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ABSTRACT

UBE2N protein belong to the UE2s family and play a crucial role in DNA repair,
making it an exciting target for the development of innovative anti-cancer therapies.
With the aim of discovering UBE2N inhibitors (UBE2Ni), this perspective seeks to
review and provides elements to guide the design of new compounds. We propose a
chemo-informatic structural analysis of the protein and its areas of interaction with its
different partners. While covalent UBE2Ni are the most advanced molecules in their
development, non-covalent inhibitors offer significant advantages that could
overcome the limitations of covalent ones, particularly in terms of selectivity. Lastly,
to obtain a drug candidate, early assessment of the druggability of compounds is
essential in a hit to lead process. For existing UBE2Ni, a critical challenge lies in their
pharmacokinetic properties and will obviously have to be considered as early as
possible to hope for an application in human therapy.
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SIGNIFICANCE

e Comprehensive overview of the role of UBE2N and its potential as a therapeutic
target

e Analysis of the key protein-protein interactions carried out by UBE2N and molecular
interfaces engaged

e Comparison of the different class of UBE2N inhibitors (UBE2Ni) and understanding of
the mechanism of covalent inhibitors

e Highlight of the key points to consider and provide clues to guide medicinal chemists
designing UBE2Ni
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INTRODUCTION

UE2S Family

Ubiquitin-conjugating enzymes 2 (UE2s) play a central role in the in the attachment of
ubiquitin (Ub) to cellular proteins. They interact with an E1 enzyme and one or more E3
ligases. In the Ub transfer pathway, E1 transfers ubiquitin to UE2 and next ubiquitin is
transferred onto a specific set of substrates, with the assistance of an E3 ubiquitin ligase, an
essential cofactor in the ubiquitin transfer process and its target selectivity.

As of now, approximately 40 UBE2 enzymes have been identified. The majority are involved
in ubiquitination processes, with a few exceptions: UBE2F and UBE2M participate in
neddylation, UBE2I is involved in SUMOylation, and UBE2L6 plays a role in ISGylation.* Al
UE2s members fulfill their function via a key cysteine residue which is conserved among the
family. Most of UE2s enzymes have between 150 and 250 residues, but some of them, such
as UBE20, can reach 1290 residues (figure 1.A.). Despite this difference in size, the three-
dimensional (3D) structures of the domain of about 150 residues bearing the conserved key
cysteine are similar among family members (figure 1.B.C.D.) and the spatial position of the
conserved cysteine (Cys87 in UBE2N) is close in all solved structures of UE2s (figure 1.C.).
The 3D structure of conserved domain includes five a-helices (al—a5) and four B-strands,
which form a single antiparallel B-sheet (Figure 2.A). The major differences among the UE2s
members are observed in the a2-a3 loop which varies in length as well as in position (figures
1.E.F.). Moreover, the solved 3D structures also highlighted different positions of a4 and a5
helices in UBE2Q1 (figure 1.E. brown), UBE2Q2 (figure 1.E. deep teal) and UBE2N (figure
1.E. green).
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Figure 1. Ubiquitin-conjugating enzyme E2 family (UE2). (A) Cladogram representing the UE2 family, constructed
from sequence alignment data using Clustal Omega.2 (B) Alignment of the 3D structures of UE2 family members.
(C, D) Structural similarities between members of the UE2 family and (E, F) structural differences between
UBE2N and other UE2 family members. The red circle in (B, C) highlights the conserved cysteine residue
characteristic of UE2 enzymes. The green circle in (B, D) indicates a conserved flexible loop responsible for
modulating the active site cavity. The yellow circle in (B, E) emphasizes differences in the positions of the a4 and
ab helices among UBE2Q1 (brown), UBE2Q2 (deep teal), and UBE2N (green). The blue circle in (B, F) denotes
the variable length of the a2-a3 loop.

In addition to their role in the Ub process, UE2s perform a variety of functional functions.®



76
77
78
79
80
81
82

83
84
85
86
87
88
89
90
91

92

93
94
95
96
97
98
99
100

101
102
103
104

105
106
107
108
109

110
111

112
113
114
115
116
117

118
119
120
121

Given that, they are considered as potential therapeutic targets, particularly in cancer
treatment, but only a limited number of UE2 inhibitors are currently under development and
always as an early-stage.* Moreover, based on a wide range of substrates and functions that
are affected by E2s, relevant in vivo models for assessing these molecules are awaited for
further development. Interestingly, despite their common functions in Ub pathway, the distinct
regions in E2s are involved in many protein-protein interactions, raising the possibility of
additional modes of inhibition.”

This perspective will focus on UBE2N (also known as Ubc13), as a really interesting potential
target for cancer treatment. A single review described UBE2N in cancer processs,’® but did
not consider the development and design of specific inhibitors In addition to a description of
UBE2N and its various functions, we propose an unpublished chemoinformatic work that
determine the interaction surfaces of UBE2N with its various partners, to guide researchers
wishing to design new UBEZ2Ni. This will be followed by a review of existing UBE2NI,
including their advantages and their limits, and an analysis of their druggability. Finally, we
will outline the key points that need to be taken into account in order to design new and more
potent UBE2Ni.

UBE2N an ubiguitin conjugating enzyme with many functions

UBE2N is an E2 ubiquitin ligase that catalyses the formation of ubiquitin chains on various
substrates. Protein ubiquitination is mainly known for its role in the control of protein
degradation, when the lysine 48 (K48-linked poly-Ub chain is anchored target proteins. On
the other hand, UBE2N catalyses the formation of poly-Ub chains linked via K63’, which is
not a signal for protein degradation but rather plays a variety of regulatory roles, for example
in cellular signalling,®® protein trafficking,"®** or in HR (Homologous Recombination) DNA
repair.*? More specifically, the K63 ubiquitination mediated by UBE2N has been reported to
function in DNA repair,™® NF-kB signaling®® and B-amyloid plates accumulation.™

When it is localized in the nuclear compartment, in complex with UBE2V2 (also known as
Mms2), UBE2N promotes the ubiquitination of histone H2A™ at the sites of DNA double-
strand breaks, leading to the recruitment of repair proteins RAP80 and eventually of BRCA1
to the DNA lesions, thus allowing HR DNA repair to take place.'**

UBE2N also acts in association with UBE2V1 (also known as Uevla) and the TRAF6 E3
ligase in the cytoplasm, thereby controlling IKK (IkB kinase) activity through K63
ubiquitination.”® As a result of IKK activation, NF-kB is itself activated, leading among other
roles to the upregulation of factors limiting antitumoral immunity such as PD-L1
(Programmed Death-Ligand 1).'%*’

Targeting UBE2N in therapeutic

To date the majority of studies aiming to inhibit UBE2N activity have been held in the context
of cancer. UBE2N overexpression has been shown to correlate with poorer survival in
ovarian cancer *® or AML (Acute Myeloid Leukemia)'® for instance, and UBE2N inhibition has
been explored in several cancer models.’*??! In most studies, UBE2N inhibition has been
considered as a monotherapy for its cytoplasmic functions (in association with UBE2V1) in
NF-kB signaling pathway,*®?° whose inhibition impairs cancer cells survival.

The nuclear functions of UBE2N (in association with UBE2V2), and its effects on DNA repair,
have been less studied as an anticancer option.?> While the HR DNA repair perturbation
resulting from UBE2N inhibition can have an anticancer effect on its own, it should be
expected to really shine in combination with DNA damaging therapies, such as radiotherapy,
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platinum agents or PARP inhibitors (PARPi). Indeed, UBE2N downregulation or inhibition
does sensitizes to radiation in breast cancer cells,?® or to carboplatin in ovarian cancer-
derived tumor organoids.?> Also, higher expression of UBE2N is associated with lower
response rate to a PARP inhibitor/Carboplatin combination in breast cancer patients,* further
underlining the interest of targeting UBE2N to sensitize DNA damaging agents, which are
most often used in cancer treatments.

Interestingly, the association of DNA damaging drug and HR DNA repair impairment by
inhibition of UBE2N nuclear functions will increase genome instability, thus inducing neo-
antigen presentation and boost antitumoral immunity. One of the main ways for cancer cells
to escape antitumoral immunity is through the expression of PD-L1 membrane receptor,
whose expression depends on UBE2N cytoplasmic regulation of NK-kB.*" In this context, the
dual role of UBE2N means that the consequences of its inhibition would act synergistically,
creating a "perfect storm" against cancer cells.

Another recently described function of UBE2N-mediated ubiquitination is its ability to
promote B-amyloid accumulation in mouse brains, while UBE2N levels are elevated in
Alzheimer patients compared with healthy control.** In this context, K63 ubiquitination is
proposed to replace K48, thus preventing proteasome degradation and therefore allowing
accumulation of undegraded products.”* UBE2N inhibition could thus be proposed as an
interesting lead limit and/or delay the onset of Alzheimer disease, and future studies on this
topic will be awaited with great interest.

UBE2N: STRUCTURE, PARTNERS AND INTERACTION SURFACES

In addition to its canonical mechanism, UBE2N requires the help of E2 cofactors which have
lost ubiquitin transfer activity: UBE2V2 in the nuclear compartment, and UBE2V1 in the
cytoplasm.

UBE2N is composed of 152 amino acids with a molecular mass of approximately 17 kDa,
corresponding to the conserved domain of ubiquitin-conjugating enzymes (UBES). Structural
data from solved 3D models of UBE2N, available in the PDB database, have been critical in
mapping its interaction zones with various binding partners (Figure 2.B). UBE2N interacts
with a wide range of proteins, including E3 ligases (ZNRF1, LNX1, RNF4, RNF8, TRIMs,
TRAF6), ubiquitin, a stress response protein (STIP1), and two essential E2 cofactors
UBE2V2 in the nucleus and UBE2V1 in the cytoplasm.
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Figure 2. 3D structure of UBE2N and its interactions with various partners. (A) Cartoon representation of UBE2N
structure (PDB ID: 40NN) coloured according to secondary structure elements, a-helix in cyan and B-strand in
red, the side chain of residues discussed in manuscript are represented in stick. (B,C) Two views of surface
representations with mapping of UBE2N interaction with its various partners: in magenta zone interacting with
UBE2V2 and UBE2V1, in green with Ubiquitin, in cyan with E3 ligases and tumoral factors and in blue with
bacterial proteins. OTUB1 inhibitor was found bound either in cyan region or magenta one in the solved complex
structures. D) Interactome of UBE2N generated by Stitch.”® The edges are coloured according to their function:
inhibition (red), activation (green), catalysis (cyan), no information (black). The nodes are coloured in the same
colour as the one used to colour the interaction surface deducted from the experimental complex structures.
UBE2N is represented as a hexagon and the protein partners either as ellipse, when the structural data on
complexes are available, or as rectangle in absence of complex structural data. (E) The UBE2N sequence. The
residues presented on the interacting surfaces with various partners are coloured in same colour code as on A, B,
C.

The interaction surfaces of UBE2N with its cofactors UBE2V2 and UBE2V1 are identical
(highlighted in magenta in Figures 2.B and 3.A). Both cofactors show minimal structural and
sequence differences, with 89% sequence identity and a 94% similarity score (Figure 3.B).
Their 3D structures are highly similar, with non-conserved residues between UBE2V2 and
UBEZ2V1 located outside the UBE2N interaction surface (Figure 3.A). The Root-Mean-Square
Deviation (RMSD) calculated for the Ca atoms of UBE2V2 and UBE2V1 is 0.454 A.
Consequently, inhibitors that target UBE2N’s interaction with UBE2V2 would likely also affect
its interaction with UBE2V1. In a view to design anti-cancer molecules, this lack of selectivity
could be advantageous, due to the respective functions of these two cofactors, leading to a
synergistic anticancer activity, as described below.

MA +TG VKVPRNFRLLEELEEGQKGVGDGTVSWGLEDDEDMTLTRWTGMIIGPPRT Y
ENRIYSLK+ECGPKYPEAPP VRFVTKINMNG+N+S+G+VD R+I VLAKWONSYSIKVV

LQELRRLMMSKENMKLPQPPEGQ Y+N

Figure 3: Comparison of the two UBE2N partners, cytoplasmic UBE2V2 (orchid) and nucleic UBE2V1 (olive),
differences in their sequences are highlighted in red in figure A and B.(A) Superposition of the 3D structures of
UBE2N/UBE2V2 complex (PDB ID: 2C2V) on UBE2N/UBE2V1 one (PDB ID: 40NL). The interaction gocket on
UBE2N with both partners is coloured in magenta. (B) Alignment of UBE2V1 and UBE2V2 sequences ® with the
consensus sequence in black.
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The UBE2N active site, centered around Cys87, is highlighted in green in Figure 2.B and
was identified from PDB structures of UBE2N complexed with ubiquitin (Cys87 is colored
yellow in Figures 2.B and 2.C). The shape of the active site near Cys87 is influenced by the
movement of a flexible loop comprising amino acids 114-124, which can adopt different
conformations, altering the volume and shape of the active site cavity. To illustrate this, three
examples of loop conformations in UBE2N, derived from the X-ray structures 4ONM, 3HCU,
and 6UMP, are shown in Figure 4. The loop can be divided into two distinct parts: the first,
spanning residues 114-116, is relatively less mobile, stabilized by hydrogen bonds between
the backbone atoms of D118 and the side chain of N79. The second part, comprising
residues 117-124, is highly mobile. The a4 helix, which follows this loop, varies in length and
influences the flexibility of N123 and the conformation of this portion of the loop appears to
be guided by interactions involving N123 and its neighboring residues. In the 3HCU
structure, N123 is incorporated into the a4 helix, and its side chain does not participate in any
notable interactions. The loop adopts a closed conformation, maintained by a salt bridge
between D118 and K130. In contrast, in the 40ONM structure, the a4 helix is shorter, leaving
N123 positioned at the helix terminus. Here, N123 engages in electrostatic interactions
through its carboxylic acid group with V125, V80, and H77. This results in an intermediate
loop conformation. Finally, in the 6UMP structure, the a4 helix loses a turn, significantly
altering the local environment of N123. This change dramatically reshapes its interactions,
with N123 now engaging with P78 and V125, ultimately leading to an open loop
conformation.

We observe that the conformation of the loop significantly influences the shape and position
of druggable pockets around Cys87 (Fig. 4B). In the structure co-crystallized with a covalent
inhibitor (4ONM), three druggable pockets were identified.?” Among them, a small pocket
(pocket A) forms near Cys87 to accommodate the attached moiety, with a druggability score
of 0.35 + 0.09. This pocket is separated by a bridge from two larger adjacent flat pockets:
pocket A’ (druggability score = 0.53 + 0.09) and pocket B’ (druggability score = 0.77 + 0.05).
These bridges likely restrict the binding of larger inhibitors in this structure (Fig. 4B). In
contrast, no druggable pocket was detected around Cys87 in the 3HCU structure. The
closest pocket to Cys87 is pocket A, with a druggability score of 0.79 £ 0.007. Conversely, in
the 6UMP structure, a large druggable pocket A encompassing the Cys87 and its vicinity was
identified, with a druggability score of 0.79 + 0.07. Although this pocket is larger, it is still
divided into two regions by a bridge. Furthermore, the location, shape, and size of these
pockets are accompanied by changes in the amino acids lining their surfaces (Fig. 4C).
These observations highlight that the flexibility of the loop plays a critical role in modulating
pocket properties and may have a significant impact on the design of UBE2N inhibitors.
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Figure 4. Flexibility of the interface interacting with ubiquitin and covalent ligands illustrated using 3 structures of
UBE2N — 40NM, 3HCU, and 6UMP. (A) lllustration of the movement of the flexible loop (114-124) modifying the
interaction surface. The ligand (colored in green) and cysteine residue (colored in yellow) are represented in stick.
(B) Druggable pockets detected in each of the three structures were identified using PockDrug27, with the
predicted druggability scores indicated in brackets. (C) Amino acid composition of the principal druggable pockets
detected near Cys87. Amino acids with charged side chains exposed on the protein surface are highlighted in red.

Published data showed that UBE2N activity can be regulated by protein inhibitor OTUBL,
synthetic covalent inhibitors, or non-covalent inhibitors. However, structural data on their
mechanisms of action remain limited. To date, four structures of UBE2N co-crystallized with
the deubiquitinating enzyme OTUB1 have been published®®* along with two structures of
UBE2N bound to covalent inhibitors: NSC697923 (PDB ID: 4ONM) and BAY 11-7082 (PDB
ID: 40NN).*® No structure UBE2N co-crystallized with a synthetic non-covalent inhibitor has
been solved to date. X-ray structures show that OTUB1 can bind either to the
UBE2V2/UBE2V1 binding site or to the E3 ligase binding site, but its precise mode of action
remains unclear.

The interest in X-ray structures of UBE2N with covalent inhibitors is also limited. For
example, NSC697923 binds to UBE2N via a covalent bond with Cys87, but in the 3D
structure, only the 5-nitrofuran moiety added to the sulfhydryl group of Cys87 is visible.*® As
previously noted, a conformational change occurs in the loop between amino acids 114-124,
creating a cavity that accommodates the attached moiety of the covalent ligand (Figure 4).



244 The nitrofuran moiety of NSC697923, observed in the crystal structure, lodges in this cavity
245 and forms a hydrogen bond with Asn123. Similar results were observed for BAY 11-7082,
246  another covalent UBE2Ni, in which the prop-2-enenitrile moiety binds to the sulfur atom of
247  Cys87 and occupies the same cavity.

248 However, this cavity is too small to accommodate non-covalent inhibitors. Currently, no
249  structural or modeling data are available regarding the interaction mode or binding site of
250  non-covalent inhibitors targeting UBE2N.

251
252 UBE2N INHIBITORS
253 Covalent UBE2N inhibitors

254  Three structurally distinct covalent inhibitors targeting UBE2N are described in the literature
255  (figure 5). Despite their structural diversity, these molecules share a key feature: they all act
256  as Michael acceptors due to their electrophilic properties. The mechanism of action of these
257  compounds relies on the formation of a covalent bond with the nucleophilic Cysteine 87
258 residue onto UBE2N via a Michael addition mechanism. Indeed, the cysteine thiol is highly
259 reactive due to its high electron density and polarizability (figure 6).

N
(0] N—s
e o (17 Lys_
’ S H

s
AW LN R
€) N 0 o
NSC697923 BAY 11-7082 R=CHyCH; UC-764864
260 R=0CH;  UC-764865

261 Figure 5. UBE2N covalent inhibitors from literature.
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265 Figure 6. Mechanism of covalent bond (red line) formation between UBE2N and UBE2N inhibitors NSC697923
266  and UC-764864/65 involving a Michael Addition reaction. A) NSC697923 is a nitroalkene Michael acceptor. B)
267 UC-764864/65 possesses an a- unsaturated carbonyl group.

268 BAY 11-7082 was firstly described in 1997 by Pierce et al.* for its NF-kB inhibitory activity,
269  but its mechanism of action had not been elucidated. Because of its anti-inflammatory
270 properties, it has been studied in several models with multiple potential therapeutic
271  applications.®*3%34%
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In 2013, Strickson et al.** made a significant contribution in demonstrating the activity of the
BAY 11-7082 on the poly-ubiquitination activity of UBE2N. The molecule is a Michael
acceptor containing a para-methylphenylsulphonyl scaffold linked to a nitrile function by an
ethylenic linker. BAY 11-7082 reacts with the sulfhydryl group of UBE2N-Cys87 through a
Michael addition which leaves a prop-2-enenitrile moiety on the Cys87 sulphur atom.*®
However, the covalent binding is not specific to UBE2N. The molecule thus binds to other E2
ligases ***° but also to other targets, leading to many off-target effects.>**"* Several
publications have demonstrated in vitro cytotoxic activity of BAY 11-7082 in colon cancer,®
gastric cancer *° or lymphoma cells.** Thus, while BAY 11-7082 remains a tool for the
realization of basic biology work, there is little chance that it will ever become an anticancer
drug of choice.

NSC697923 was identified as a UBE2N/UBE2V1 disruptor from a chemical library of 879
small molecules compounds by Pulvino et al. % In a first screening test, the inhibition of NF-
kB activation in DLBCL (Diffuse large B-cell lymphoma) cells lines was measured using NF-
kB luciferase-based reporter assay. Then, a structure-activity relationship (SAR) study was
conducted and highlighted the decisive but not sufficient role of the nitrofuran moiety. The
most promising molecule (NSC697923) is composed of a nitrofuran unit linked to a para-
methylphenylsulfone moiety, such as BAY 11-7082. The Michael addition reaction is made
via the only cysteine residue of UBE2N: the electrophilic sulfhydryl group of UBE2N-cystein
87 attacks the a-unsaturated carbon of the sulphone, leading to the formation of a nitrofuran
adduct on the targeted protein and the departure of sulfinic acid. (figure 5A)

The selectivity of NSC697923 was then extensively studied by Hodge et al.* After
developing an UBE2N mutant which resists to NSC697923 inhibition, the authors showed
that the inhibition of DNA damage repair and NF-kB signalling by NSC697923 is largely due
to a specific UBE2N inhibition. Thanks to the resolution of the co-crystal structure of the
UBE2N-UBE2V2-NSC697923 complex structure, they showed that the specificity is due to
the cysteine adduct which docks into an adjacent cleft that is absent in many other ubiquitin
conjugating enzymes. More precisely, mutations modified the a3-a4 loop conformation and
Leul2l side chain was placed at a position blocking the cysteine binding cavity entrance. By
comparison, the other members of UE2s have a conformation similar to the mutant or have
another residue that blocks the binding cavity. That can explain the NSC697923 specificity
for UBE2N compared to the other member of UE2s.

Building on its in vitro selectivity, NSC697923 was later tested to improve the anti-tumor
immune response and successfully inhibited melanoma growth in vivo in a mouse xenograft
model, without any sign of toxicity or measurable weight loss.*

UC-764864/65

To identify a cysteine-reactive small-molecule inhibitor targeting UBE2N with clinical potential
in acute myeloid leukemia (AML), Barreyro et al.'**? performed in silico structure-based
screens of their in-house chemical library of 350,000 compounds. Leveraging the conjugated
scaffolds of NSC697923 and BAY 11-7082 as a starting point, they docked 9,000 molecules
to UBE2N. Subsequently the top 160 scoring compounds were evaluated for their inhibitory
effect on MOLM-13 (human leukemia) cells using a cell proliferation assay.

The top 14 cytotoxic derivatives were then rescreened at lower concentrations. In parallel,
UBE2N activity was evaluated in THP-1 human leukemia cell-line containing a reporter for
NF-kB activation, hence evaluating UBE2N activity. Among them, 2 molecules (UC-764864
and UC-764865) have a cytotoxic effect and inhibit UBE2N-dependent signalling in leukemia
cells.
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MALDI TOF-MS analysis confirms the covalent binding mode of UC764864/65 to UBE2N.
Incubation with the inhibitor resulted in a mass shift of approximately 160 Da in wild-type
UBE2N protein, corresponding to the mass of the Michael addition adduct.

Using MALDI TOF-MS and CETSA assays, the authors also demonstrated that the two
molecules did not react with mutant UBE2N (containing a Ser87 instead of a Cys87), its
UBE2V1 co-factor lacking Cys87, or some closely related cysteine containing E2 conjugating
enzymes (such as UBA1l, UBE2T, PGD and GAPDH) suggesting that UC764864/65 are
relatively selective for UBE2N in leukemia cells. In parallel, molecules were evaluated on
normal cord blood CD34+ cells, where they displayed no cytotoxic activity.

An assessment of the drug-like properties of UC-764864 and UC-764865 showed that UC-
764864 was readily metabolized in human and murine microsomes. UC-764865 presents
better parameters, such as aqueous solubility, plasma stability and microsomal stability than
UC-764864. Although not optimal, these values are compatible with animal model
experimentation.

Next, to evaluate the in vivo antitumoral activity of UC-764865, the authors administrated the
molecule to mice that have undergone an aggressive xenograft with cell line model of human
AML. Interestingly, they registered a significant overall reduction of leukemic burden after
treatment.

Building on these initial scaffolds, a hit to lead optimisation study is awaited to design UBE2N
inhibitors with improved affinity, selectivity and overall better pharmacodynamic properties.

Non-covalent UBE2N inhibitors

ete i

Figure 7. Structures of non-covalent UBE2N inhibitors. A) Peptoid scaffolds. B) C) D) Natural molecules. E)
Synthetic compound.

Az
Manadosterol A 0SO;Na

The literature lists the following non-covalent inhibitors (figure 7): peptoid scaffolds, natural
molecules and synthetic compounds. Unlike covalent inhibitors, the binding mode of non-
covalent UBE2N inhibitors is not reported in the literature, and no crystallographic structures
or NMR data on molecule/protein complexes have been described.

Molecules of natural origin: Leucettamol, Manadosterols and Variabines

The first discovered disruptor of UBE2N-UBE2V1 interaction was a natural compound
extracted from the marine sponge Leucetta microrhapis and identified as leucettamol A using
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spectroscopic analysis.*® (figure 6. B.) Leucettamol A has an Inhibitory Concentration (ICso)
of approximately 50 pg/mL (106 uM) by ELISA. To investigate the SAR, two derivatives of
leucettamol A (a hydrogenated and a tetraacetate) were synthesized and evaluated. The
hydrogenated derivative displayed increased potency compared to leucettamol A, whereas
the tetraacetate derivative was inactive. This suggests that the hydroxy and/or amino groups
of leucettamol are crucial for the inhibitory activity. Instability and propensity for isomerization
of Leucettamol A limit its potential as a drug candidate.

Therefore, Tsakumoto et al. extended this work using another species of sponge:
Lissodendryx fibrosa,** and identified manadosterols, which also inhibit the UBE2N- UBE2V1
interaction in ELISA assay (figure 6. C.). Manadosterols A and B inhibited the UBE2N-
UBE2V1 interaction with 1Csy values of 0.09 and 0.13 pM, respectively making them
significantly more potent than leucettamol A. Notably, both manadosterols share a structural
feature of two linked sulfonated sterol cores.

Pursuing their research, Tsukamoto et al. further reported the isolation of two new -
carboline alkaloids, variabines A and B, from the Indonesian marine sponge Luffariella
variabilis (figure 6. D.).** The UBE2N/UBE2V1 interaction was inhibited by variabine B, as
determined by ELISA with ICsy values 4 ug/mL (16 pM), whereas variabine A, sulfonated
derivative of variabine A had little effect, indicating that the inhibitory activities are lost by
sulfonation. Moreover, variabine A showed no inhibition of E1 activity or the p53/HDM2 (E3).

No additional studies, particularly in vivo investigations and evaluations of druggability
parameters, were conducted using these natural compounds.

Peptoids

Peptoids, a class of peptidomimetics, offer advantages for drug discovery due to their
stability and cell permeability. Scheper et al. investigated the potential of peptoid scaffolds to
develop anticancer drugs targeting the interaction between UBE2N and UBE2V1.*®*
Peptoids are mimes of a-peptides in which the side chain is attached to the backbone amide
nitrogen instead of the a-carbon.*® They can adopt 3D-conformations similar to peptides,
while being more resistant to the action of peptidases and having a better cellular
permeability.*®

Starting from a docking analysis of the interaction surface between UBE2N and UBE2V1,
Scheper et al. selected 5120 compounds from a combinatorial chemical library of peptoids.

Then, to test the ability of peptoids to inhibit the interaction of UBE2N with UBE2V1, the
authors used yeast two-hybrid assay. This assay allows to readily determine the specificity of
the inhibitory activities on a fully defined protein-protein interaction and, simultaneously,
constitutes a stringent filter for the bioavailability of active molecules.

Based on their data, they performed a molecular docking study and a virtual screening,
allowing to highlight two cyclic compounds with the most favourable interactions with UBE2N.

The two compounds were subsequently synthesized and the affinity for UBE2N was
confirmed by both yeast two-hybrid and SPR assays (figure 6. A.). The antitumoral activity of
the hits were evaluated in vivo in a mouse xenograft model (PC-3 prostate cancer cells) and
data showed a decrease in the tumor size and sensitization to doxorubicin. The two peptoids
were shown to perturb the UBE2N/UBE2V1 interaction and inhibit NF-kB activation.

However, the selectivity towards other ubiquitin conjugating enzymes has not been evaluated
and the use of these molecules in therapy remains limited because of the poor
pharmacokinetic properties of peptoids.
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Synthetic molecule ML307

The most in vitro potent non-covalent inhibitor of UBE2N was reported by Ardecky et al. in
2010.*° (figure 6.E.) Their aim was to develop small molecules inhibitors that binds UBE2N
without forming covalent bond. They implemented a large-scale screening approach using
the US National Institutes of Health (NIH) Molecular Libraries Program (MLP) collection
containing around 350,000 compounds. The screening process involved a first TR-FRET
based ubiquitination assay to select active compounds. To sort the results, a sulfhydryl
(caspase 3) counterscreen was designed to confirm hits from the TR-FRET assay. The
activities (ICsp) of the selected 1250 compounds were confirmed in ten-points dose response
titration. Among the 72 members of the most potent scaffolds, several were excluded due to
their frequent hitter or Michael acceptor properties. A molecule containing a 7,8,9,10-
tetrahydro-6H-azepino[1,2-e]purine scaffold was identified among the most potent
compounds and SAR studies were conducted in a hit-to-lead process. 77 compounds were
synthesized to perform SAR studies, allowing identification of ML307 as the most promising
molecule (ICso = 781 nM). While this potency is lower compared to some previously
described natural inhibitors, the authors highlight that leucettamol A lacked detectable activity
against UBE2N in their in-house screening assay (without mentioning the detail of their
inhouse screening in that report).

An in vitro pharmacology screen of ML307 was conducted to afford preliminary ADME
properties. ML307 is highly soluble in agueous media at different pH and is stable in plasma.
It exhibits also a good transcellular passage, evaluated by Parallel Artificial Membrane
Permeability Assay (PAMPA), consistent with its estimated logP (AlogP=1.079).
Unfortunately, ML307 has a poor microsomal stability, limiting its use in in vivo models and in
a human therapeutic context.

In the future, additional SAR studies should be conducted to improve the pharmacokinetics
properties of ML307. Although the toxicity on human hepatocytes was evaluated, more
investigations on cellular models are also awaited to specify the mechanism of action of
ML307. The selectivity of the molecule against other E2 ligases also need to be determined.

ML307 remains a useful in vitro tool for these fundamental biological studies, and further
investigations on cellular model.

Furthermore, given that all screening results are publicly available, this open-access data
can facilitate further SAR studies around unexploited scaffolds. By leveraging these data,
researchers can promote the discovery of novel non-covalent UBE2N inhibitors with
promising therapeutic potential.

PERSPECTIVE: TOWARDS THE DESIGN OF NEW UBE2N INHIBITORS

The most advanced molecules in terms of development are the covalent inhibitors due to the
wealth of available data, notably regarding their interaction mode with the target and having
demonstrated in vivo efficacy in animal models, thereby underlining the interest to develop
UBE2Ni.

The mechanism of action of these compounds involves the formation of a covalent bond with
protein nucleophiles, mostly cysteines, which is relevant in the context of UBE2N inhibition.
The electrophilic functional groups on covalent inhibitors are called “warheads”. Various
warheads have been developed that can interact with cysteine, providing the key building
blocks for covalent drugs to form covalent bond.>* Advantages of using covalent drugs
include a longer residence time and high binding affinity,>* leading to a reduced risk for the
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development of drug resistance: molecules can maintain high target engagements with
limited plasma levels.>® The main drawback remains the issue of target selectivity. Due to
their highly reactive functions, covalent ligands non-selectively modify non-target protein,
leading to potential off-target effects and toxicities.> For the development of future covalent
inhibitors, the nature of the covalent-warhead is an interesting avenue to explore to improve
the inhibitor selectivity.*®

Computer-aided drug design is a tool of choice for guiding synthetic work to obtain new and
more selective hits. Although the majority of docking methods development has been
focused on the effective prediction of the binding modes of non-covalent inhibitors,
nowadays, some software (i.e. Gold, DOCKovalent, and CovDock etc.) are emerging to
perform docking studies of covalent inhibitors.***’ However, the implementation of molecular
dynamics simulations remains challenging at present.*®*

To address the challenge of off-target effects associated with covalent inhibitors and to
develop more selective molecules, researchers can explore the development of non-covalent
inhibitors. Currently, there are few descriptions of potential non-covalent UBE2N inhibitors,
but no studies have described the binding mechanisms of these molecules to their target.

Computer-aided drug design, especially docking studies, can be valuable to elucidate the
binding site of non-covalent inhibitors on UBE2N. This information is crucial for the rational
design of more potent and selective inhibitors in the future. Furthermore, fundamental cell
biology studies are also essential to clarify the mechanism of action of both existing and
future non-covalent UBE2N inhibitors. Understanding how these molecules affect cellular
processes is critical to confirm their relevance as oncology therapeutics.

Given the strong structural analogy between the UBE2N partners (UBE2V2 and UBE2V1),
the design of a selective protein-protein interaction disruptor seems compromised, especially
as the differences between the two proteins are all outside of the interaction site with
UBE2N. Despite this selectivity challenge, from a therapeutic perspective in the context of
cancer, inhibiting both UBE2N interactions holds promise, because of the potential
synergistic anti-cancer effect described above. However, high selectivity towards other E2
ligases should be a key consideration for the development of new therapeutic modalities.

UBE2N double KO has been shown to be embryonic lethal in mice,® raising questions about
the potential side effects of UBE2N inhibition in vivo. However, a repeated administration (2
doses of 25 mg/kg per week during 2 weeks) of UC-764865 in healthy mice demonstrated
that the treatment is well tolerated (not affecting body weight, hematologic parameters nor
survival). Moreover, a histological evaluation of several tissues showed no evidence of
overall tissue toxicity at the tested doses.'® In addition, in vivo use of NSC697923 (5 mg/kg
every other day during 10 days) in mice xenografted with melanoma tumour cells did not lead
to any detectable toxicity."® Because murine and human UBE2N show a 100% homology,
these in vivo data do support at this stage the further development of UBE2N inhibitors
aiming for a use in humans.

The search for UBE2N inhibitors presents an exciting challenge for the scientific community.
Several teams have developed screening tools, which are accessible to research programs.
For example, Madiraju et al.** and Weber et al.®* have proposed high-throughput screening
assays strategies to identify new inhibitors, though they did not report to have performed
them yet.

Lastly, it should not be forgotten that to obtain a drug candidate, an early assessment of the
druggability of compounds is essential in a hit-to-lead approach.®** While Table 1 presents a
diverse array of UBE2N inhibitors, a critical challenge lies in their pharmacokinetic (ADME)

13



489  properties. From this pojnt of view, covalent hits seem compatible with the development of a
490 potential drug candidate. However, calculators used are based on conventional inhibitors,
491  which could limit the interpretation of these calculations. As mentioned above, covalent
492  binding is achieved through nucleophilic activity of thiol cysteines. As a result, these
493 compounds may be too reactive and fail to reach their site of action. This reactivity seems to
494  Dbe a limiting factor in the case of UC764865: the data predicting its microsomal stability are
495  consistent with relative stability, whereas in the experiment, it turned out to be a rather
496  unstable compound whose administration could not be transposable to humans. On the other
497 hand, promising activity can be observed for non-covalent inhibitors, but their
498  pharmacokinetic parameters are not compatible with more conventional drug design rules.
499  Further work could be undertaken on these molecular scaffolds, using pharmacomodulation
500 to obtain hits able to achieve good activity while exhibiting pharmacokinetic properties
501 suitable for later development, particularly in terms of metabolic stability. Therefore,
502 pharmacokinetics parameters will need to be taken into account as early as possible in the
503 development of future UBE2N inhibitors if there is to eb any hope of their application in
504  human therapy.

505  Targeting DNA repair is considered a relevant strategy for developing efficient molecules in
506 cancer treatment. UBE2N could be a new target of interest in this regard, and UBE2N
507 inhibitors would boost the arsenal of anticancer therapies targeting DNA repair. Literature
508 data on existing compounds show encouraging results, although a number of challenges
509 remain in terms of pharmacokinetics and compound selectivity for covalent inhibitors before
510 these compounds enter the clinical evaluation phase. Very few UBE2Ni, in particular non
511 covalent inhibitors have been reported in the literature, but recent advances in the scientific
512  community on understanding of UBE2N, both on its structure and its functions in the cell,
513  provide medicinal chemists with precious information for designing new classes of UBE2Ni.

514

515 Table 1. Comparison of early ADME parameters, in vitro and in vivo evaluation of UBE2N inhibitors. Data
516 available on literature were compared to ideal parameters according to Hughes et al.®®* When data was not found,
517 each parameter was estimated using the suitable predictive web servers (i.e. Marvin Sketch, QikProp, PredMS,
518 Swiss ADME, SuperCYPsPred, Vienna LiverTox, VNN-ADMET). Depending on the result, parameters were
519 classed in three categories using a colour code (in green: ok — in orange — be careful- in red: not ok).

Non-covalent hits Covalent hits
1A ML307 BAY 11- NSC697923 | UC764865
7082
Data not Data not
. 1 «
Aqueous Measured (ideal >100 uM) Data not found 352 uM found found 5mM
solubility Estimated (Marvin Sketch) . -2.83/ -3.84 /145
LogS/pH=7.4 1.48 mM Y
Measured (ideal 0-3)* Data not found Data not | Data not Data not Data not
found found found found
Log D74 // Log P Estimated
Log Dy, (Marvin Sketch) 1.63 3.33 1.71 2.61 4.22
. e -1 -1
Early '\/,I.Ei‘:;‘r::)i (ideal < 30 mL.min".mg Data not found D;t;snn;t D}J(:Znn;t
ADME P
para- Estimated
meters | Microsomal (Predms) ®
stability (Clint) [Stable > +50% at 30 min / Instable < Stable Stable Instable
50% at 30 min]
Estimated
(QikProp MAESTRO) (number of 5 1 2 3
metabolites, good if <7)
Data not Data not Data not Data not
i *
CYP 450 Measured (ideal>10 mM) Data not found found found found found
inhibitor Estimated
(Swiss ADME / SuperCYPsPred) LTI Yes/No  [SEEIR Rl
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530
531

532
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537

Measured (ideal>1 x 10° cm™ Data not found 776.10° Data not Data not Data not
Caco-2 (asymmetry <2) (= 10 nm))* cm.s? found found found
- Estimated
permeability . . . . . .
P Gl Absorption - Swiss ADME / Py, High/40/53% High/231/ | High/390/ | High/167/72 | High/1568/
e nm/s QikProp MAESTRO / % human J ° 83% 76% % 100%
oral absorption QikProp MAESTRO
Measured (ideal>10 x 10° em™ Data not found Data not Data not Data not Data not
(asymmetry <2) (= 100 nm))* found found found found
MDR1-MDCK Estimated
permeability P-gp Substrat (Swiss ADME) / P-gp
Inhibition // Transport (Vienna No/d/nog Bo/ie//nol Iite/ici/ng
LiverTox)66
Measured (ideal: no effect at 50 x Data not Data not Data not
HepG2 ICso or ECso)* Data not found found found found No effect
hepatotoxicity — -
D.rug—lndlsjsced liver injury (Vienna Yes Yes Yes Yes Yes
LiverTox)
LC50 > 50 DLso [2-3]
Measured (ideal: no effect at 50 x Auer Data not Data not LAl
Cytotoxicity in | 1Cso or EC5o)* Data ot found | KEEELERA found found LA
. >0 >0 e cell and MDSL
suitable cell i ’
lines) cell lines
Estimated
Cytotoxicity (VNN-ADMET)” No No No No No
(IlcoA:A'Y'l 1,737 uM
In vitro activity (ICso) 10 pM 781 nM and E- (caspase 1 0,14 uM
. inhibition)
selectin)
Induce cell
Xenograft Mice- death on Mice-AML
.. human .
Activity PC-3 prostate Antitumor
neuroblasto .
cancer cells ma al activity
In vivo activity decrease of the No No . but not
K xenografts in -
tumor size and an sufficient
sensitization to . as a single
- orthotopic
doxorubicin agent
mouse
model
* according to Hughes et al.®°
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ABBREVIATIONS USED:

ADME, absorption, distribution, metabolism, excretion; AML, acute myeloid leukemia; ATM,
ataxia-telangiectasia mutated; ATR, ataxia telangiectasia and Rad3 related gene; BRCA,
breast cancer gene; CETSA, cellular thermal shift assay; CHEK2, checkpoint kinase 2; CYP
450, cytochrome P450; DLBCL, diffuse large B-cell lymphoma; DNA, deoxyribonucleic acid;
ECso, half maximal effective concentration; ELISA, enzyme-linked immunosorbent assay;
FDA, food and drug administration; GAPDH, glyceraldehyde-3-phosphate dehydrogenase;
HDM2, mouse double minute 2 proto-oncogene; HR, homologous recombination; HRD,
homologous recombination deficiency; 1Cs, half maximal inhibitory concentration; IKK, kB
kinase; ISG, interferon-stimulated gene; LNX1, ligand of humb-protein X 1; MALDI TOF-MS,
matrix assisted laser desorption ionization-time of flight mass spectrometry; MDR1-MDCK,
multidrug resistance gene-1-madin-darby canine kidney cells; MLP, molecular libraries
program; NF-kB, nuclear factor kappa-light-chain-enhancer of activated B cells; NHEJ, non-
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homologous end joining; NIH, national institutes of health; OPSL1, protein octopus-like 1;
OTUB1, ubiquitin aldehyde binding 1; PALB2, partner and localizer of BRCA2; PAMPA,
parallel artificial membrane permeability assay; PARP, poly (ADP-ribose) polymerase;
PARPI, poly (ADP-ribose) polymerase inhibitors; PDB, protein data bank; PD-L1,
programmed death-ligand 1, PGD, phosphogluconate dehydrogenase; P-gp, permeability-
glycoprotein; RAPS80, receptor-associated protein 80; RNF, ring finger protein; SAR,
structure-activity relationship; SPR, surface plasmon resonance; STIP1, stress induced
phosphoprotein 1; SUMO, small ubiquitin-like modifier; TNF, tumor necrosis factor; TRAF6,
TNF receptor associated factor 6; TR-FRET, time-resolved fluorescence energy transfer;
TRIM, tripartite motif containing; Ub, ubiquitin; UBAL, ubiquitin like modifier activating
enzyme 1; UBE2N, ubiquitin-conjugating enzyme E2 N; UBENZ2i, ubiquitin-conjugating
enzyme E2 N inhibitor; UBE2V1, ubiquitin conjugating enzyme E2 V1; UBE2V2, ubiquitin
conjugating enzyme E2 V2; UE2, small ubiquitin-like modifier; ubiquitin-converting enzyme 2;
ZNRF1, zinc and ring finger 1
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