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The ubiquitin system regulates countless physiological and dis-
ease-associated processes and has emerged as an attractive
entryway for therapeutic efforts. With over 600 members in
the human proteome, ubiquitin ligases are the most diverse
class of ubiquitylation enzymes and pivotal in encoding specif-
icity in ubiquitin signaling. Although considerable progress has
been made in the identification of small molecules targeting
RING ligases, relatively little is known about the “druggability”

1. Introduction
1.1. Targeting the ubiquitin system

The modification of eukaryotic proteins with ubiquitin controls
their lifetimes, abundance, localization, interactions, and activi-
ties, thereby regulating protein function at all levels. It is thus
not surprising that the ubiquitin system is critically implicated
in many human diseases and has become a prime focus of
therapeutic efforts."” The remarkable success of proteasome
inhibitors, such as bortezomib, in the treatment of multiple
myeloma' fed the idea of manipulating components of the
ubiquitylation machinery upstream of the proteasome for even
more specific therapeutic effects.

The ubiquitylation machinery operates as a catalytic cascade
and is counteracted by deubiquitinases (DUBs). First, a ubiqui-
tin-activating (E1) enzyme hydrolyses adenosine triphosphate
(ATP) to generate an energy-rich thioester linkage between a
cysteine residue at its catalytic center and the C terminus of
ubiquitin. In the second step, ubiquitin is transferred to the
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of HECT (homologous to E6AP C terminus) ligases, many of
which are critically implicated in human pathologies. A major
obstacle to optimizing the few available ligands is our incom-
plete understanding of their inhibitory mechanisms and the
structural basis of catalysis in HECT ligases. Here, we survey
recent approaches to manipulate the activities of HECT ligases
with small molecules to showcase the particular challenges
and opportunities these enzymes hold as therapeutic targets.

catalytic cysteine of a ubiquitin-conjugating (E2) enzyme. Final-
ly, a ubiquitin ligase (E3 enzyme) interacts with the ubiquitin-
loaded E2 enzyme to link ubiquitin to a substrate protein.
Depending on their architectures, E3 enzymes follow different
mechanisms: really interesting new gene (RING)-type and U-
box ligases act as scaffolds for the colocalization of a ubiqui-
tin-loaded E2 enzyme and a substrate and promote the direct
transfer of ubiquitin from the E2 to the substrate. In contrast,
HECT (homologous to E6AP C terminus) and RBR (RING-in-be-
tween-RING) ligases have their own catalytic cysteine and take
over ubiquitin from the E2 enzyme before passing it on to the
substrate. Regardless of their mechanism, however, most ubig-
uitin ligases catalyze the formation of an isopeptide or peptide
bond between the Cterminus of ubiquitin and a primary
amino group of the substrate.

Multiple cycles of the catalytic cascade lead to the modifica-
tion of substrates at different sites (multi-monoubiquitylation)
or the formation of ubiquitin chains (polyubiquitylation), if
ubiquitin itself functions as a substrate. Because ubiquitin has
eight primary amino groups (seven lysines and the N termi-
nus), such chains can have different linkage types and adopt
distinct conformations associated with specific functional out-
comes.P! The specificity of ubiquitin as a molecular signal thus
depends on the identity of the substrate, the pattern of modi-
fication sites, and the types of ubiquitin modifications formed.
Importantly, all of these features are controlled by the dynamic
interplay of ubiquitin ligases and DUBs. The availability of
specific receptors that recognize distinct modifications pro-
vides another important layer in encoding specificity in ubiqui-
tin signaling downstream of E3 enzymes.

With over 600 members in the human proteome,” ubiquitin
ligases are pivotal in conferring specificity in ubiquitylation
and provide particularly interesting targets for therapeutic
interventions. Progress in manipulating the activities of RING
ligases, as reviewed by Dixit and Huang,” includes the discov-
ery that the immunomodulatory drug thalidomide targets a
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RING ligase, CRL4“®N® Along with landmark work on the
structural basis of thalidomide action,” this finding has refu-
eled efforts to generate protein-targeting chimeric compounds
(PROTACGs), which direct the activities of RING ligases at specific
disease-associated proteins, thereby marking them for protea-
somal degradation.’! In contrast, few studies have focused on
targeting HECT ligases by small molecules.
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1.2. Targeting HECT-type ubiquitin ligases

The 28 human HECT ligases regulate a wide range of cellular
signaling pathways, many of which are critically linked to
human pathologies.” For example, E6AP (UBE3A) is hijacked
by the E6 protein from high-risk human papilloma viruses
(HPVs) to promote proteasomal degradation of the tumor sup-
pressor p53, thereby driving HPV-induced cervical carcinogene-
sis.”!. Maternally inherited deletion or mutation of this ligase
gene results in a neurodevelopmental disease known as Angel-
man syndrome; in contrast, genetic amplification or mutational
upregulation of E6AP is linked to autism-spectrum disorders.”
Genetic alterations of HUWE1 (MULE, ARF-BP1, HECTH9,
LASUT, UREB1) have been associated with X-linked intellectual
impairment."'¥ Moreover, various HECT ligases, including
HUWE1, NEDD4-1, WWP1 (TIUL1, AIP1), WWP2 (AIP2), ITCH
(NAPP1, AIP4), SMURF2, UBR5 (EDD), and members of the
HERC subfamily have been implicated in tumorigenesis and
immune signaling, respectively.” '

HECT ligases share a C-terminal catalytic HECT domain of
about 45 kDa that consists of two lobes, connected by a short,
flexible linker."®'”" The regions preceding the HECT domain,
which range from about 40 to 490 kDa, have variable domain
compositions and are poorly characterized."® Most of our
structural and mechanistic knowledge of HECT ligases origi-
nates from studies of the NEDD4 subfamily (NEDD4-1, NEDD4-
2, ITCH, WWP1, WWP2, SMURF1, SMURF2, HECW1, HECW2),
which constitutes 30% of the human HECT ligases."®'” How-
ever, it is largely unknown to what extent the mechanistic
features described for NEDD4-type enzymes are conserved in
the HECT ligase family.

Similar to all types of E3 enzymes, HECT ligases mediate a
series of protein—protein interactions (PPIs), including those
with E2 enzymes, ubiquitin, substrates, and regulatory factors.
How these dynamic interactions are orchestrated at a structur-
al level is incompletely understood and appears to vary be-
tween individual ligases."® A conserved E2-binding site was
shown to reside on the N lobe of the HECT domain, as illustrat-
ed by crystal structures of the E2-bound HECT domains of
E6AP and NEDD4-1.'?" Recently, the HECT domains of E6AP
and NEDD4-2 were proposed to contain a second E2 binding
site, based on kinetic analyses and modeling approaches.”*2¥

The interactions of HECT ligases with ubiquitin involve sever-
al functionally distinct ubiquitin moieties: 1) The “donor” ubig-
uitin is thioester-linked through its C terminus to the E3 active
site in an intermediate step of catalysis; 2) the “acceptor” ubig-
uitin provides a primary amino group for the nucleophilic
attack on the donor ubiquitin during chain formation; and 3) a
regulatory ubiquitin moiety controls the processivity of chain
formation by interacting with a particular site on the N lobe of
NEDD4-type enzymes, known as the exosite.””?” The interac-
tions of the donor ubiquitin with the C lobe and the regulatory
ubiquitin molecule with the exosite, respectively, were shown
to be conserved across several NEDD4-type enzymes.”>?=" |n
contrast, the structural underpinnings of acceptor ubiquitin
recognition and linkage-specific ubiquitin chain formation by
HECT ligases have not been structurally elucidated. Biochemi-
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cal studies have demonstrated, however, that linkage specifici-
ty is determined by the C lobe.®%3?

How substrates are presented to the catalytic center of
HECT ligases is also largely unclear. To date, this question has
only been structurally analyzed for RSP5, a NEDD4-orthologue
from yeast.”® In the NEDD4 family, substrate recognition is
mediated by WW domains located in proximity to the HECT
domain that bind particular proline-rich motifs in substrates."”
In other HECT ligases, substrate-binding regions are separated
from the catalytic domain by hundreds or even thousands of
residues;'®3*3% how these regions are oriented with respect to
the catalytic center in order to enable the ubiquitylation of
specific substrates is an unresolved question.

Consequently, the structural underpinnings of HECT-mediat-
ed ubiquitin chain formation on substrates remain puzzling.
Different models have been proposed: On one hand, data on
NEDD4-type HECT ligases have frequently been interpreted in
the context of a sequential addition model, which posits that
ubiquitin chains are assembled on substrates in a stepwise
fashion."” This mechanism was recently experimentally validat-
ed for WWP1.%9 On the other hand, kinetic analyses of E6GAP
and NEDD4-2 indicate an en bloc/proximal indexation mecha-
nism, in which a ubiquitin chain is preassembled on the ligase
active site with the help of two E2 enzymes before the chain is
transferred to a substrate.?>*3” Together, these results are in
line with the idea that different ligases follow distinct mecha-
nisms.”

Emerging structural insights into the intra- and intermolecu-
lar interactions that regulate the activities of HECT ligases have
revealed that this E3 enzyme family indeed harbors considera-
ble mechanistic diversity."® Members of the NEDD4 subfamily
contain a membrane-targeting C2 domain that can form auto-
inhibitory interactions with the HECT domain, as first demon-
strated for SMURF2.5%3 This autoinhibition is modulated by
accessory proteins, phospholipids, calcium, and phosphoryla-
tion.***? Studies on WWP1 and ITCH revealed that a linker
region connecting the substrate-binding WW-2 and WW-3
domains of these enzymes could also mediate autoinhibition
of the HECT domain in a phosphorylation-dependent man-
ner.*>* Regulatory functions have also been assigned to the
WW domains themselves."**~*9 Moreover, oligomerization has
emerged as a regulatory principle in various HECT ligases. For
example, HUWE1 can form an autoinhibited dimer,*” and the
regulation of NEDDA4-1 activity was shown to involve tri-
merization.®" E6AP activity is also influenced by oligomeriza-
tion;®2~*" a phenomenon that has been associated with a par-
ticular trimeric state seen in the crystal structure of an N-termi-
nally truncated construct of the HECT domain of this ligase.'

This diversity in regulatory mechanisms of HECT ligases
might provide entry points for specific therapeutic interven-
tions. Small molecules could conceivably be used to stabilize
or block particular intra- or intermolecular interactions of HECT
ligases or modulate their conformational dynamics, either di-
rectly or allosterically. In addition, the catalytic cysteine may
present a target site for covalent probes (Figure 1).

Herein, we summarize our current knowledge of small-mole-
cule effectors of HECT ligases. Key results, chemical structures,
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Figure 1. Possible target sites for the manipulation of HECT ligase activities.
Cartoon representation of the minimal set of macromolecular interactions
formed by the catalytic domain of HECT ligases during the two-step catalytic
cycle. The flexible, C-terminal region of ubiquitin is abbreviated as C-tail. The
illustration highlights critical protein interfaces (magenta) that may present
target sites for small-molecule effectors. A) During the transthioesterification
step, these interfaces include the N lobe-E2 enzyme interface and the C
lobe-donor ubiquitin interface. B) During isopeptide bond formation, inter-
faces between the N and C lobes, substrate binding domains and substrates,
and the N lobe and an exosite-bound ubiquitin (as required for ubiquitin
chain formation by NEDD4-type enzymes) may be targeted. Additional inter-
faces that are expected to be relevant for HECT E3 function, but not dis-
played here include intramolecular interactions within the full-length ligase,
interactions between the ligase and acceptor ubiquitin, regulatory factors,
or additional ligase subunits (in the context of an E3 oligomer). The catalytic
cysteine residue of HECT ligases, highlighted as a star, may be targeted by
covalent probes.

and details on screening methodologies for each study are
listed in Table 1. Briefly, this survey shows that a variety of dif-
ferent ligand discovery approaches for HECT ligases have yield-
ed diverse compounds, most of which are still moderate in po-
tency and selectivity, but can serve as starting points for me-
dicinal chemistry optimizations. How the available compounds
act on their target ligases is, for the most part, unclear; to-date
only one crystal structure of a HECT domain in complex with a
small-molecule inhibitor has been reported.”® Structural and
mutational elucidation of the mechanisms by which HECT
ligases interact with small-molecule effectors will therefore be
an essential step towards developing high-quality chemical
probes. We envision that such probes will provide invaluable
tools to illuminate the conformational landscape and catalytic
requirements of HECT ligases and to assess how these en-
zymes may be exploited for therapeutic applications.

2. Case Studies on HECT Ligase-Directed
Ligand Discovery

2.1. Thiol-reactive, irreversible inhibitors of NEDD4-1/2

The presence of a catalytic cysteine in HECT ligases should
render them susceptible to thiol-reactive probes. Moreover,
various HECT ligases contain a cysteine residue in a region that
coincides with the functionally critical, ubiquitin-binding exo-
site of NEDD4-type enzymes. This residue may also provide a
target site for ubiquitin-competitive covalent probes. Based on
this rationale, Statsyuk and co-workers screened a library of
100 electrophilic fragments derived from methyl 4-amino (E)-
crotonate, which they had previously developed to identify

© 2018 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1. Overview of published small molecules targeting HECT ligases.”
Target | Compound | Formula Identification Mechanism | Potency Selectivity Structure | Ref.
E3 method of action of
complex
NEDD4 type
K/=(250£50) um for
-0 ubiquitin binding to
) the exosite (fluores-
1 NWO cence polarization in EE;ID:
I H o vitro; [E3]=8 um);
» h K225 .
Kinact/Ki =0.089 M~ "5 :
Lo covalent
in vitro screen of o
o " modifica-
P o 100 electrophilic tion of exo-
~ -
2 n/\/\n/ fragments for 0 | Gite oys- n.a. [56]
N 0 valent modifica- teine
ion of NEDD4-1
tion o DD. (Cys627)
ile] Ki=(29+6) um for modifies na
o ubiquitin binding to NEDD4-1/2, -
= (¢} the exosite (fluores- but not
3 | ”W cence polarization in WWP1, EGAP,
NED- N o )
D4-1 ~ vitro; [E3]=8 um); or other cys-
g Kia=5.85""; teine-based
Kinac/Ki=1.98 M~ 's™" enzymes
predicted 1C5o=284 um (in vitro
OH to bind to autoubiquitylation
genetic analyses | the exosite [ assay); ICs,=107 pm in
13C A\ suggest NEDD4-1 | of the HECT | cells (growth inhibition | n.a. n.a. [61]
N as a target of 1I3C | domain, assay);
H based on Kp=(88.1£13.0) um
docking (ITO)
oH predicted
to bind to 1C5o=12.3 pm (in vitro
1-benzyl- N\ o the exosite | autoubiquitylation ‘
derivative of 13C | of the HECT | assay); ICs,=14.7 um in | n.a. n.a. [62]
13C N . T
domain, cells (growth inhibition
based on assay)
docking
AlphaScreen
technology- 1Cso (SMURF2) =7.4 um;
0 based screen of IC5o (NEDD4)=7.1 um;
o ~17500 com- ICs (WWP1)=8.7 pum;
| pounds for dis- n.a. IC5o (UBE3C)=8.0 um; n.a.
N Z ° placement of 1C5o (HUWE1) =23 pum
; W : o S
peptides from (in vitro autoubiquityla
NEDD4 .
b- the SMURF2 tion assay) [64]
::mil HECT domain n-a.
y versibles | 1Go SMURF2) =68 jum;
o redicted’ IC5o (NEDD4) =6.3 um;
P ICs WWPT)=69 um | selective
) o) A to promote | 7 o )
heclin derivative of | N (in vitro autoubiquityla- | against RING
= 0. oxidation of | . R
N 1 the catalytic tion assay); apparent ligase MDM2
H / A@YUC ¢, =9 um (SMURF2) in
cysteine cells
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Table 1. (Continued)
Target [ Compound | Formula Identification Mechanism | Potency Selectivity Structure | Ref.
E3 method of action of
complex
phenotypic
screen of
>
RSP5 NAB cl N pounds for Vi e A n.a.
H /> synuclein toxicity in
N rescue from a-
N . . yeast)
synuclein toxicity
0 in yeast
n.a n.a [67]
/Q/ 1C4,=20.5 um (cell-
RSPS/ | NaB2 cl N derivative of NAB based assay; rescue |
NEDD4 H /> from a-synuclein toxici-
N N ty in yeast)
o
O O in vitro screen of inhibits E6AP,
. N ~21000 com- A
clomi- cl ) MIC 300 pm in vitro; 6- | but not
. pounds, monitor- | n.a . n.a. [70]
pramine . 30 pmM in cells RING1B and
ing ITCH autou- DIAP
>N biquitylation
|
ITCH
o screen of a small
o] synthetic library,
O‘ designed based not determined in inhibits several
10e N H on known HECT | na. vitro; Glsy=0.4 to 4 um, | RING and RBR | n.a. [73]
o H N N E3 inhibitors, for cell type-dependent ligases
\@ antiproliferative
o 2N activity

cysteine protease inhibitors,”” against the HECT domain of
NEDD4-1.5% This screen yielded two hits (an indole and a tetra-
hydroisoquinoline derivative, referred to as 1 and 2, respective-
ly; Table 1) that selectively reacted with the (noncatalytic) cys-
teine residue, Cys627, in the exosite of the ligase (Scheme 1),
as confirmed by mass spectrometry and mutational analyses.
In contrast, a simpler compound, methyl 4-acetamido (E)-croto-
nate, was found to specifically target the generally more reac-
tive, catalytic cysteine.

The binding mode of compound 1 in a hydrophobic pocket
adjacent to Cys627 was revealed by the crystal structure of the
covalently modified HECT domain of NEDD4-1 (Figure 2A and
B).°® In line with the identified binding mode, compound 1
and derivatives thereof block the interaction of ubiquitin with
the exosite and inhibit processive ubiquitin chain formation.
Moreover, inhibitor-treated NEDD4-1 is more efficiently coun-
teracted by DUBs than the untreated ligase in vitro.

Because compounds 1 and 2 are relatively weak binders of
NEDD4-1 and can be outcompeted by ubiquitin concentrations
close to cellular levels, four N-substituted analogues were pre-
pared.”® One of these compounds, 3 (Table 1), features an N-
cyclopentyl substituent and is 22-fold more potent than com-
pound 1 with a rate of covalent modification (ki../K) of
1.98m s ! at an enzyme concentration of 8 um, as measured
by fluorescence polarization. Compound 3 does not label the
E1 enzyme UBET, the E2 enzyme UBCH5A, the DUB USP8, and
human rhinovirus 3C protease, all of which have catalytic cys-
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teine residues. Moreover, although compound 3 reacted with
the HECT domain of NEDD4-2 (a close homologue of NEDD4-
1), no labeling of the HECT domains of E6AP and WWP1 was
detected. In line with this observation, EGAP lacks a cysteine
residue in the structurally homologous region to the exosite of
NEDD4-type enzymes. In contrast, WWP1 does contain a cys-
teine in spatial proximity to Cys627 of NEDD4-1; however, this
residue is not in an equivalent sequence position, but located
20 residues N-terminally to it (Cys—20; Figure 2C). The fact
that this cysteine (Cys629) of WWP1 is not labeled underscores
the specificity of compound 3. It will be interesting to investi-
gate whether the activities of other HECT ligases that contain a
cysteine residue homologous to Cys627 of NEDD4-1 (eg.,
HUWE1) rely on ubiquitin recognition through the exosite and
could be modulated by small molecules in an analogous
manner.

Taken together, this study provides a proof of concept for
the accessibility of HECT ligases by irreversible thiol-reactive
probes. It will be important to test the identified compounds
in cells. Because they contain relatively reactive ester-derived
Michael acceptor functionalities, cross-reactions with gluta-
thione and off-target proteins are possible.”® Moreover, the
ester group of the compounds may be susceptible to cleavage
by esterases. However, these liabilities may be overcome by
employing acrylamide-derived Michael acceptors that typically
have lower reactivity and increased stability in vivo. Alterna-
tively, if high reactivity turns out to be required, covalent-

© 2018 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1. (Continued)
Target [ Compound | Formula Identification Mechanism | Potency Selectivity Structure | Ref.
E3 method of action of
complex
0.0 N=
FiC h N/
3 \N/\
A01 K/ N
cl in silico screen of | predicted
o ~10° com- to bind to
o o pounds against the WW-1
E the WW-1 domain, na n-a. na [62]
HO | domain of based on
A17 N N/\ SMURF1 docking
J (N
o
QL W LU
\\S//
BO6 N N CF
OH K/N
fo) in silico screen of | predicted
~10° com- to bind to
SMURF1 pounds against a | the N lobe-
homology model | Clobe in- n.a. n.a. na. [83]
of the HECT terface,
F F domain of based on
OxNH SMURF1 docking
B75 F
0 AN
| N
N/
(o]
in silico screen of
~ 70000 com-
NH, . to bind to EC50=2.6 um (in vivo
)\ pounds predict- the WW-2 luciferase reporter
SVAK-12 NN ed to potentiate ) . P ) na. n.a. [79]
| L domain, assay monitoring BMP-
\)\ Z BMP-2 activity ..
N” “NH, . based on 2 activity)
against a homol- dockin
ogy model of the 9
WW-2 domain of
SMURF1
Others
[¢] impacts
N-acetyl- HN hypothesis-based | E6AP oligo-
E6AP phenyl- H oH use of a phenyla- | merization; | K=(12+£3) mm n.a n.a [52]
alanine lanine derivative | not E2-
(¢} competitive
1C5,=10.9 um (in vitro
NH, autoubiquitylation
assay)
BI8626
in vitro screen of
~~ 840000 com- 9 other HECT
. ligases tested:
pounds, monitor-
. - IC5p >50 um
HUWE1 ing autoubiquity- | n.a. —— o n.a. [92]
f 1C5o=3.1 um (in vitro (in vitro au-
NH, lation of the autoubiquitylation toubiquityla-
HUWET HECT assay) A tion atlsay)
/=N domain Y Y
BI8622 N y N
\ CN
HN CH,
o

[a] n.a.: not available, ITC: isothermal titration calorimetry, MIC: minimum inhibitory concentration.
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Scheme 1. Conjugate addition (thiol- or sulfa-Michael addition) of the side chain of Cys627 of NEDD4-1 to compounds 1, 2, and 3.
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Figure 2. Covalent blockage of the NEDD4-1 exosite. A) Crystal structure of the HECT domain of NEDD4-1 with a small-molecule inhibitor (1) covalently linked
to Cys627 (PDB ID: 5C91°%), B) Crystal structure of the HECT domain of NEDD4-1 with ubiquitin bound noncovalently to the exosite on the N lobe (PDB ID:
2XBB™). The N lobes in A) and B) are shown in the same orientation. Notably, the C lobe adopts different orientations with respect to the N lobes in A) and
B), reflecting interlobe flexibility. C) Left: sequence alignment of human NEDD4-type enzymes for the region around Cys627 of NEDD4-1. A cysteine at this
particular position is only conserved in NEDD4-1 and -2. However, in ITCH, WWP1, and WWP2, a cysteine residue is located 20 residues N-terminal to this posi-
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tion (Cys—20). The alignment was rendered in JalView"'"® and colored accord

ing to the Blosum62 score.'” Right: detailed view of a structural superposition

of the N lobe of NEDD4-1 (PDB ID: 2XBB”) and WWP1 (PDB ID: 1ND7""), which illustrates that the side chains of Cys627 of NEDD4-1 and Cys629 (Cys—20) of
WWP1 are in close spatial proximity to each other. Protein backbones in all structural representations are shown in cartoon representation; the side chains of

relevant residues are displayed as balls and sticks.

reversible targeting of the exosite cysteine, for example, by a-
cyanoacrylamides,*” may provide avenues towards optimized
probes.

2.2. Exploiting phytochemicals to block NEDD4-1 activity

Natural dietary phytochemicals have emerged as a rich source
of compounds with potential as supplemental chemotherapeu-
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tic agents. One such compound is 1H-indole-3-yl-carbinol (13C);
a metabolite of glucobrassicin found in cruciferous vegetables
that triggers a variety of antiproliferative responses in cancer
cells (Table 1).°” Firestone and co-workers dissected the effects
of 13C in human melanoma cells, and concluded that the com-
pound stabilized the tumor suppressor PTEN by inhibiting its
ubiquitylation by NEDD4-1.%" These effects were confirmed in
vivo by using G-361 cell-derived xenograft models, albeit at
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high 13C doses (200 mgkg™). I3C was also found to interact
with NEDD4-1 in vitro with an estimated dissociation constant
in the micromolar range (88 um, as determined by ITC). Based
on computational docking using a crystal structure of the
HECT domain of NEDD4-2, it was predicted that 13C occupies a
hydrophobic pocket on the Nlobe in proximity to the exo-
site.s"

To overcome the disadvantages of 13C, such as its low affini-
ty for NEDD4-1 and chemical instability, as caused by the for-
mation of various condensation products, especially at low pH,
a small library of N-benzyl or N-phenyl 13C analogues with dif-
ferent substitution patterns at the phenyl ring was prepared.®”
The binding of these derivatives to NEDD4-1 was confirmed by
differential scanning fluorimetry, in which four out of six com-
pounds caused significant shifts in melting temperature. The
most potent compounds, among them 1-benzyl-I3C (Table 1),
inhibit the autoubiquitylation activity of NEDD4-1 in vitro and
melanoma cell proliferation with IC;, values in the low micro-
molar range.

Guided by the crystal structure of the HECT domain of
NEDD4-1 in complex with the irreversible Cys-reactive inhibitor
1 identified by Statsyuk and co-workers (Figure 2A, see Sec-
tion 2.1), the 13C derivatives were docked onto the hydropho-
bic exosite region flanking Cys627,%? although this binding
mode has not been validated experimentally, yet.

Given the small size of the 13C derivatives and their varying
efficacies in different assay systems, it is conceivable that these
compounds exert multitarget effects in cells. Notably, 13C deriv-
atives can be activated by acid or the sulfotransferase SULT1A1
to form highly reactive carbocations, which can lead to cys-
teine modifications (Scheme 2).*! To prevent the formation of
promiscuous reactive species, it may thus be necessary to re-
place the hydroxymethyl group with motifs that are less prone
to elimination. Whether such modified compounds would
retain the observed activity and could be rendered selective
NEDD4-1 inhibitors for in vivo use requires further investiga-
tion.

2.3. Interfering with E2 recognition by NEDD4-type ligases

To explore the possibility of harnessing macrocyclic com-
pounds as HECT ligase inhibitors, Pelham and co-workers
screened a phage library that displayed bicyclic peptides for li-
gands of the HECT domain of SMURF2, NEDD4-1, WWP1, and
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HUWET, respectively.®™ The best binders were used in subse-
quent selection rounds to evolve sequences that competed
with E2 enzymes (UBCH7 in the case of SMURF2 and NEDD4-1;
UBCHS5 in the case of WWP1 and HUWET1). After optimization,
the peptides recognized their respective target enzyme specifi-
cally and inhibited ligase activity with 1Cs, values in the low-
micromolar range. That the compounds indeed interact with
the E2 binding site on the HECT domain was verified by hydro-
gen-deuterium (H/D) exchange and mutational analyses.”®”

The most promising SMURF2 inhibitor was subjected to an
AlphaScreen-based assay (PerkinElmer) to identify competitive
small-molecule ligands with improved pharmacological proper-
ties.® Based on a 17500 compound library, 30 hits were iden-
tified, with a single one demonstrating promising inhibitory ac-
tivity in vitro and in vivo (compound I; Table 1). Three closely
related analogues of this compound were purchased, among
them heclin (Table 1), which proved to be a single-digit micro-
molar inhibitor of the autoubiquitylation activities of SMURF2,
NEDD4-1, and WWP1; no inhibition of the RING ligase MDM2
was observed. In cells, heclin reversibly suppresses the ubiqui-
tylation of SMURF2 with an apparent ICs, value of 9 pum.

Unexpectedly, heclin was found to follow a different mecha-
nism from that of the originally identified bicyclic peptide. H/D
exchange studies and E2 competition experiments indicate
that heclin does not obstruct the E2 binding site of SMURF2.
Instead, the compound appears to render the catalytic cysteine
of the ligase more susceptible to oxidation;*” however, the
molecular underpinnings of this phenomenon are unclear. In
this context, it is interesting to note that heclin acts on HECT li-
gases in a reversible manner;®¥ this suggests a noncovalent
binding mode, despite the presence of an acrylamide-derived
Michael acceptor function, which may be trapped by cysteine
residues (analogous to the mechanism depicted in Scheme 1).
To understand precisely how heclin inhibits HECT ligases, struc-
tural and mutational studies will be required.

The stability of heclin in vivo also needs to be evaluated,
particularly because this compound contains a metabolically
unstable furan ring known to generate reactive oxidized me-
tabolites,® and a keto group that may be susceptible to re-
duction, for example, by aldo-keto reductases. Furthermore, it
will be important to assess whether the broad target spectrum
of heclin can be altered towards specific ligases. Alternatively,
the promiscuity of this inhibitor could prove beneficial in par-
ticular disease settings. In a recent study identifying WWP1 as

Cys
Fy

¥ S
N\ HS (_-Cys
VAR e o _— N
N+ N -H* N

Scheme 2. Activation of 13C derivatives, as exemplified by 1-benzyl-I13C, by sulfotransferase (SULT) 1A1 or acid.®* A highly electrophilic, resonance-stabilized
carbocation is formed that can be trapped by nucleophiles, such as cysteine residues.
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a biomarker for acute myeloid leukemia (AML), heclin was
found to suppress the growth of leukemic blasts. This supports
the idea that HECT ligases present attractive therapeutic tar-
gets in hematological malignancies.”®

2.4. Phenotypic screening identifies small-molecule
activators of RSP5/NEDD4-1 function

Lindquist and colleagues identified a small-molecule effector
of RSP5 in an unbiased, phenotypic high-throughput screen di-
rected at neurodegenerative processes.”” In this study, about
190000 compounds were analyzed for their ability to restore
the survival of yeast cells overexpressing TDP-43, a cytotoxic
protein linked to various neurodegenerative disorders. One hit,
an N-aryl benzimidazole (NAB) derivative (Table 1), also rescued
yeast cells expressing toxic levels of a-synuclein by restoring
vesicular trafficking pathways, thus rendering this compound
an attractive lead for the development of therapeutics against
a-synucleinopathies, such as Parkinson’s and Alzheimer’s dis-
ease.

In a small structure-activity relationship (SAR) study, 29 ana-
logues of NAB were prepared.”” NAB2, a derivative with an ad-
ditional ortho-methyl group on the N-phenyl ring, was identi-
fied as the most potent compound (Table 1). A favorable effect
conferred by an ortho-methyl group was also observed in
other derivatives, which indicates that a conformational bias
orienting the phenyl substituent out of the benzimidazole
plane increases potency in this system. Moreover, the present-
ed SAR suggests that the imidazole N3-nitrogen atom, the
amide carbonyl oxygen atom, the benzylic methylene spacer,
and an appropriate substituent in the ortho position of the
benzylic amide are required for activity.

Interestingly, genetic screens in yeast indicate that the cellu-
lar target of NAB/NAB2 is the HECT ligase RSP5, which modifies
a-synuclein and controls ubiquitin-mediated endosomal traf-
ficking.®”®¥ A point mutation, G747E, in the Clobe of RSP5
causes cellular resistance to NAB2 treatment.”” However, NAB2
neither stimulates the ubiquitylation activity of RSP5 towards
a-synuclein in vitro nor does it affect a-synuclein levels in cells.
It therefore remains unclear whether NAB2 interacts with RSP5
directly and how it complements a-synuclein-induced dysfunc-
tions in trafficking. Answering these questions will be an inter-
esting area of future studies, particularly because the protec-
tive activity of NAB2 against a-synuclein-linked pathologies is
conserved in human neurons, mediated by the RSP5-ortho-
logue NEDD4-1.167:69

2.5. High-throughput screening against ITCH recovers an
antidepressant

In a target-based approach to identify HECT ligase inhibitors,
Melino and co-workers screened about 21000 compounds for
the inhibition of ITCH, a ligase best known for its critical func-
tions in immune signaling.”” This screen recovered clomipra-
mine, a tricyclic dibenzazepine-derived antidepressant
(Table 1). The compound specifically inhibits the transthioester-
ification reaction, in which ubiquitin is transferred from the E2
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to the E3. The compound was found to inhibit EGAP in addi-
tion to ITCH, indicating that it has at least some promiscuity
among HECT ligases. In contrast, clomipramine does not
interfere with E1, E2 (UBCH7), and RING ligase (RING1B, DIAP2)
activities in vitro.

Out of 17 tested chemical analogues of clomipramine, nor-
clomipramine (the active metabolite of clomipramine) inhibits
ITCH most potently; however, high micromolar concentrations
of the compound are required for in vitro efficacy.”” In con-
trast, clomipramine and norclomipramine block autophagic
flux and synergize with chemotherapeutics to kill cancer cells
at low micromolar concentrations, thus highlighting ITCH-inde-
pendent effects.”>’" Notably, both compounds target G pro-
tein—coupled receptors (GPCRs) in the low nanomolar range
and bind to the serotonin transporter (clomipramine) and the
noradrenalin transporter (norclomipramine) with picomolar af-
finities.”?

Understanding the mechanism of nor-/clomipramine action
on HECT ligases awaits structural analyses. It may also be inter-
esting to make use of the large number of clomipramine deriv-
atives in industrial compound libraries to explore whether spe-
cific inhibitors of HECT ligases can be identified.

In another study on ITCH, Liou and co-workers initiated a me-
dicinal chemistry program based on the hypothesis that the
minimal pharmacophore for an ITCH inhibitor was a rigid aro-
matic core substituted with a side chain of at least four carbon
atoms in length.”¥ They used a naphthoquinone core bearing
a chlorine atom (as identified in the study described above)
and a benzylamine linker as a structural template for the syn-
thesis of 17 derivatives.”® One compound (10e; Table 1) was
found to inhibit ITCH in vitro at low micromolar concentrations
and displayed antiproliferative activity in various cancer cell
lines and xenograft models of multiple myeloma.” At 10 um
concentration, the compound also inhibited several E2-RING/
U-box/RBR ligase systems to various degrees (24 systems
screened with Millipore UbiquitinProfiler Services; no HECT
ligases were tested in this setup for direct comparison). The
molecular mechanisms underlying these observations remain
to be explored. However, covalent binding through a Michael-
type reaction of the naphthoquinone core of 10e with cys-
teine residues is conceivable (analogous to the mechanism
shown in Scheme 1, but with a concomitant elimination of
chloride). Therefore, it will be important to interrogate target
engagement and selectivity of this compound.

2.6. Blocking substrate binding to SMURF1

The NEDD4-type ligase SMURF1 is critically involved in bone
homeostasis through the BMP (TGF-b/bone morphogenetic
protein), WNT, and MAP kinase signaling pathways.”*”” The
fact that SMURF1 negatively regulates BMP signaling and
osteogenesis sparked the idea of inhibiting this ligase to fight
bone volume disorders, such as osteoporosis. Sangadala and
co-workers screened a virtual library, including FDA-approved
drugs and the MDL Available Chemicals Directory (ACD), for
synthetic mimics of the LIM mineralization protein-1 (LMP-1);
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an enhancer of BMP activity known to bind to the WW-2
domain of SMURF1. Docking of the compounds into a predict-
ed hydrophobic pocket of the WW-2 domain, based on a
homology model of this domain, yielded a chemically unstable
compound of undisclosed structure (SVAK-3) that showed
dose-dependent enhancement of BMP-2 activity in C2C12
cells.”®

In a follow-up study, a similar virtual screening approach re-
turned 2,4-diamino-6-vinyl-1,3,5-triazine (SVAK-12; Table 1)."
This compound was found to potentiate BMP-2 activity and in-
duced differentiation of myoblastic C2C12 cells in a dose-de-
pendent manner. In animal models, SVAK-12 enhanced rhBMP-
2-induced bone formation and fracture repair.®” However, it is
conceivable that the compound acts as a covalent modifier of
cysteine residues, in analogy to 4-vinylpyridines (Scheme 3).B"
Therefore, target engagement and selectivity need to be as-
sessed.

Recently, Zhang and co-workers conducted a virtual screen
directed at a hydrophobic pocket in the N-terminal WW
domain (WW-1) of SMURF1.%2 By employing an iterative dock-
ing workflow 19 compounds (from a virtual library of
~1000000) were selected for experimental testing. Two of
these compounds (A01 and A17; Table 1) displayed encourag-
ing effects: they interfere with the interaction between the
SMURF1 WW-1 domain and the substrate SMAD1 (but not E2
enzymes) in vitro, stabilize SMURF1 substrates in cells, and en-
hance cellular responsiveness to BMP signaling and osteoblas-
tic activity. However, neither target affinity nor selectivity have
been experimentally assessed, yet.

An analogous virtual screen was performed against a pre-
dicted hydrophobic region on the HECT domain of SMURF1,
based on a homology model derived from the crystal structure
of the HECT domain of SMURF2.%%¥ This region (defined by resi-
dues Asn431, Tyr439, Asn481, and GIn653 of SMURF1) is locat-
ed at the interface between the two lobes of the HECT domain
and adjacent to, but not overlapping with, the ubiquitin-bind-
ing exosite on the N lobe of NEDD4-type enzymes. Of 24 com-
pounds selected from the virtual screen for experimental eval-
uation, two hits (B06 and B75; Table 1) were found to inhibit
the ubiquitylation and turnover of substrates of SMURF1 in
cells and enhanced osteoblast differentiation and proliferation.
In vitro pull-down experiments showed that these compounds
disrupt the interaction of SMURF1 with ubiquitin, but not with
E2 enzymes (UBCH5 and UBCH7). Furthermore, the compounds
did not obstruct substrate (SMAD1/5) binding to SMURF1, as
monitored by IP from cells, nor ubiquitin or substrate binding
to SMURF2.
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To fully interpret these results, structural analyses will be re-
quired. If the compounds bind to the proposed region at the
interface between the two lobes of SMURF1, it is not clear
how they would interfere with canonical ubiquitin binding to
the exosite. Moreover, the proposed binding mode involves
the last modeled residue (Glu724) in the C-terminal region of
the HECT domain, whereas the seven flanking residues that
make up the functionally critical C-terminal tail of the HECT
domain (residues 725-731) are missing from the model used
for docking. It is possible that these residues impact on the
accessibility and other properties of the site onto which the
compounds were docked. Therefore, structural and mutational
studies (including the complete C-terminal region of SMURF1)
will be essential to define the mechanistic basis of inhibition
by the identified compounds.

2.7. Targeting ligases outside of the NEDD4 subfamily:
HUWE1

The 482 kDa HECT ligase HUWE1 functions in diverse cellular
pathways, including protein quality control, transcription, DNA
repair, apoptosis, neuronal differentiation, and mitopha-
gy.”# " |t has been recognized as an important player in
tumor biology;®°**¥ its precise functions, however, are com-
plex and likely to depend on tumor stage and/or entity.

Eilers and co-workers set out to block HUWET activity in col-
orectal cancer.® They found that this ligase promotes MYC-
mediated transcriptional activation, thereby contributing to
tumor maintenance. Together with Boehringer Ingelheim, a
library of about 840000 compounds was screened for inhibi-
tors of the autoubiquitylation activity of the HECT domain in
vitro.”? Two druglike hits from this screen (BI8662 and
BI86262; Table 1) were found to inhibit HUWE1 with low micro-
molar 1Cs, values in vitro and displayed selectivity for HUWE1
over nine other HECT ligases tested, including members of the
NEDD4 subfamily. In line with these data, the compounds
reduce the ubiquitylation of cellular HUWE1 substrates and the
growth of colorectal cancer cells, both with low micromolar
ICs, values. The compounds also suppress transcriptional acti-
vation of MYC target genes in colorectal cancer cells, but not
in normal colonic epithelial and HUWE1-depleted cells. Due to
their pharmacokinetic properties, the compounds are not
suited for in vivo studies.”” However, encouragingly, the
underlying scaffolds offer considerable room for medicinal
chemistry optimization, so it will be interesting to unravel the
structural mechanism by which these compounds inhibit
HUWE1.

Scheme 3. Mechanism suggested for the putative covalent modification of cysteine residues by SVAK-12.
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2.8. Manipulating oligomerization of HECT ligases

Oligomerization has emerged as a regulatory theme in various
members of the HECT ligase family and may hold additional
opportunities for therapeutic interference. For instance, the ac-
tivity of E6AP is influenced by oligomerization;**> the struc-
tural basis and functional consequences of this phenomenon,
however, are incompletely understood. In particular, a trimeric
arrangement seen in crystal structures of a truncated construct
of the E6GAP HECT domain has been analyzed with varied out-
COmeS.[16'52_55]

Haas and co-workers observed that E6AP activity is inhibited
by N-acetylphenylalanine in a manner that is noncompetitive
with binding of the E2 enzyme (K,=12 mm; Table 1).°? Addi-
tion of the compound leads to a reduction in the size of full-
length E6AP, as measured by light scattering, indicating a
trimer-to-monomer transition. On the basis of the crystallo-
graphic trimer,"® it was proposed that N-acetylphenylalanine
disrupts this trimeric state by substituting for a phenylalanine
contact at the subunit interface. Non-E2-competitive inhibition
of full-length E6AP was also observed upon the addition of a
peptide that mimicks the N-terminal region of the HECT
domain missing in the crystallized fragment.*? To understand
the structural basis of these observations and further explore
the accessibility of oligomeric states of EGAP to small molecule
or peptide-based probes, structural analyses of extended con-
structs and their macromolecular complexes will be valuable.

3. Summary and Outlook

Identifying ubiquitin ligase inhibitors by conventional high-
throughput screening campaigns has proven challenging. This,
a least in part, reflects the fact that traditional compound libra-
ries are biased towards “classical” targets, such as kinases, pro-
teases, GPCRs, ion channels, and nuclear receptors, which typi-
cally possess well-defined small-molecule binding pockets. In
contrast, ubiquitin ligases act through the sequential formation
and reorganization of weak PPIs, as mediated by rather large
and flat surfaces that are notoriously difficult to target.”®'™
However, several strategies for modulating PPIs by small mole-
cules have been developed®™ and can applied for the design
of HECT ligase inhibitors. For example, low-molecular-weight
fragments (typically <250 Da) that bind PPl hotspot regions
may be identified by biophysical assays, tethering or crosslink-
ing and transformed into highly potent and specific inhibitors
by fragment growing, linking, or merging approaches.”"? To
identify starting points for the development of selective cova-
lent inhibitors, the screening of electrophilic fragment libraries
for compounds targeting cysteine residues at the exosite or
the catalytic center of HECT ligases is a promising strategy.®”
This review also highlights that virtual screening and the use
of nontraditional libraries, including natural products, macrocy-
cles, and peptides/peptide mimetics, can provide avenues to-
wards novel ligands of HECT ligases.

However, another obstacle in identifying ubiquitin ligase in-
hibitors by high-throughput screening lies in the complex
nature of ubiquitylation reactions, which makes it tedious to
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quantify ligase activities specifically and distinguish their sensi-
tivities towards compound-mediated inhibition from effects on
other members of the catalytic cascade. To overcome this
issue, chemically modified ubiquitin probes have been devel-
oped that enable bypassing the E1 and E2 enzymes in a mini-
malist reaction setup.®*7'%! Yet, such approaches do not allow
for the identification of compounds that act on intermediate
states in the catalytic cycle of HECT ligases if stabilized, for
instance, by interactions with E2 enzymes or E2-ubiquitin con-
jugates.

To uncover constitutive and transient allosteric pockets in
HECT ligases, it will thus be essential to structurally character-
ize the macromolecular complexes in which these enzymes se-
quentially engage. Due to the low affinities of the underlying
dynamic protein interactions, this is a challenging task. Howev-
er, chemical modification and cross-linking strategies, as suc-
cessfully applied in several studies of NEDD4-type ligases,?***
provide a powerful workaround and enable the visualization of
relevant conformational states of HECT ligases in their macro-
molecular context. Additional insights into functionally sensi-
tive sites in HECT ligases can be obtained from the characteri-
zation of engineered ubiquitin variants that modulate particu-
lar reaction steps.”*”

Structural insights into the catalytic intermediates of HECT
ligases will also be required to evaluate whether the catalytic
center can be targeted with specificity. Located on the globu-
lar Clobe, which does not display any clear small-molecule
binding grooves per se, the catalytic cysteine appears a chal-
lenging target for specific inhibitors, at least if considering the
apo-HECT domain, where the C lobe is flexible with respect
the N lobe. It is possible, however, that inter- or intramolecular
interactions, in the context of full-length ligases and macromo-
lecular complexes, generate distinct chemical environments at
the catalytic center of individual ligases that allow for specific
manipulations.

In light of the many open questions and technical challeng-
es in understanding the structural mechanisms of HECT ligases,
it is not surprising that the development of inhibitors targeting
these enzymes is still in its infancy. We anticipate that the con-
tinued, joint efforts of structural biologists, cell biologists, and
medicinal chemists will yield “high-quality” chemical probes in
the foreseeable future. The key criteria for such probes, as de-
fined by Frye and others,"®"'% include appropriate selectivity
and dose-dependent activity to link in vitro and cellular activity
profiles, as well as defined SARs and mode of action, plus veri-
fiable cellular target engagement and selectivity against off-tar-
gets.

If innovative strategies, especially those for manipulating
PPIs, prove successful in modulating ubiquitin ligase activities
by small molecules, there is a chance for this class of enzymes
to compete with kinases as the major drug targets of the 21st
century in oncology. We envision HECT ligases to be particular-
ly attractive targets, due to their key roles in various diseases,
comparatively small number compared with RING ligases, and
diverse domain structures that may facilitate specific manipula-
tions.
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Proof-of-principle work on small-molecule effectors of HECT
ligase activities may not only pave the way towards therapeu-
tic applications. It will likely provide fundamental insights into
the catalytic requirements, conformational dynamics, specifici-
ties, and cellular functions of HECT ligases, analogous to the
defining impact of kinase inhibitors on our understanding of
phosphorylation.
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