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Homologous to E6AP C-terminal (HECT) ubiquitin (Ub)
ligases (E3s) are a large class of enzymes that bind to their sub-
strates and catalyze ubiquitination through the formation of a
Ub thioester intermediate. The mechanisms by which these E3s
assemble polyubiquitin chains on their substrates remain poorly
defined. We report here that the Nedd4 family HECT E3,
WWP1, assembles substrate-linked Ub chains containing Lys-
63, Lys-48, and Lys-11 linkages (Lys-63 > Lys-48 > Lys-11). Our
results demonstrate that WWP1 catalyzes the formation of Ub
chains through a sequential addition mechanism, in which Ub
monomers are transferred in a successive fashion to the sub-
strate, and that ubiquitination by WWP1 requires the presence
of a low-affinity, noncovalent Ub-binding site within the HECT
domain. Unexpectedly, we find that the formation of Ub chains
by WWP1 occurs in two distinct phases. In the first phase,
chains are synthesized in a unidirectional manner and are linked
exclusively through Lys-63 of Ub. In the second phase, chains
are elongated in a multidirectional fashion characterized by the
formation of mixed Ub linkages and branched structures. Our
results provide new insight into the mechanism of Ub chain for-
mation employed by Nedd4 family HECT E3s and suggest a
framework for understanding how this family of E3s generates
Ub signals that function in proteasome-independent and pro-
teasome-dependent pathways.

Modification of proteins with Ub* is a critical regulatory
mechanism that controls a variety of signaling pathways and
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processes in eukaryotes. Ub can be conjugated to proteins in a
singular form, a process known as monoubiquitination, or in
the form of a polyubiquitin chain, which is synthesized by the
covalent linkage of multiple Ub monomers to each other. Ub
chains can be formed through each of the seven lysine residues
of Ub or via the N terminus of Ub, and these chains can be
linked in either a homogeneous fashion through one specific
lysine of Ub or in a heterogeneous manner through multiple
lysines of Ub. In addition, Ub chains have the capacity to form
branched structures, in which a single Ub within the chain is
linked to two or more Ub subunits through different lysines.
The ability of Ub to regulate protein function and characteris-
tics in numerous ways is due, at least in part, to the large num-
ber of potential structures that can arise from the ordered
assembly of individual Ub monomers into polyubiquitin chains
(1-3).

Ub is conjugated to other proteins by a series of E1-E2-E3
enzymes that function to activate, transfer, and ultimately ligate
Ub to acceptor sites (most frequently lysines) within a sub-
strate. E3 ligases are crucial regulatory enzymes in this cascade
because they are responsible for catalyzing the final transfer of
Ub to the substrate. Eukaryotic E3s can be categorized into
three major classes based on the presence of a conserved cata-
lytic domain and the mechanism by which they transfer Ub to
substrates. The really interesting new gene (RING) and the
structurally related U-box family of E3s catalyze the direct
transfer of Ub from an E2 enzyme to the substrate by binding to
both the E2~Ub (~ denotes a thioester linkage) and the sub-
strate simultaneously (4 —6). In contrast, the HECT and RING-
between-RING families of E3s employ a two-step mechanism
to ubiquitinate substrates, in which Ub is first transferred from
the E2 to an active-site cysteine within the E3 (resulting in the
formation of an E3~UDb intermediate) and then from the E3 to
the substrate (6 —9). The HECT family of E3s, of which there are
28 in humans (7), is defined by the presence of a conserved
~350 amino acid HECT domain located at the extreme C ter-
minus of the protein and has been implicated as key players in
an array of biological processes. The Nedd4 family of HECT
E3s, which includes WWP1 and eight other human members, is
involved in the regulation of transcription, protein trafficking,
TGEp signaling, neuronal development, viral budding, and the
immune response (10-13).

Although our understanding of how monomeric Ub is trans-
ferred from an E2 to a HECT E3 and from a HECT E3 to sub-
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strate has been advanced by several recent studies (14-17), the
mechanisms by which these E3s assemble polyubiquitin chains
on substrates remain poorly understood. Various models for
Ub chain synthesis by a HECT E3 have been proposed (16 -22).
In the sequential addition model, Ub subunits are transferred
one by one from the active-site cysteine of the HECT E3 to the
distal Ub on the end of the growing chain, which would be
anchored to a substrate lysine residue via an isopeptide bond. In
contrast, the en bloc transfer or “indexation” model postulates
that the chain is preformed on the active-site cysteine of the
HECT E3 and then transferred to the substrate in a single-step
reaction. This mechanism of chain synthesis could involve the
successive transfer of Ub monomers from E2~Ub to the HECT
E3 active site, although other variations of this model have been
envisioned (17, 19, 23). Although it has been proposed that
yeast Rsp5 and mammalian Nedd4 are likely to assemble Ub
chains through a sequential addition mechanism (16, 20, 21),
definitive evidence in support of this model is lacking. In addi-
tion, several reports suggest that E6AP assembles free Ub
chains via an en bloc transfer mechanism (17, 19, 22), but the
general relevance of this mechanism in the context of E6GAP
substrate polyubiquitination is unclear. Our limited under-
standing of how HECT E3s catalyze the formation of substrate-
linked Ub chains is further highlighted by the presence of a
functionally important but poorly defined noncovalent Ub-
binding site within the HECT domains of multiple Nedd4 fam-
ily E3s (21, 24-27).

Regardless of the mechanism by which HECT E3s assemble
Ub chains, it is clear that different HECT E3s synthesize polyu-
biquitin chains with distinct linkage specificities. For example,
E6AP has been reported to synthesize chains linked exclusively
through Lys-48 of Ub (19, 20, 28) consistent with the role that
E6AP plays in targeting p53 for degradation by the proteasome
in human papillomavirus-infected cells (29). The HECT E3
ligases UBE3C and AREL1 assemble Ub chains containing
mixed Lys-48/Lys-29 or Lys-33/Lys-11 linkages, respectively
(30, 31). In contrast, yeast Rsp5 and mammalian Nedd4 prefer-
entially assemble chains linked through Lys-63 of Ub, both in
vitro and in vivo (16, 20, 28, 32, 33). Debate appears to exist
regarding the issue of whether or not other Nedd4 family HECT
E3s, such as Itch, Smurfl, Smurf2, WWP1, and WWP2, exhibit
a similar selectivity for Lys-63-linked chain synthesis, with sev-
eral reports suggesting that these E3s primarily assemble Lys-
63-linked chains in vitro (16, 20, 34) and others demonstrating
the presence of additional chain types in vivo, most notably
Lys-11, Lys-29, and Lys-48 linkages (35—37). Although Nedd4
family HECT E3s have been reported to target a large number
of substrates for Ub-dependent degradation by the proteasome
in cells (7, 10, 38), Lys-63-linked chains typically do not act as
efficient proteasome-targeting signals in vivo (1, 39, 40), high-
lighting a gap in our understanding of the mechanisms that
underlie Ub chain synthesis by these E3s.

Increasing evidence suggests that Ub signals in cells are likely
to be far more diversified and complex than originally envi-
sioned (2, 3). Numerous reports have shown that substrates of
the Ub conjugation pathway can be modified with Ub chains
containing multiple linkages (1, 41, 42), but it is generally
unclear whether these signals consist of homogeneous chains
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attached to multiple substrate lysines, heterogeneous linkages,
branched structures, or a combination thereof. Branched
chains have been particularly difficult to study. However, recent
groundbreaking work has shown that these structures are
assembled by the multisubunit RING E3, APC/C, and that
branched chains result in the enhanced degradation of cell cycle
regulators during mitosis (43). Additional reports of branched
chains have been documented (28, 44 —46), but the enzymes
responsible for synthesizing these chains and the physiological
functions of such structures remain poorly defined. Using an in
vitro reconstitution system, we report here that the Nedd4 fam-
ily HECT E3, WWP1, assembles substrate-linked Ub chains
containing Lys-63, Lys-48, and Lys-11 linkages. Unexpectedly,
we find that the formation of Ub chains by WWP1 occurs in
two distinct phases, with each individual phase being charac-
terized by a unique Ub chain topology and linkage specificity.
Our results suggest a model for understanding how Nedd4 fam-
ily members synthesize Ub signals that have the capacity to
function in proteasome-independent and proteasome-depen-
dent pathways.

Results
Identification of E2s that function with WWP1

One requirement for understanding the biochemical activi-
ties associated with an E3 is to determine the identity of the
relevant E2 or a subset of E2s that is capable of cooperating with
the E3 in question. To identify E2s that cooperate with WWP1,
we used an in vitro reconstitution system with purified proteins
to monitor substrate ubiquitination by WWP1 (Fig. 1A). For
our initial experiments, we focused on KLF5, a transcription
factor that has previously been shown to be targeted for Ub-de-
pendent degradation by WWP1 in vivo (47), as the substrate. A
control ubiquitination assay carried out with a fragment of
KLF5 lacking the three C-terminal zinc fingers of the protein
(KLF5'7%*°) demonstrated that this substrate was polyubiquiti-
nated by WWP1 in vitro on multiple lysine residues (Fig. 1B).
Using a commerecially available kit containing most of the ~35
human E2s (48), we screened the ability of each individual E2 to
cooperate with WWP1 by testing for the ubiquitination of
KLF5'7%%°, The results of our screen indicated that seven dif-
ferent E2s were capable of cooperating with WWP1 to catalyze
KLF5' 3% polyubiquitination, whereas several of the other E2s
tested appeared to support the ability of WWP1 to transfer
monoubiquitin to KLF5'73*° with a low level of efficiency (Fig.
1C). Similar results were obtained when WBP2, a transcrip-
tional coactivator that has been shown to be ubiquitinated by
multiple Nedd4 family E3s in vitro and in vivo (20, 49, 50), was
used as the substrate (data not shown).

We next set out to determine whether WWP1 prefers to
cooperate with one or more of the E2s identified in our screen
using a more extensive time course ubiquitination assay with
KLF5'%%° as the substrate. For this analysis, we chose one rep-
resentative E2 from each subfamily of E2s that was identified as
being active with WWP1 in our screen. The results indicated
that KLF5'72*° was converted to ubiquitinated forms with
almost 100% efficiency in the presence of UbcH?7 after 30 min of
reaction, whereas KLF5'7?°° was converted to ubiquitinated
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Figure 1. Identification of E2s that cooperate with WWP1. A, Coomassie-stained gels showing purified protein preparations used for ubiquitination assays
with WWP1. The KLF5'73*° and WBP2-CT substrates were His,-tagged. All other constructs were untagged full-length proteins. B, time-course ubiquitination
assay carried out with E1, UbcH7, WWP1, Ub, and His-KLF5'3°°, Reactions were carried out in the presence of wild-type Ub (WT Ub) or a lysine-less Ub mutant
(0K Ub). Detection was by anti-Hiss immunoblotting. C, ubiquitination of KLF5'~3°° was assayed as described in B in the presence of the indicated E2 and
wild-type Ub. Reactions were carried out for 3 h at 37 °C. The asterisk represents a cross-reacting band corresponding to WWP1. D, KLF5'~3*° ubiquitination
assays were conducted as described above in the presence of UbcH7, UbcH5a, or UbcH6. E, results of two independent experiments conducted as shown in D
were quantified by measuring the disappearance of unmodified KLF5'~3°° via densitometry. The rate of KLF5'~3°° ubiquitination, calculated from initial data

points in the linear phase of the reaction, was 38.9 = 1.9 fmol/min for UbcH7, 10.8 = 0.2 fmol/min for UbcH5a, and 6.4 = 0.5 fmol/min for UbcH6. Error bars
represent S.D. of the mean.

forms with a reduced efficiency in the presence of UbcH5a or
UbcHBS6 (Fig. 1D). Quantification of initial rate data showed that
the rate of ubiquitination was ~3.5-fold higher in the presence
of UbcH7 compared with UbcH5a and ~6-fold higher in the
presence of UbcH7 compared with UbcH6 (Fig. 1E). These
results are consistent with a previously published report dem-
onstrating that UBC-18, the orthologue of UbcH7 in worms,
is the major E2 for WWP1 in Caenorhabditis elegans (51).
Because several studies have shown that the identity of the
cooperating E2 does not affect the linkage specificity of Ub
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chains assembled by a HECT E3 (20, 34, 52), we used UbcH?7 as
the E2 for all subsequent ubiquitination assays.

Linkage specificity of Ub chains assembled by WWP1

Previous studies have shown that Nedd4 family HECT E3s
synthesize polyubiquitin chains linked primarily through
Lys-63 of Ub in vitro. However, conflicting results with regard
to linkage specificity have been reported for WWP1 (53, 54). To
assess the linkage specificity of Ub chains assembled by WWP1,
we established an assay to monitor the formation of a free diu-
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Figure 2. Linkage specificity of Ub chains synthesized by WWP1. A, diubiquitin chain synthesis assays were conducted in the absence or presence of the
WWP1 HECT domain (top panel) and in the absence or presence of full-length WWP1 (bottom panel). Reactions were quenched at the indicated times and
resolved by Tris-Tricine SDS-PAGE, and the reaction products were analyzed by anti-ubiquitin immunoblotting. 2-fold higher concentrations of UbcH7 and
WWP1 were required for robust detection of diubiquitin by full-length WWP1. B, diubiquitin chain synthesis assays were carried out with the WWP1 HECT
domain as described in A, except the indicated lysine to arginine Ub mutant was substituted into the reaction. C, anti-His western blots showing the starting
material used for quantification of Ub chain linkages by mass spectrometry. Ubiquitinated KLF5'>° and WBP2-CT substrates were purified from all other
reaction components under denaturing conditions. D, quantification of Ub chain linkages synthesized by WWP1 using the ubiquitinated material shown in C.
Lys-63, Lys-48, and Lys-11 linkages were the only linkages detected (see “Experimental procedures” for details). Data are represented as a percentage of the

sum of all linkages detected. Error bars represent triplicate measurements (= S.D. of the mean).

biquitin chain by WWP1 in the absence of a substrate. Control
time-course assays carried out in the absence and presence of
recombinant full-length WWP1 or the WWP1 HECT domain
demonstrated that diubiquitin chain synthesis was strictly de-
pendent on the addition of WWP1 to the reaction (Fig. 2A4). The
chain synthesis activity of the isolated WWP1 HECT domain
was more robust than that of full-length WWP1 because higher
concentrations of E2 and E3 were required to effectively detect
the formation of diubiquitin by full-length WWP1. We next
used this assay in conjunction with a series of lysine to arginine
Ub mutants that block chain synthesis through one specific
lysine of Ub. The K63R mutation completely abolished the
chain synthesis activity of the WWP1 HECT domain in this
assay, whereas the other lysine to arginine Ub mutations tested
had little to no effect (Fig. 2B). Thus, the WWP1 HECT domain
has an intrinsic preference for assembling chains linked
through Lys-63 of Ub, at least in the context of free Ub chain
synthesis.

To assess the linkage specificity of Ub chains assembled by
full-length WWP1 on substrates, we used a mass spectrometry-
based approach with KLF5'73*° and WBP2-CT (C-terminal
fragment of WBP2; see Fig. 4A) as the substrates. His,-tagged
KLF5'7%°° and WBP2-CT fragments were ubiquitinated with
WWPL in vitro, the ubiquitinated substrates were purified
under denaturing conditions to remove >95% of all other reac-
tion components, and the ubiquitinated material was digested
with trypsin and analyzed by liquid-chromatography tandem
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mass spectrometry (LC-MS/MS). Our results showed that
WWP1 preferentially assembles Lys-63-linked chains on both
substrates, consistent with the results of the diubiquitin chain
synthesis assays, but that WWP1 can also extend chains linked
through Lys-48 and Lys-11 of Ub with a reduced efficiency (Fig.
2, Cand D). Intriguingly, the abundance of Lys-48- and Lys-11-
linked chains detected was higher for WBP2-CT than it was for
KLF5' 3% (~30% of total linkages for WBP2-CT versus ~10%
for KLF5'73%%), suggesting that either substrate-specific prop-
erties or perhaps the length of Ub chains assembled on these
substrates might account for this difference. It will be demon-
strated below that this difference is due to the length of the Ub
chains that were analyzed and is not likely to reflect an inherent
substrate-dependent change in the linkage specificity of chains
assembled by WWP1.

To further explore the linkage preference of WWP1 in the
context of substrate ubiquitination, we tested the ability of
WWP1 to polyubiquitinate KLF5'73*° and WBP2-CT in the
presence of the lysine to arginine Ub mutants. A preliminary
assay carried out with WBP2-CT as the substrate demonstrated
that, like KLF5'3%°, WBP2-CT was robustly polyubiquitinated
by WWP1 in vitro (Fig. 3A). Analysis of the ubiquitination
products from reactions carried out with KLF5'73°° and
WBP2-CT showed that the K63R mutation resulted in the most
apparent defect in chain synthesis on both substrates (Fig. 3, B
and C). However, the pattern of conjugates observed with the
K63R Ub mutant indicated that WWP1 has the ability to syn-
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conditions prior to SDS-PAGE. Detection was by anti-HA immunoblotting. B, ubiquitination of KLF5'~>>° was assayed as described in Fig. 1, but the reactions
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cross-reacting band corresponding to WWP1. E, results shown in D were quantified via densitometry by measuring the percentage of Ub chains >125 kDa in
mass present in the reaction. The cross-reacting band denoted by the asterisk was used to approximate the position of 125 kDa for quantification purposes.

Note that the 15-min time point has been omitted from the quantification.

thesize chains linked through other lysines of Ub. Consistent
with this observation, a time-course assay showed that the
K63R Ub mutant was capable of being incorporated into high
molecular weight Ub chains, presumably due to increased
usage of Lys-48 and Lys-11 of Ub in the absence of Lys-63 (Fig.
3D). However, the length of these chains was shorter at each
time point, and the K63R Ub mutant failed to support the for-
mation of the longest chains observed with wild-type Ub and
the K48R Ub mutant (Fig. 3, D and E). Together, these results
are consistent with the data from our mass spectrometry anal-
ysis and indicate that WWP1 preferentially, although not
exclusively, synthesizes chains linked through Lys-63 of Ub.

WWP1 assembles Ub chains through a sequential addition
mechanism

Several different mechanisms have been proposed for Ub
chain synthesis by a HECT E3. Yet in each case examined thus
far, conclusive evidence in support of one specific model or
another is lacking (16, 18 —22). To unambiguously define the
mechanism of Ub chain formation employed by WWP1, we
developed an assay to kinetically evaluate the formation of a
polyubiquitin chain on a single site in our in vitro system. The
substrate for this assay was a C-terminal fragment of WBP2
containing a single lysine residue and three PY motifs (WBP2-
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CT"*?2; Fig. 4A). Previous work showed that Lys-222 is a major
ubiquitination site in WBP2 (20) and that the PY motifs of
WBP2 are required for binding to the WW domains of WWP1
(55). To confirm that our single-lysine substrate was, in fact,
ubiquitinated at only one position, we tested for the ubiquiti-
nation of WBP2-CT*??? in the presence of wild-type Ub or a
lysine-less (0K) Ub mutant that cannot form polyubiqui-
tin chains. WBP2-CT*?*?> was rapidly polyubiquitinated by
WWP1 in the presence of wild-type Ub, but modified at only a
single position in the presence of the 0K Ub mutant, validating
the design of our assay (Fig. 4B). The WWP1 HECT domain by
itself, which lacks the four WW domains, was not capable of
assembling chains on WBP2-CT*?*?*? efficiently, indicating that
stable association of the E3 and substrate via WW domain-PY
motif interactions is required for robust polyubiquitination of
WBP2-CT*??? (see Fig. 5A).

We next set out to identify the underlying mechanism of Ub
chain synthesis on WBP2-CT"*** by directly measuring the
appearance of each polyubiquitinated species that arises during
the reaction. The distribution of products observed in Fig. 4B
did not reveal the underlying mechanism because at the earliest
time point taken up to six distinct ubiquitinated intermediates
were detected. Although this pattern of conjugates argues
strongly against a simple en bloc transfer mechanism, in which
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Figure 4. WWP1 assembles Ub chains on WBP2-CT¥??? via a sequential addition mechanism. A, schematic of full-length WBP2, WBP2-CT (C-terminal
fragment of WBP2), and the WBP2-CT"??? single-lysine substrate. The position of each lysine and PY motif is indicated. Lys-222 is highlighted in red. B,
ubiquitination of WBP2-CT*?22 was assayed in the presence of wild-type Ub (WT Ub) or a lysine-less Ub mutant (0K Ub) to confirm modification on a single site.
Reactions were quenched at the indicated times, and the reaction products were purified under denaturing conditions prior to SDS-PAGE. Detection was by

anti-T7 immunoblotting. G, time-course ubiquitination assay carried out with WBP2-CT*??2 and full-length WWP1 in the presence of wild-type Ub to evaluate
the mechanism of Ub chain synthesis. The reaction was quenched directly in sample buffer at the indicated times, and the reaction products were analyzed by
anti-T7 immunoblotting. The asterisk denotes a cross-reacting band corresponding to WWP1. D, quantification of the results shown in C. Band intensities were

quantified by infrared fluorescent scanning on the Odyssey imager (LI-COR). Data points represent the percentage of each WBP2-CT¥?22 species present in the
reaction at each time point.

the chain increases by x ubiquitins in length (where x = a con-
stant value), another potential explanation for this distribution
of products is that the mechanism of chain synthesis is stochas-
tic, such that the chain increases by y ubiquitins in length
(where y = the number of ubiquitins tethered to the active-site

not shown). Although we cannot rule out the possibility that a
small fraction of Ub chains assembled on WBP2-CT*?*? are
generated through an en bloc transfer mechanism, these results
demonstrate that the major mechanism by which WWP1
assembles chains on WBP2-CT*??? is via sequential addition
cysteine of WWP1 at any given point in time). To more pre- and argue against hypothetical models in which the chain is first
cisely define the mechanism of Ub chain synthesis on WBP2-  pre-assembled on the active-site cysteine of WWP1 and trans-
CT"*?2, we specifically focused on evaluating the formation of ~ ferred en bloc to the substrate.

ubiquitinated intermediates that arise during the early phase of
the reaction. An extensive time-course assay revealed that the
appearance of each new ubiquitinated species occurred in a

sequential manner and was preceded by a lag phase that reaction shown in Fig. 4C was initiated by adding buffer con-
increased proportionately as a function of chain length (Fig. 4, C  taining ATP. Thus, we initiated a separate reaction in parallel
and D). Importantly, it was evident in our assay that the early by adding the WWP1-WBP2-CT**** complex to a mixture
reaction intermediates served as templates for the formation of containing E1, Ub, ATP, and UbcH7 pre-charged with Ub.
successively longer polyubiquitinated products, consistent with ~ Under these conditions, the kinetics of WBP2-CT***> ubiquiti-
theidea that Ub chains are assembled through multiple interde- nation were so rapid that a detectable reaction occurred within
pendent transfer events. These results were reproduced under the mixing time (Fig. 5B). Importantly, however, the mecha-
conditions of E3 excess and under E3-limiting conditions (data  nism of Ub chain synthesis on WBP2-CT**** was unaffected,

To rule out the possibility that our results could be an artifact
of the reaction design, we used an altered reaction scheme to
monitor the ubiquitination of WBP2-CT****> by WWP1. The
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Figure 5. Sequential ubiquitination on WBP2-CT*??2 under different reaction conditions. A, ubiquitination of WBP2-CT*??? was assayed in the presence

of full-length WWP1 or the WWP1 HECT domain. Time points were quenched in 8 m urea, and the reaction products were purified under denaturing conditions
prior to SDS-PAGE. Detection was by anti-T7 immunoblotting. B, time-course ubiquitination assay was carried out with WBP2-CT¥?22 as described in Fig. 4C,
except UbcH7 was first charged with Ub and then added to the preformed WWP1-WBP2-CT?2? complex to initiate the reaction. The asterisk represents a
cross-reacting band corresponding to WWP1. G, results shown in B were quantified by infrared fluorescent scanning on the Odyssey imager (LI-COR). Data
points were plotted as described in Fig. 4D. D, ubiquitination of WBP2-CT*%?2 was assayed as described in Fig. 4C, but in the presence of the Lys-63-only Ub
mutant. The absence of high molecular weight polyubiquitinated species suggests the presence of branched structures and mixed linkages in chains longer

than four subunits. Note that a fraction of the total signal in each lane was lost over time due to aggregation of the Lys-63-only Ub mutant.

since the appearance of each successively longer polyubiquiti-
nated species occurred in a sequential manner, and the distri-
bution of ubiquitinated products over time was nearly identical
to that of Fig. 4C (Fig. 5, B and C). To ascertain whether Ub
chain synthesis by WWP1 proceeds sequentially through
Lys-63 of Ub, as suggested by the data in Figs. 2 and 3, we tested
the ability of WWP1 to ubiquitinate WBP2-CT*?*** in the pres-
ence of a mutant Ub containing Lys-63 as the only lysine avail-
able for chain formation. Substitution of a Lys-63-only Ub
mutant into the reaction had little to no effect on the kinetics of
WBP2-CT***? ubiquitination in the early phase of the reaction,
indicating that chains are assembled sequentially through
Lys-63 of Ub (Fig. 5D). Interestingly, we could resolve up to six
distinct ubiquitinated intermediates in the presence of the Lys-
63-only Ub mutant, and the accumulation of high molecular
weight reaction products >75 kDa (corresponding to Ub,_,, in
Fig. 4C) was effectively abolished. These observations suggest
that specificity for Lys-63-linked Ub chain synthesis on WBP2-
CT™*? is a function of chain length and that chains are elon-
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gated by WWP1 in a manner that consists of mixed linkages
once the chain reaches four Ub subunits in length.

The WWP1 HECT domain contains a low-dffinity, noncovalent
binding site for Ub

Previous studies have shown that a subset of the Nedd4 fam-
ily HECT E3s contain a noncovalent Ub-binding site located in
the N-terminal lobe of the HECT domain (21, 24-27). The
precise mechanism by which this noncovalent site regulates
HECT E3 catalysis is not completely understood, although
recent work suggests a role for this site in allosterically activat-
ing the HECT domain through multiple mechanisms (27). To
determine whether the WWP1 HECT domain contains such a
site, we tested the ability of the WWP1 HECT domain to bind to
a GST-UD fusion protein using a pulldown assay. In this assay,
GST-Ub bound weakly to the WWP1 HECT domain, whereas
the Rsp5 HECT domain, which has previously been shown to
contain this site (24, 26), bound robustly to GST-UD (Fig. 64),
as expected. To corroborate this result, we used a fluorescence
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Figure 6. The WWP1 HECT domain contains a low-affinity, noncovalent Ub-binding site. A, binding of GST-Ub to the WWP1 and Rsp5 HECT domains was
assayed by incubating immobilized Hiss-tagged HECT domains with an E. coli lysate containing GST-Ub or GST alone. Input and bound proteins (top panels)
were detected by anti-GST immunoblotting. HECT domains were visualized by Coomassie staining (bottom panel). B, fluorescence anisotropy assay was
performed with fluorescein-labeled ubiquitin and increasing concentrations of the WWP1 or Rsp5 HECT domains. Normalized anisotropy is plotted as a
function of HECT domain concentration. The K, value for the Rsp5 HECT-Ub interaction was determined to be 70.3 = 8.9 um. It was not possible to determine
the K, value for the WWP1 HECT-Ub interaction from this experiment. C, structural alignment of the WWP1 HECT domain N-lobe (PDB 1ND7) with the
Ub-binding Rsp5 N-lobe (PDB 30LM). The root-mean-square deviation was 2.9 A over 240 Ca. Residues present at the interface between the Rsp5 N-lobe and
Ub are shown. D, sequence alignment of the HECT domain N-lobes from yeast Rsp5 and human Nedd4 family members (constructed in Clustal Omega).
Residues highlighted in purple make direct contacts with Ub in the structure of Rsp5 HECT-Ub (PDB 30LM). The conserved Phe present in three of the
four Ub-binding N-lobes (red circle) is absent in WWP1, WWP2, and Itch. A colon is used to represent a gap in sequences that are not part of the
Ub-binding site. E, ubiquitination of KLF5'73°° was assayed as described in Fig. 1, except the indicated WWP1 protein (wild-type or mutant) was added
to the reaction. F, results of two independent experiments conducted as shown in E were quantified as described in Fig. 1E. The rate of KLF5'~3%°
ubiquitination was 38.8 = 1.9 fmol/min for wild-type WWP1, 11.3 = 0.4 fmol/min for the Y633A mutant, and 11.8 = 0.3 fmol/min for the 1649D mutant.
Error bars represent S.D. of the mean.

anisotropy assay to measure binding of the WWP1 and Rsp5 To ascertain whether a structural basis exists for the finding

HECT domains to fluorescein-labeled Ub over a series of
HECT domain concentrations. For the Rsp5 HECT domain, we
observed a concentration-dependent and saturable response,
and the estimated K, value for the Rsp5 HECT-UD interaction
was ~70 uM (Fig. 6B), in good agreement with published results
(26). In contrast, we observed a severely reduced response for
the WWP1 HECT domain, and the binding did not approach
saturation even at a concentration of 200 um HECT domain
(Fig. 6B). The results of these experiments suggest the presence
of a low-affinity, noncovalent Ub-binding site within the
WWP1 HECT domain.

SASBMB

that the WWP1 HECT domain binds to Ub with a reduced
affinity, we overlaid the WWP1 HECT domain N-lobe onto the
crystal structure of the Rsp5 HECT domain in complex with Ub
(26). Our alignment showed that the WWP1 and Rsp5 N-lobes
were virtually superimposable, and most of the residues
involved in Ub binding in the Rsp5 N-lobe were highly con-
served in WWP1 (Fig. 6C). However, one key difference that
exists is within a Ub-binding hairpin loop (corresponding to
B5-B6 in the Rsp5 N-lobe) containing a crucial phenylalanine
residue, Phe-618, that packs up against the Ile-44 hydrophobic
patch of Ub. This phenylalanine is a leucine in WWP1, and the
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overall sequence and structure of this loop in WWP1 is not
conserved (Fig. 6, C and D). Furthermore, an overlay of the
WWP1 N-lobe with the Ub-binding Nedd4 N-lobe revealed a
similar divergence of the 85-6 hairpin loop (data not shown).
These observations suggest that alteration of this loop in
WWP1 and the replacement of Phe-618/Phe-707 in Rsp5/
Nedd4 with Leu-731 in WWP1 may explain why the WWP1
HECT domain binds to Ub with a lower affinity than the Rsp5
and Nedd4 HECT domains (21, 26).

To determine if the WWP1 HECT domain noncovalent Ub-
binding site regulates the catalytic activity of WWPI, as
reported for other Nedd4 family HECT E3s (21, 24-27), we
tested the effect of point mutations that are predicted to disrupt
this site on the ability of WWP1 to ubiquitinate KLF5'~3%°,
Based on our alignments with Rsp5 and other Nedd4 family
HECT domains (Fig. 6, C and D), in addition to previous work
(24, 26), we made two mutations, Y633 A and 1649D, that would
be expected to eliminate Ub binding and severely inhibit sub-
strate ubiquitination if an analogous site were present in
WWP1. Both of the mutations tested impaired the formation of
Ub conjugates on KLF5'~3%°, with each mutation resulting in an
~3.5-fold decrease in the rate of KLF5'>*° ubiquitination (Fig.
6, E and F). We conclude that the WWP1 HECT domain Ub-
binding site, despite its lower Ub-binding affinity, is important
for regulating the catalytic activity of WWP1. Although we have
not further investigated the mechanistic role of this site in
WWP1, we note that these results are consistent with a recent
study demonstrating that enhanced Ub binding to the WWP1
N-lobe activates WWP1 through multiple mechanisms (27).

Length-dependent change in specificity for Lys-63-linked Ub
chain synthesis

The results of our ubiquitination assays with WBP2-CT*?%2

suggested that specificity for Lys-63-linked Ub chain synthesis
by WWP1 is altered as chain length increases (Figs. 4C and 5D).
To further explore this idea, we performed a time-course exper-
iment in which the abundance of Lys-63, Lys-48, and Lys-11
linkages incorporated into Ub chains assembled on WBP2-
CT"**? was quantified by mass spectrometry. Reaction prod-
ucts were quenched in 8 M urea at the indicated times, WBP2-
CT"**2 species were purified under denaturing conditions, and
chain linkages were analyzed by LC-MS/MS. The results of this
analysis clearly demonstrated that specificity for Lys-63-linked
Ub chain synthesis by WWP1 was reduced as chain length
increased (Fig. 7, A and B). At the 1-min time point, >95% of Ub
chains analyzed were Lys-63-linked, whereas at the 10-min
time point, ~70% of Ub chains analyzed were Lys-63-linked
and ~30% of chains were linked through Lys-48 or Lys-11 of
Ub. These differences are consistent with the results of our
linkage analysis with KLF5'~**® and WBP2-CT (Fig. 2, C and
D), which suggested that the length of the Ub chains analyzed
might affect the linkage specificity of chains detected. Notably,
these results underestimate the magnitude of Lys-48- and Lys-
11-linked chains assembled at later time points because our
assay measures the sum of all linkages present in high molecular
Ub chains, which are formed using a homogeneous Lys-63-
linked chain as the template.
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To confirm our mass spectrometry results and gain further
insight into this length-dependent change in specificity for
Lys-63 linkages, we evaluated ubiquitinated WBP2-CT*>>?
reaction products by immunoblotting with linkage-specific
antibodies. As expected, the Lys-63 linkage-specific antibody
recognized a wide range of reaction products, including di-,
tri-, and tetraubiquitinated WBP2-CT"**?, indicating that all
polyubiquitinated products formed contain Lys-63 linkages
(Fig. 7C). In contrast, the Lys-48 and Lys-11 linkage-specific
antibodies exclusively recognized high molecular weight con-
jugates designated Ub,_,, indicating that Lys-48 and Lys-11
linkages are present only in chains longer than four Ub sub-
units. These results are consistent with the data from our mass
spectrometry analysis. We conclude that WWP1 assembles a
tetraubiquitin chain on WBP2-CT*?*? linked homogeneously
through Lys-63 of Ub and that once the chain reaches four Ub
subunits in length, chains are elongated by WWP1 in a manner
that consists of Lys-48 and Lys-11 linkages, in addition to
Lys-63 linkages. Because our assay monitors the formation of a
polyubiquitin chain on a single acceptor site, these results imply
that WWP1 synthesizes branched Ub chains containing mixed
linkages once the chain reaches four Ub subunits in length.

We next directly tested the idea that WWP1 synthesizes
branched Ub chains on WBP2-CT"**** once the chain reaches
four Ub subunits in length using an assay designed to bypass the
initial steps of chain initiation and elongation. WBP2-CT***?
was first modified with a Lys-63-linked tetraubiquitin chainin a
brief incubation with WWP1, such that the substrate was fully
converted to its tetraubiquitinated form (Fig. 7D, lane 2). A 0K
Ub mutant was then added to the reaction in excess, and time
points were withdrawn and analyzed to determine how many
sites within the Lys-63-linked tetraubiquitin chain were capa-
ble of acting as acceptors for 0K Ub. We reasoned that if chain
elongation by WWP1 proceeded exclusively off of the distal Ub
on the end of the growing chain, then 0K Ub should be conju-
gated to only a single site within the Lys-63-linked chain. How-
ever, if chain assembly occurred in a manner that included the
formation of branched structures, then 0K Ub should be con-
jugated to multiple sites within the Lys-63-linked chain. Strik-
ingly, 0K Ub was conjugated to three different sites within the
Lys-63-linked chain (Fig. 7D), and the pattern of conjugates
closely resembled that which was observed in reactions carried
out with wild-type Ub (compare Fig. 7, D to A). These results
provide direct evidence for a branching activity by WWP1 and
demonstrate that WWP1 is capable of extending Ub chains of
complex topology and multiple linkages off of a homogeneous
Lys-63-linked tetraubiquitin chain.

Discussion

The mechanisms by which HECT E3s assemble Ub chains on
substrates remain incompletely understood, despite the avail-
ability of several crystal structures of HECT domains in com-
plex with E2~UD, substrate, or Ub (14-16, 21, 26). Our results
suggest a two-phase model for the synthesis of substrate-linked
Ub chains by WWP1 that may account for several puzzling
observations previously reported for WWP1 and other Nedd4
family E3s (Fig. 8). In the first phase of Ub chain synthesis, Ub
monomers are transferred in a sequential fashion from the
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Figure 7. Specificity for Lys-63-linked Ub chain synthesis by WWP1 is a function of chain length. A, anti-T7 western blots showing the starting material
used for quantification of Ub chain linkages formed on WBP2-CT"?2? over time by mass spectrometry. The reaction was quenched in 8 M urea at the indicated
times, and the ubiquitinated products were purified under denaturing conditions prior to SDS-PAGE. B, quantification of Ub chain linkages using the ubiquiti-
nated material shown in A. Results are represented as a percentage of the sum of all linkages detected. Error bars represent triplicate measurements (=S.D. of
the mean). C, ubiquitination of WBP2-CT**?2 was assayed in the presence of wild-type Ub as described in Fig. 4B. The reaction products were probed with
linkage-specific antibodies to detect Lys-63-, Lys-48-, and Lys-11-linked chains. D, ubiquitination of WBP2-CT**?2 was assayed in two rounds of reaction to
detect a branching activity by WWP1. WBP2-CT**?? was first modified with a Lys-63-linked Ub,, chain, such that the substrate was fully converted to its
tetraubiquitinated form (lane 2). A molar excess of a lysine-less Ub (0K Ub) was then added to the reaction. The reaction products were quenched at the
indicated times as described in A and detected by anti-T7 immunoblotting. The asterisk denotes a cross-reacting species that originates from an aggregate

present in the Lys-63-linked Ub, preparation.

active-site cysteine of WWP1 to the distal Ub on the end of the
growing chain. Chain assembly in this phase occurs in a unidi-
rectional manner and proceeds exclusively through Lys-63 of
Ub, resulting in the formation of a Lys-63-linked tetraubiquitin
chain on the substrate. Once the chain reaches four Ub subunits
inlength, chains are then elongated by WWP1 in a manner that
consists of mixed linkages containing Lys-48- and Lys-11-
linked Ub chains, in addition to Lys-63-linked chains. This sec-
ond phase of chain synthesis is multidirectional and appears to
progress in a manner that is characterized, at least in part, by
the formation of branched structures. As discussed in more
detail below, our model suggests a framework for understand-
ing how the catalytic activities of WWP1 and other Nedd4 fam-
ily members are coordinated to enable the formation of Ub
signals that function in proteasome-independent and pro-
teasome-dependent pathways.

The first phase of Ub chain synthesis by WWP1 involves the
unidirectional formation of a tetraubiquitin chain linked
through Lys-63 of Ub. As demonstrated by mass spectrometry
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and the detection of reaction products with linkage-specific
antibodies, Ub chain formation in this phase occurs with a very
high degree of specificity for Lys-63 linkages. This result by
itself is not surprising because most, if not all, Nedd4 family E3s
tested have been shown to preferentially assemble Lys-63-
linked chains in vitro (16, 20, 28, 34, 56). A key finding from our
kinetic analysis of WBP2-CT**** ubiquitination is that we
could conclusively show, in the early phase of the reaction, that
Ub chains are assembled by WWP1 through a sequential addi-
tion mechanism, in which Ub monomers are transferred to the
substrate in a successive fashion. Although it has been sug-
gested in previous studies that Rsp5 and Nedd4 are likely to
assemble Ub chains through a sequential addition mechanism
(16, 20, 21), our results differ from those in prior studies
because we could kinetically resolve all of the relevant interme-
diates that one would predict to observe in a sequential addition
model (Fig. 4, C and D). Notably, our results bear strong resem-
blance to the mechanism of Ub chain formation employed by
the budding yeast SCF““* and human SCF?""*“* multisubunit
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Figure 8. Two-phase model for substrate-linked Ub chain synthesis by WWP1. Once the initiator Ub has been conjugated to the substrate, the formation
of Ub chains by WWP1 occurs in two distinct phases. In phase 1, Ub monomers are transferred from the active-site cysteine of WWP1 to the distal Ub on the end
of the growing chain. This phase of Ub chain synthesis is unidirectional and occurs with strict specificity for Lys-63 linkages. In phase 2, Ub chain assembly
proceeds in a manner that consists of mixed Lys-48, Lys-11,and Lys-63 Ub linkages and is characterized by formation of branched structures. Ub chain synthesis
in this phase is multidirectional, resulting in an increase in the density of Ub subunits surrounding the substrate. Substrates that dissociate from the E3 rapidly
and therefore do no enter phase 2 are modified with monoubiquitin or short Lys-63-linked chains (2-4 subunits), which typically mark proteins for non-
proteasomal pathways. Substrates that remain more stably associated with the E3 and therefore enter into phase 2 have the potential to be modified with

larger, more complex Ub chains containing mixed linkages, which are likely to serve as efficient proteasome targeting signals in vivo.

RING E3s, suggesting that RING and HECT E3s share a com-
mon mechanism of Ub chain assembly (57). As expected, ubiq-
uitination by WWP1 required the presence of a noncovalent
Ub-binding site within the HECT domain (21, 25, 26). Interest-
ingly, arecent study proposed that this site regulates the activity
of WWP1 and other Nedd4 family E3s through multiple mech-
anisms that include, but are not limited to, Ub chain formation
(27).

In the second phase of Ub chain synthesis, chains are elon-
gated by WWP1 in a multidirectional fashion that consists of
mixed Ub linkages. Once the growing chain reaches four Ub
subunits in length, a distinctive shift in the linkage specificity of
chains assembled by WWP1 was observed. The presence of
Lys-48- and Lys-11-linked chains in reaction products of >4
Ub subunits in length was detected by mass spectrometry and
confirmed using linkage-specific antibodies. Two findings sup-
port the idea that at least a fraction of these high molecular
weight species are composed of branched chains. First, since
our substrate contains a single acceptor site, there is no obvious
reason why the electrophoretic mobility of chains resolved by
SDS-PAGE would deviate from the stepwise pattern observed
for Ub,-Ub, if chains >4 Ub subunits were elongated by
WWP1 in a unidirectional fashion. Substitution of a Lys-63-
only Ub mutant into the reaction clearly demonstrated that
chains >4 subunits in length could be individually resolved in
the absence of other lysines on Ub that have the potential to
serve as branch points. Second, we have directly demonstrated
a branching activity for WWP1 using an assay that was
designed to test the ability of WWP1 to nucleate the formation
of a chain off of Ub subunits within a Lys-63-linked tetraubiq-
uitin chain anchored to a substrate (Fig. 7D). Interestingly, we
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were unable to detect a branching activity for WWP1 when the
substrate was a free Lys-63-linked tetraubiquitin chain (data
not shown), suggesting that the branching activity of WWP1 in
the context of substrate polyubiquitination arises from topo-
logical constraints placed on the distal Ub at the end of the
substrate-anchored chain. We speculate that the length at
which WWP1 switches from unidirectional Lys-63-linked
chain synthesis to multidirectional branched chain synthesis
could vary for different substrates and might depend on the
distance between the site of WWP1 binding, the position of the
substrate lysine, and the active-site cysteine of WWP1 respon-
sible for positioning the donor Ub during chain assembly.

An important implication of our model is that it suggests a
framework for understanding how the biochemical activities
and functions of WWP1 and other Nedd4 family HECT E3s are
integrated in vivo. Many studies have demonstrated that Nedd4
family members modify a specific subset of their substrates
with monoubiquitin or short Lys-63-linked chains (33, 58 — 62).
Yet, additional reports have shown that Nedd4 family E3s have
the ability to target numerous substrates for degradation by the
proteasome (7, 10, 13, 38), which typically requires the attach-
ment of Lys-48- and/or Lys-11-linked chains to substrates (1, 2,
43, 63). Importantly, our model provides a mechanistic frame-
work to explain how WWP1 and other Nedd4 family members
catalyze the formation of Ub signals that are capable of func-
tioning in proteasome-independent and proteasome-depen-
dent pathways (Fig. 8). We propose that the rate of product
intermediate dissociation during a single encounter between E3
and substrate determines the exact nature and function of the
Ub signal that is appended by this family of E3s. Substrates that
dissociate from the E3 rapidly are modified with monoubiquitin
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or short Lys-63-linked chains and thus are destined for non-
proteasomal pathways, whereas substrates that remain more
stably associated with the E3 have the potential to be modified
with longer, more complex Ub chains containing Lys-48 and
Lys-11 linkages, which are likely to act as proteasome targeting
signals in vivo (1, 2, 43, 63). Stable association of the substrate
with the E3 in vivo may be conferred by other proteins or mem-
branes that form part of a larger E3-substrate complex, post-
translational modifications, or a PY motif containing adaptor
proteins, of which a large variety has been described for Nedd4
family E3s (64 —68).

Is our two-phase model for Ub chain synthesis applicable to
other Nedd4 family members? Two proteomic studies in which
the linkage specificity of Ub chains assembled by multiple
Nedd4 family E3s was surveyed by mass spectrometry suggest
that our model is likely to be relevant for other family members.
In one study, Lys-63-linked chains were reported to represent
~90% of the total chain population analyzed for all E3s tested,
and in the other study Lys-63-linked chains were found to rep-
resent anywhere from 50 to 70% of chains analyzed depending
on the Nedd4 family E3 assayed (neither study tested WWP1),
with the remaining 30 -50% consisting predominantly of Lys-
48- and Lys-11-linked chains (16, 34). Both studies assayed Ub
chain formation by isolated HECT domains in an autoubiquiti-
nation assay, but the key difference between these studies was
in the length of the Ub chains that were analyzed. The study
that reported a chain type specificity of ~90% Lys-63 linkages
examined a broad range of ubiquitinated products that
included species as small as 50 kDa in mass, whereas the study
that reported a much higher abundance of Lys-11- and Lys-48-
linked chains focused specifically on ubiquitinated products
>125 kDa. In light of our finding that specificity for Lys-63-
linked Ub chain synthesis by WWP1 is a function of chain
length, we find it likely that the results of these studies are
explained by a similar length-dependent change in the linkage
specificity of Ub chains assembled by other Nedd4 family E3s.
We propose that our two-phase model for Ub chain synthesis is
generally applicable to other Nedd4 family members and that
this mode of catalysis provides a mechanism to ensure that
Nedd4 family E3s are capable of synthesizing multiple types of
Ub signals with discrete functions in vivo.

Experimental procedures
Reagents and constructs

The antibodies used in this study were as follows: anti-Hisg
(Sigma, clone HIS-1, catalog no. H1029); anti-T7 (EMD Milli-
pore, catalog no. 69522); anti-HA (clone 12CA5, in-house anti-
body); anti-Ub (Santa Cruz Biotechnology, clone P4D1, catalog
no. sc-8017); anti-GST (Santa Cruz Biotechnology, clone Z-5,
catalog no. sc-459); Lys-63-specific anti-Ub (Abcam, clone
Apu3, catalog no. ab179434); Lys-48-specific anti-Ub (Abcam,
clone Apu2, catalog no. ab140601); and Lys-11-specific anti-Ub
(EMD Millipore, clone 2A3/2E6, catalog no. MABS107-I).
Insect cell-derived human E1 and bacterially expressed human
UbcH7, Ub, and all Ub mutants were purchased from Boston
Biochem. His,-KLF5'~3°° purified from Escherichia coli was
obtained from Proteintech. Diubiquitin chain standards for
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mass spectrometry and Lys-63-linked tetraubiquitin were pur-
chased from Boston Biochem. The E2°¢*" kit (catalog no.
67-0005-001) was obtained from Ubiquigent. Constructs for
bacterial expression of human WWP1, WBP2-CT, WBP2-
CT*??2, and the HECT domains of WWP1 and Rsp5 were sub-
cloned into the pET-28a(+) or pET-30 Xa/LIC vectors (EMD
Millipore). Further details on reagents and constructs used in
this study are available upon request.

Protein expression and purification

Full-length His,-WWP1 was expressed in the Rosetta-
2(DE3) strain of E.coli by induction with 1 mm isopropyl
1-thio-B-p-galactopyranoside at 20 °C for 5—6 h. Cell pellets
were frozen at —80 °C, thawed, and resuspended in 20 ml of
lysis buffer (50 mm Tris-HCI, 500 mm NaCl, 10 mm imidazole,
1% Tween 20, 5% glycerol, pH 8.0) containing 1 mm PMSF, and
10 mMm B-ME per liter of cell pellet. Cells were lysed by sonica-
tion, and the lysate was clarified by centrifugation at 12,000 X g
for 30 min at4 °C. The cleared fraction was then mixed with 500
wl of packed TALON beads (Clontech) per liter of cell pellet
and rotated for 1.5 h at 4 °C. The beads were washed once in
lysis buffer containing 5 mm 3-ME and twice in wash buffer (50
mM Tris-HCl, 500 mm NaCl, 20 mm imidazole, 1% Tween 20,
5% glycerol, pH 8.0) containing 5 mm 3-ME. Beads were resus-
pended in 1 ml of thrombin cleavage buffer (20 mm Tris-HCl,
150 mm NaCl, 5% glycerol, pH 8.0), and thrombin cleavage was
carried out overnight for 15-20 h at 4 °C with 2 units of bioti-
nylated thrombin (EMD Millipore) to cleave off the His, tag.
Thrombin was then removed with streptavidin-agarose beads
(EMD Millipore) according to the manufacturer’s instructions.
DTT was added at a final concentration of 1 mm, and prepara-
tions were concentrated to ~0.5 mg/ml by ultrafiltration. Pro-
teins were aliquoted and stored at —80 °C. Protein purity and
concentration were assessed by Coomassie staining of SDS-
polyacrylamide gels and using the A,q, method. Enzyme con-
centrations for all assays were based on total protein content.

The WBP2-CT and WBP2-CT"*?? substrates were ex-
pressed as Hiss-tagged proteins in the Rosetta-2(DE3) E. coli
strain and isolated on TALON beads, as described above for
WWP1, except proteins were eluted from the TALON resin in
1 ml of elution buffer (50 mm Tris-HCI, 100 mm NaCl, 250 mm
imidazole, 5% glycerol, pH 8.0), resulting in the presence of an
intact N-terminal His, tag. Imidazole was removed by ultrafil-
tration with repeated rounds of concentration and dilution in
storage buffer (50 mm Tris-HCI, 100 mm NacCl, 5% glycerol, pH
8.0). Protein aliquots were stored at —80 °C, and protein purity
and concentration were assessed as described above. The His,-
WWP1 and His,-HECT constructs for diubiquitin chain syn-
thesis assays were expressed in E. coli and purified in the same
manner, but the elution and storage buffers contained 2.5 mm
B-ME, and the eluted protein preparations were concentrated
to ~0.5 mg/ml prior to storage at —80 °C. For the fluorescence
anisotropy assays, the Hisg-tagged Rsp5 and WWP1 HECT
domains were purified, eluted, and concentrated largely as
described above, except the preparations were further purified
on anion-exchange and size-exclusion columns.
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Ubiquitination assays

Substrate ubiquitination assays with WWP1 contained 100
nM E1, 500 nm UbcH7 or the indicated E2, 350 nm WWP1, 350
nM His,-tagged substrate (KLF5'73°°, WBP2-CT, or WBP2-
CT***2), and 50 um Ub (wild-type or the indicated mutant).
Unless otherwise specified, reactions were initiated by the addi-
tion of buffer containing ATP (final concentrations were 25 mm
Tris-HCI, pH 7.5, 50 mMm NaCl, 0.1 mm DTT, 5 mm MgCl,, 5 mm
ATP), mixed by pipetting, and the zero time point was with-
drawn on ice. Reactions were then transferred to a 37 °C water
bath. Time points were withdrawn at the indicated times and
quenched in 2X SDS-PAGE sample buffer (all assays unless
otherwise specified in the figure legends) or denaturing buffer
(25 mm Tris-HCI, pH 7.5, 50 mm NaCl, 8 m urea). Reaction
products quenched in denaturing buffer were subject to a post-
assay purification on TALON beads to isolate ubiquitinated
substrates and circumvent the nonspecific detection of WWP1.
Reaction products were analyzed by immunoblotting with anti-
His,, anti-T7, anti-HA, or anti-Ub antibodies as indicated in the
figure legends.

Quantification of ubiquitination assays with WBP2-C
was performed by fluorescent scanning using the Odyssey
infrared imaging system (LI-COR Biosciences). For each lane,
individual bands were quantified as a percentage of the total
signal present in all bands (57). Background fluorescence
resulting from the cross-reacting band (Figs. 4C and 5B) was
subtracted out of the analysis. Data points were plotted in
GraphPad Prism 5.0 software, and manual curve fitting was
used to construct the graphs shown in Figs. 4D and 5C. For
ubiquitination assays with KLF5'~3°? as the substrate, chemilu-
minescent signal intensities were quantified for unmodified
KLF5'~3*° by densitometry in ImageJ64. Initial rates of KLF5' >
ubiquitination were determined using linear regression
analysis in Prism 5.0 with initial data points in the linear
phase of the reaction. WBP2-CT ubiquitination assays in Fig.
3D were quantified by measuring the amount of Ub chains
larger than ~125 kDa as a percentage of the total signal in
each lane in Image]64.

TK222

Diubiquitin chain synthesis assays

Diubiquitin chain synthesis assays performed with the
WWP1 HECT domain contained 100 nm E1, 500 nm UbcH?7,
500 nm His,-tagged WWP1 HECT, and ~115 um wild-type Ub
or the indicated Ub mutant. Assays conducted with full-length
WWP1 contained 2-fold higher concentrations of UbcH7 and
His,-WWP1 because in preliminary experiments it was deter-
mined that the chain synthesis activity of full-length WWP1
was less robust than that of the isolated WWP1 HECT domain.
Reactions were initiated by adding buffer containing ATP (final
concentrations as indicated above), and time points were with-
drawn and quenched in 1X Tris-Tricine SDS-PAGE sample
buffer. Reaction products were resolved on 16% Tris-Tricine
gels and analyzed by anti-Ub immunoblotting.

Mass spectrometry

Samples for mass spectrometry were prepared by ubiquiti-
nating the KLF5'73°°, WBP2-CT, and WBP2-CT**** sub-
strates with full-length WWP1 as described above. Reactions
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containing 2 ug of Hisc-tagged substrate were incubated at
37 °C for 60 min (KLF5'73°°), 10 min (WBP2-CT), or for the
indicated times in Fig. 7A (WBP2-CT*?**?). Reaction products
were quenched in denaturing buffer (25 mm Tris-HCI, pH 7.5,
50 mMm NaCl, 8 M urea), and the ubiquitinated substrates were
purified on TALON beads to remove >95% of autoubiquiti-
nated species (estimated by spectral counting) and free Ub
chains from the sample. Ubiquitinated material was eluted
from the beads in denaturing buffer containing 250 mm imid-
azole. The imidazole was removed by ultrafiltration, and sam-
ples were concentrated to ~50 ul for mass spectrometry. In
preliminary experiments carried out with KLF5'73*° and
WBP2-CT as the substrates and a mixture of diubiquitin chain
standards representing all eight possible chain linkages, Lys-63,
Lys-48, and Lys-11 linkages were the only linkages detected.
Therefore, a standard sample containing 1 ug each of Lys-63,
Lys-48, and Lys-11-linked diubiquitin was prepared in parallel
for quantitation purposes.

Samples were digested overnight with trypsin (Promega)
according to the manufacturer’s instructions. The digests were
pressure-loaded onto a 250-um inner diameter fused silica cap-
illary (Polymicro Technologies) column with a Kasil frit packed
with 3 cm of a 5-um C18 resin (Phenomenex) that was con-
nected to a 100-um inner diameter fused silica capillary (Poly-
micro Technologies) analytical column with a 5-um pulled tip,
packed with 10 cm of 5-um C18 resin. The split column was
positioned in-line with an 1100 quaternary HPLC pump (Agi-
lent Technologies), and eluted peptides were electrosprayed
directly into an LTQ Orbitrap XL mass spectrometer (Thermo
Fisher Scientific). The buffer solutions used were as follows: 5%
acetonitrile, 0.1% formic acid (buffer A) and 80% acetonitrile,
0.1% formic acid (buffer B). The 180-min elution gradient had
the following profile: 0% buffer B until 5 min, up to 40% buffer B
at 125 min, up to 60% buffer B at 145 min, up to 100% buffer B
at 155 min continuing to 165 min, and finally down to 0% buffer
B at 170 min. A cycle consisted of one full scan mass spectrum
(400-1600 m/z), followed by five data-dependent collision-in-
duced dissociation MS/MS spectra. Charge state rejection was
enabled for unassigned charge states and charge state one.
Dynamic exclusion was enabled with a repeat count of one, a
repeat duration of 30 s, an exclusion list size of 500, and an
exclusion duration of 180 s. Early expiration was enabled with
an expiration count of three and an expiration signal-to-noise
ratio threshold of three. Application of mass spectrometer scan
functions and HPLC solvent gradients were controlled by the
Xcalibur data system (Thermo Fisher Scientific).

MS/MS spectra were extracted using RawXtract (version
1.9.9) (69). MS/MS spectra were then searched with the ProLu-
CID algorithm (70) against a Saccharomyces cerevisiae and
E. coli database concatenated to a decoy database in which the
sequence for each entry in the original database was reversed
(71) and supplemented with UniProt sequences for human
UBA1, UBE2L3, WWP1, KLF5, WBP2, and UBB. The ProLu-
CID search was performed using full enzyme specificity and
differential modification of lysine due to ubiquitination rem-
nant (114.042927). ProLuCID search results were then assem-
bled and filtered using the DT ASelect algorithm (version 2.0)
(72). The protein identification false-positive rate was kept
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below 1%, and all peptide-spectra matches had less than 10 ppm
mass error. Extracted ion chromatograms for fully tryptic pep-
tides containing the remnant of Lys-63, Lys-48, and Lys-11
linkages were generated from Orbitrap full scans. A 0.02 atomic
mass unit window was used for peak extraction and area calcu-
lation in the XCalibur Qual Browser software (Thermo Fisher
Scientific). The relative abundance of Lys-63, Lys-48, and
Lys-11 linkages was determined for each of the ubiquitinated
substrates and normalized to the data from the standard con-
taining Lys-63, Lys-48, and Lys-11-linked diubiquitin (34).

Ub binding assays

The WWP1 and Rsp5 HECT domains were assayed for bind-
ing to Ub using a previously published pulldown experiment
(24), with minor modifications. Briefly, the His,-tagged WWP1
and Rsp5 HECT domains were expressed in E. coli and immo-
bilized on TALON beads according to the manufacturer’s
instructions. Beads containing ~10 ug of the WWP1 or Rsp5
HECT domain were incubated with an E. coli lysate containing
~30 pg of GST or GST-Ub for 1 h at 4 °C. Beads were washed
twice in binding buffer (PBS, 1% Triton X-100, 5% glycerol, pH
7.5) containing 10 mm imidazole and once in binding buffer
containing 20 mMm imidazole. Bead-bound proteins were eluted
in SDS-PAGE sample buffer and analyzed by anti-GST immu-
noblotting or Coomassie staining.

Fluorescence anisotropy measurements were made with
E. coli-derived Hisg-tagged HECT domains and fluorescein-la-
beled Ub modified at the N terminus (Boston Biochem). The
HECT domains of Rsp5 and WWP1 were dialyzed into anisot-
ropy buffer (50 mm Tris-HCI, pH 7.4, 250 mm NaCl, 0.5 mm
tris(2-carboxyethyl)phosphine, 2.5% (w/v) sucrose) at 4°C
overnight and concentrated to 12 mg/ml. Protein aggregates
were removed by centrifugation at 100,000 rpm for 10 min in a
TLA 110 rotor and Optima TLX ultracentrifuge (Beckman
Coulter). Fluorescein-labeled Ub was directly resuspended in
anisotropy buffer, and free fluorescein was removed by ultrafil-
tration with repeated rounds of concentration and dilution in
anisotropy buffer. 50 nm fluorescein-Ub was combined with
various concentrations of Rsp5 or WWP1 HECT domains in
anisotropy buffer and incubated at room temperature for 5 min
in a volume of 50 ul. Samples were loaded into an opaque 384-
well plate (Greiner Bio-One), and anisotropy measurements
were made using the Safire II microplate reader (Tecan), with
instrument settings as follows: A, = 470 nm; A, = 520 nm;
G-factor correction = 1.1114; reads per well = 10. The data
were fit to a one-site specific binding model in GraphPad Prism
5.0, and the K, for the Rsp5 HECT-Ub interaction was deter-
mined to be 70.3 = 8.9 um. It was not possible to determine a K,
value for the WWP1 HECT-Ub interaction from our data.

Detection of branched Ub chains

To detect the formation of branched chains by WWP1, ubiq-
uitination of WBP2-CT**** was assayed in two rounds of reac-
tion. In the first round, WBP2-CT*??? was modified with a
Lys-63-linked tetraubiquitin chain. Reaction conditions were
as follows: 125 nm E1, 750 nm UbcH7, 500 nm WWP1, 300 nm
His,- WBP2-CT**??, and 7.5 uMm Lys-63-linked Ub,. The reac-
tion was incubated at 37 °C for 20 s and placed back on ice, and
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a second round of reaction was initiated by adding a molar
excess of 0K Ub (50 uMm). The reaction was again incubated at
37 °C. Time points were withdrawn at the indicated times and
quenched in denaturing buffer, and the ubiquitinated WBP2-
CT"**? reaction products were subsequently purified on
TALON beads. The reaction products were resolved by SDS-
PAGE and analyzed by anti-Ub immunoblotting.
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