fragment (aa
10—197), WW1 domain (aa 157—197), linker-WW1
(aa 145—197), and linker-WW1-2 Y257W (WW1-2)
(aa 145—290; Y257W) were cloned in pETM-41
vectors by restriction-free cloning [36]. A cDNA clone
encoding human Smurf1 (Sf1) was obtained from
ImaGenes. The regions comprising FL Sf1 (aa 1—731;
isoform 2), AC2 (aa 146—731), and the HECT domain
(aa 345—731) were cloned into pProExHTb vectors,
while the C2 domain was cloned into a pETZ2-1A
vector amplified from a codon-optimized gene frag-
ment obtained from ThermoFisher. All chimeric
proteins were generated by restriction-free cloning
[36]: Sf1 FL: Sf2 linker (aa 1—142 Sf1, 141—-365 Sf2,
344—731 Sf1), Sf2 FL: Sf1 linker (aa 1—141 Sf2,
142—-344 Sf1, 366—748 Sf2), and Sf1 FL: Sf2 WWA1
(aa 1—158 Sf1, 158—193 Sf2, 164—731 Sf1).

All point mutations were introduced using the
QuikChange Site-Directed Mutagenesis Protocol
(Stratagene). All clones were verified by DNA
sequencing. Bacterial plasmids were transformed
into chemically competent Escherichia(E.) coli DH5a.
(ThermoFisher) or BL21-CodonPlus (DE3) RIL cells
(Stratagene). Antibodies were a-Ub (P4D1; Santa
Cruz) and HRP-coupled mouse IgG secondary
antibody (ThermoScientific).

Protein expression and purification

All recombinant proteins were expressed in E. coli
BL21-CodonPlus (DE3) RIL cells (Stratagene).
Cultures were grown at 37 °C in Luria broth medium
for unlabeled proteins or in H,O- or D,O-based M9
minimal medium for '°N-, '°N,'3C-, and 'H,'3C-
methyl-labeled proteins as described [15]. Cells
were induced with 1 mM IPTG and grown overnight
(~16 h) at 18 °C for unlabeled proteins or at 25 °C for
isotope-labeled proteins. Cells were harvested by
centrifugation and lysed by sonication on ice. Cell
debris was removed by centrifugation. Soluble
recombinant proteins in the supernatants were
purified by Ni-affinity. His-tagged N-terminal solubi-
lity tags (NusA, MBP, or Z domain) were cleaved
with His-tagged TEV protease and removed together
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with the protease via Ni-affinity and/or size exclusion
chromatography if required. For proteins expressed
from pETM-11 or pProExHTb vectors, the His-tag
was only removed for the HECT domains or if
indicated. Proteins were buffer exchanged either into
NMR buffer (20 mM Na phosphate pH 6.5 or 7.5,
150 mM NaCl, 1 mM DTT containing 10% or 99%
D,O for methyl-labeled proteins) or gel filtration
buffer for biochemical assays (50 mM Tris pH 7.5,
200 mM NacCl, 2.5% glycerol, 1 mM DTT).

NMR

For HECT domains, CSP experiments were
performed by recording 2D 'H,'*C-methyl-HMQC
spectra of 40 uM AILMV- or IM-labeled HECT
domains before and after addition of unlabeled C2
domain, C2-WW1 fragment, or monomeric Ub at
30 °C. For the Smurf2 WW1 domain, the C2-WW1,
and the linker-WW1-WW2 constructs, 2D 'H, '°N-
TROSY spectrum of 100 pM '°N-labeled sample
was acquired at 25 °C. For the Smurf1 and Smurf2
C2 domains, 2D "H,"®N-HSQC spectra of 100 pM
SN-labeled C2 domain in the absence or presence
of unlabeled Smurf1 HECT domain or Smurf2 WWH1
domain were recorded at 25 °C.

For resonance assignment of the Smurf1 methyl
groups, in total, 29 individual point mutants (1375V,
1382L, 1390V, M391V, M393V, M403V, M429V, 1444V,
M446V, 1449L, 1455V, 1469V, M470V, 1480V, 1497V,
1516V, 1521V, 1539V, M571V, 1574V, 1589V, 1605V,
1606V, 1612V, 1632V, 1683V, 1686V, 1703V, and 1705V)
of the Smurfl HECT domain were generated. 2D
'H, '3C-methyl-TROSY spectra of ~40 uM IM-labeled
mutant Smurf1 HECT domains were recorded at 30 °C
and compared with the WT spectrum. For backbone
resonance assignment of the Smurf1 C2 domain, the
Smurf2 WW1 domain, and the Smurf2 C2-WW1
construct, CBCANH, CBCA(CO)NH, (H)CC(CO)NH-
TOCSY, and '°N-edited 3D NOESY experiments
were recorded at 25 °C.

NMR spectra of HECT domains and the Smurf2
WW modules were collected on an 800 MHz Bruker
Avance-lll spectrometer. All triple resonance expetri-
ments were acquired on a 600 MHz Bruker Avance-
Il spectrometer. Both spectrometers were equipped
with room temperature probe heads. All NMR data
were acquired using TOPSPIN 2.1 (Bruker Biospin
GmbH), processed with the NMRPipe/NMRDraw
program suite [37], analyzed with XEASY [38] or
NMRFAM-Sparky [39], and visualized with
NMRView (oneMoon Scientific).

Chemical shift perturbation and K4 determination
CSPs were analyzed using Sparky [39] and

calculated as average changes in peak positions
(Aday = [(B("H))2 + (3("®N or 3C))?]"2) in Hz or in

cases of line broadening as loss in intensity (Ipound/
Itee) ON ligand binding by dividing the peak inten-
sities of the titration spectrum (Ipoung) With those of
the free protein (/5.¢). Dissociation constants were
calculated by 2D NMR line shape fitting from
"H, '3C-methyl-HMQC spectra using TITAN accord-
ing to developer's instructions and online documen-
tation [28]. Spectra were acquired with 1024 and 120
points in the 'H and '3C dimensions, respectively,
and processed with exponential window functions
with a line broadening of 4 Hz and 8 Hz. Spectra
were zero-filled to 4096 and 480 points in the 'H and
3C dimensions, respectively. Errors were estimated
with bootstrapping statistics on 100 replicas and
assumed a 5% error in both protein and ligand
concentrations. Titration points and peaks used for
K fitting are summarized in Supplementary Table 1.

Structure modeling and visualization

Homology models of the Smuf1 HECT domain and
the Smurf2 C2-WW1 fragment were generated using
HHPred/Modeller [40,41] based on the structure of
the Smurf2 HECT domain (1ZVD) [26] that shares
86% sequence identity with the Smurf1 HECT
domain (Fig. 1a), the Smurf2 C2 domain (2JQZ)
[15], and the YAP and Smurfl WW1 domains in
complex with Smadi1 peptides (2LAY and 2LAZ)
[42]. All structural representations were prepared
with PyMOL (The PyMOL Molecular Graphics
System, Version 1.7.4 Schrodinger, LLC).

Ubiquitination assays

In vitro ubiquitination assays were carried out as
described [17]. In brief, 25 pL reactions were
performed at 25 °C in ubiquitination buffer (25 mM
Tris-HCI pH 7.5, 5 mM MgCl,, 100 mM NaCl, 0.2 mM
DTT, 2.5 mM ATP) using purified enzymes (0.6 pM
E1, 90 uM UbcH7 [E2], 2 uM E3 [Smurf1 or Smurf2])
and 65 pM unlabeled or fluorescently labeled Ub
(Ub*) [43]. Reactions were stopped at indicated time
points by addition of 10 pL 3x Laemmli buffer
containing 100 mM DTT. Samples were loaded for
SDS-PAGE on 8% acrylamide gels. Detection was
performed by fluorescence imaging (Ub*) or immu-
noblotting (IB) as indicated. SDS gels or PVDF
membranes were stained with Coomassie where
indicated. Levels of unmodified ligase were quanti-
fied using Fiji/lmagedJ [44]. The intensities of unmo-
dified E3 protein bands were measured at the
indicated time points and normalized to the zero
time points (t = 0 min; 100%).

For C2 and C2-WW1 competition assays, ubiqui-
tination assays were performed as described above.
The reaction mixtures contained 2.5 uM Smurf1 or
Smurf2 HECT domain in the absence or presence of
increasing amounts of the respective C2 domain or
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the C2-WW1 fragment (12.5, 25, 50, or 75 pM).
Samples were incubated for 20 min and loaded on
16% acrylamide gels for SDS-PAGE and IB or
fluorescence imaging. Input samples contained the
reaction mixture but not E1 and E2 and were
detected by Coomassie staining.

E2 charging assays were performed in the same
way as the competition assays. The reaction mixtures
contained 75 pM Smurf1 or Smurf2 C2 domain or
Smurf2 C2-WW1 but did not include an E3 enzyme.
Reactions were stopped at indicated time points by
addition of 10 pL 3x Laemmli buffer with or without
DTT. Proteins were visualized after SDS-PAGE by
fluorescence imaging and Coomassie staining.

Accession numbers

Backbone resonance assignments for the Smurf1
C2 domain, the Smurf2 WW1 domain, and the
Smurf2 C2-WW1 construct and the 'H,®C-methyl
assignments of the Smurf1 HECT domain have been
deposited in the BioMagResBank under accession
numbers 50023, 50021, 50022, and 50024.
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