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ABSTRACT

The ubiquitin—proteasome system represents a fundamental mechanism for intracellular protein
degradation, that has a central role into the mainteanance of cellular homeostasis: this system, that
works by two different phases, guarantees the balance of proteomic content of cells, thanks the

correct recognition, digestion and elimination of unfolded or mutated proteins.

The proteasome-regulated proteolytic process represents a highly significant pharmaceutical
target, as its dysfunction has been implicated in a wide range of pathological conditions. In

particular, alterations in proteasome activity have been associated with:

e Cancer, notably acute myeloid leukemia, which appears to be linked to excessive
proteasome activity. This multienzymatic complex represents a promising pharmacological
target for therapeutic strategies aimed at inhibiting uncontrolled cell proliferation, by
mediating the specific and selective degradation of regulatory proteins (CDKs and IxBs).

e Neurodegenerative disorders, such as Alzheimer’s disease, Parkinson’s disease, and
dementia. These pathologies share a common feature of proteostasis imbalance: they are
characterized by the accumulation of dysfunctional proteins, which leads to oxidative stress
and, often, subsequent cell death. Activation of the proteasome represents a promising
pharmacological strategy to restore intracellular homeostasis by promoting the degradation of
these protein aggregates and thereby preventing neurodegeneration.

Proteasome inhibition has been extensively studied, and several drugs are currently used in the
treatment of acute myeloid leukemia. However, many of these compounds, often peptide-based, are
limited by rapid metabolism, potential immunogenicity, and adverse effects such as peripheral
neuropathy, hematologic, and gastrointestinal toxicities. As a result, ongoing research is focused on

the development of novel proteasome inhibitors with improved safety and pharmacological profiles.

Conversely, positive modulation of the proteasome represents a relatively recent therapeutic
approach, with several small molecules identified as potential activators. These compounds are
frequently discovered through high-throughput screening of chemical and/or drug libraries.
Nonetheless, the precise molecular mechanisms by which they enhance proteasome activity have not

yet been fully elucidated.

This doctoral thesis is focused on the synthesis and biological evaluation of proteasome modulators.
Initial work concentrated on the design and preparation of novel non-peptidic proteasome inhibitors,
achieved through cyclization of peptidic structures to form a piperazine core, to which functional

groups capable of interacting with the proteasome catalytic site were appended. These compounds



were subsequently evaluated in vitro on HeLa cells using two fluorescent peptide-based probes

specifically developed for the assays.

In parallel, a biological screening of an internal compound library across four different cell lines was
performed to assess both positive and negative modulation of proteasome activity. This screening
identified a new class of small molecules containing a 2-oxoquinoxalinic core, which exhibited
moderate proteasome inhibition despite the absence of functional groups directly targeting the
catalytic site. Furthermore, the screening revealed a compound of particular interest that displayed
significant proteasome-activating activity across all tested cell lines. These compounds are currently

undergoing secondary assays to elucidate their mechanism of action.

During a research stay at the University of Alcala, the opportunity arose to explore an alternative
therapeutic approach for neurodegenerative diseases. Efforts were directed toward the synthesis of a
multivalent molecule designed for the treatment of Alzheimer’s and Parkinson’s diseases. This
strategy represents an innovative symptomatic intervention, integrating multiple pharmacophores that
target distinct pathological pathways within a single molecule, with the aim of reducing the need for
polypharmacy and minimizing potential side effects. The efficacy of this compound will be assessed

through forthcoming in vitro studies.
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1 INTRODUCTION

The ubiquitin—proteasome system represents a central mechanism for intracellular protein
degradation; however, its discovery dates back only to the end of the last century. Its in-depth study
followed the discovery of lysosomes, which were initially thought to be solely responsible for
intracellular proteolysis. Thanks to various experimental findings, the existence of additional

intracellular degradation pathways has been confirmed.

1.1 PROTEIN DEGRADATION

Intracellular protein levels are regulated not only by their rates of synthesis, but also by the efficiency
and specificity of their degradation. Protein half-lives within cells can differ significantly, ranging
from just a few minutes to several days, underscoring the importance of selective degradation for
cellular homeostasis. Proteins that are subject to rapid degradation often play key regulatory roles,
such as transcription factors, whose timely turnover is essential to ensure swift cellular responses to

external stimuli.

Additionally, certain proteins undergo accelerated degradation upon receiving specific intracellular
signals, thereby contributing to the dynamic control of enzymatic activities and broader cellular
functions. The prompt removal of aberrant, misfolded, or damaged proteins also serves as a critical
quality control mechanism, preventing the accumulation of non-functional or potentially toxic
species.

In eukaryotic cells, protein degradation is primarily governed by two distinct and complementary

pathways: the ubiquitin—proteasome system and lysosome-mediated proteolysis. |

Extracellular proteins, such as blood coagulation factors, albumin, and peptide hormones, are
internalized via pinocytosis or receptor-mediated endocytosis. They are transported in vesicles that
subsequently fuse with lysosomes, where they are degraded by lysosomal proteases. Throughout this
entire process, extracellular self proteins are never exposed to the cytosol.

In contrast, intracellular proteins are primarily processed through a highly specific, non-lysosomal
proteolytic mechanism involving the proteasome, in conjunction with a ubiquitin-based signaling
pathway. This type of proteolysis plays a key role in numerous cellular processes, including cell cycle
regulation and cell division, DNA repair, cellular stress response, immune response regulation, and

antigen processing for presentation via major histocompatibility complex class [ (MHC I).



Finally, proteins that are mutated, denatured, or misfolded are efficiently recognized and eliminated

by this system.?

1.1.1 UBIQUITIN AS SIGNALING

The proteolytic mechanism of the ubiquitin—proteasome system begins with the covalent labeling of
substrate proteins through the attachment of multiple ubiquitin molecules.

Structurally, ubiquitin is a 76-amino acid protein with a C-terminal glycine residue that is essential
for conjugation to substrate proteins via a peptide bond with the free amino group. Although lysine
is the most common residue involved in this linkage, other amino acids such as cysteine, threonine,

and serine can also participate, albeit to a minor extent.

Ubiquitin conjugation occurs through a multi-step, enzyme-mediated cascade:
o E1 (ubiquitin-activating enzyme) activates ubiquitin in an ATP-dependent manner, generating
a high-energy intermediate;
o E2 (ubiquitin-carrier or conjugating protein) recognizes the activated El—ubiquitin complex
and mediates its transfer;
o E3 (ubiquitin-protein ligase) catalyzes the final step, facilitating the covalent attachment of

ubiquitin to the target substrate.’

More recent studies * have identified an additional enzyme, E4, which appears to be involved in the
terminal stage of ubiquitination, specifically in the elongation of the polyubiquitin chain. E4
collaborates with E1, E2, and E3 to assemble polyubiquitin chains by sequentially adding activated
ubiquitin units. This process generates a polyubiquitin chain with high binding affinity for the

proteasome, thereby ensuring selective substrate recognition.

Notably, E4 can recognize specific regions on substrates that have already been modified with
ubiquitin and catalyze the formation of new ubiquitin linkages at those sites. Finally, ubiquitin
molecules can be cleaved from the substrate by deubiquitinating enzymes (DUBs) associated with
the proteasome and recycled for subsequent rounds of ubiquitination, thereby contributing to a highly
efficient biological recycling system.

General process of ubiquitination is illustrated in Figure 1.
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Figure 1. Ubiquitination process. On the left,’ the activation of ubiquitin and its attachment to the target protein is shown,

mediated by the action of the enzymes mentioned above. On the right,® the process is illustrated from a chemical

perspective, highlighting the interaction between the protein and the enzymes involved.

Based on the chemical reactions involved in its biosynthetic pathway, the ubiquitination process can

be divided into several stages ’:

The initial step is an adenylation reaction. Ubiquitin (Ubi) reacts with ATP at the carboxyl
terminal glycine residue, releasing pyrophosphate (PPi). A magnesium ion participates in this
reaction by reducing electrostatic repulsion between the phosphate groups of ATP and the

carboxyl group of ubiquitin (Figure 2).

O (0]
PS — PR + PPi
Ubi OH Ubi AMP
Figure 2. First step of adenylation.
Subsequently, a reactive thioester bond is formed between the adenylated ubiquitin and the
E1 enzyme through the thiol group of a cysteine residue, which performs a nucleophilic attack,

resulting in the release of AMP (Figure 3).
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Figure 3. Second step of thioesterification.



¢ Once the active intermediate is formed, a transthiolation reaction transfers ubiquitin from E1
to the E2 conjugating enzyme, again involving a cysteine thiol. This reaction releases the E1
enzyme, making it available for further rounds of adenylation (Figure 4).
O o

_ )J\ B2 4+ E—SH
Ubi)J\S/E1 + E,~SH —— Ubi S

Figure 4. Third step of transthiolation.

These reactions proceed through a conserved mechanism. The determining factor lies in the E3
enzyme: to date, only a single E1 enzyme has been identified, approximately 20 E2 enzymes are
known, whereas a considerably larger number of E3 enzymes exist. This hierarchical structure allows
for highly specific interactions, which are essential to ensure selective degradation of cellular proteins

and thereby promote cell survival.

E3 enzymes can be classified into two main categories *:

a. E3 enzymes containing the HECT domain (Homologous to the E6-AP COOH
terminus) and a catalytic cysteine residue. These enzymes form a covalent bond with
ubiquitin prior to its transfer to the substrate. E3s then catalyze the formation of an
isopeptide bond between the C-terminal glycine of ubiquitin and the e-amino group of
a lysine residue on the target protein; if the lysine is absent, the N-terminal amino
group can instead be used as the acceptor (Figure 3).

0
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Figure 5. E3 containing the HECT-domain
b. E3 enzymes containing the RING domain (Really Interesting New Gene): these

facilitate the transfer of ubiquitin from E2 directly to the target protein without forming

a thioester intermediate (Figure 6).
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Figure 6. E3 containing the RING domain.



The mono-ubiquitinated protein is subsequently modified by E4 to form a polyubiquitin chain. The
bond formed is an amide linkage between the C-terminus of the newly added ubiquitin molecule and
the e-amino group of lysine 48 on the ubiquitin at the end of the chain, a site specifically recognized

by E4 48,

The specificity for proteins to be ubiquitinated is conferred by the E3 enzyme, and several hypotheses
exist regarding this recognition mechanism. One proposed model suggests that selectivity arises from
the interaction with the substrate via short linear sequences, known as PEST motifs. These motifs are
predominantly composed of proline, glutamic acid, aspartic acid, serine, and threonine residues and
represent regions enriched in phosphorylation signals associated with protein degradation. An
alternative mechanism involves substrate recruitment through globular protein folds, which expose
distinct and characteristic surface regions. These features facilitate the recognition of misfolded,

damaged, or denatured proteins that are readily targeted for degradation. *!°

1.1.2 PROTEASOME

The proteasome is a large multicatalytic protease complex found in eukaryotic cells, particularly
within the nucleus and the cytosol. It consists of a core particle, known as the 20S proteasome, which
is associated with one or two regulatory particles, commonly referred to as the /95 CAP (or PA700).
The core structure has a cylindrical shape, with a central opening approximately 1.3 nm in diameter.
This narrow channel is believed to prevent the entry of most proteins that lack the specific recognition
signals required for access and gate opening. Furthermore, this structural restriction also contributes

to the reduction in size of the degradation products released after proteolysis.

The 20S proteasome is composed of four stacked rings arranged in the sequence a7, B7, 7, and a7,
forming a central proteolytic channel. The two a7 rings are positioned at the outer ends, while the
two B7 rings occupy the inner positions. Each ring consists of seven subunits. Among the B subunits,
B1, B2, and B5 exhibit catalytic activity, whereas the o subunits primarily serve a structural function,
stabilizing the B rings and forming the gate that controls substrate entry and the release of degradation
products. !

The 198 regulatory particle is organized into two distinct subcomplexes. The lid comprises nine RPN
(Regulatory Particle Non-ATPase) subunits, which lack ATPase activity and are associated with
deubiquitinating enzymes. The base also contains nine subunits, including six RPT (Regulatory

Particle Triple-A ATPase) subunits with ATPase activity and three non-ATPase subunits. Together,



the 20S core particle and the 19S regulatory complex assemble to form the 26S proteasome. 26S

proteasome general structure is depicted in Figure 7.
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21 Figure 7. Structure of the 26S proteasome.
$ - Base The 20S core is shown with the seven o subunits in blue,
« N D forming the a7 rings, and the seven P subunits in red,
[ forming the B7 rings. The 19S regulatory complex consists
2 Lid of the base (green, 9 subunits) and the lid (purple, 9
. L subunits).!?

1.1.3 PROTEASOME BIOGENESIS

Proteasome assembly takes place within the cellular environment. The biosynthetic pathway of the
proteasome in mammals has been elucidated using specific antibodies against subunits that serve as
precursors to the fully processed structures. This approach enabled the identification of intermediate
structures corresponding to proteasome subcomplexes, thereby supporting the hypothesis of a
dimerization process in which an o-ring associates with B subunits until the p-ring is also completed.'?
With regard to the synthesis of the a-ring, several proteasome assembly complexes—referred to as
chaperones—have been identified. These auxiliary factors play a crucial role in guiding biosynthesis,

particularly in the assembly of multimeric structures such as the a and B rings of the 20S proteasome.

13

These chaperones transiently bind a subunits, ensuring correct formation and stabilization of the a-
ring. To date, four families of proteasome-dedicated chaperones have been identified: PBA1, PBA2,
PBA3, and PBA4.

o PBA1 and PBA2 prevent the aberrant dimerization of two a-rings, as illustrated in Figure 8.

The precise mechanism by which this is achieved remains unknown. '#



Legend:
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Figure 8. Chaperones PBA1 and PBA2 ensure correct dimerization of the subunits by preventing improper pairing of o

subunits.

e PBA3 and PBA4 specifically bind to a5 subunits and stabilize interactions among the
subunits forming the a-ring. As shown in Figure 9, the absence of these chaperones leads to
incorrect assembly, with multiple 04 subunits competing with a3. This results in structurally

defective rings, containing two a4 subunits and lacking 3. &'

8%\ /ﬁ**@
35*

Figure 9. Top: PBA3 and PBA4 bind to a5 subunits and stabilize interactions among o-ring subunits.
Bottom: In the absence of these chaperones, multiple a4 subunits assemble and compete with a3, leading to improper ring

formation. '’

With regard to the B subunits, several studies have demonstrated that their assembly is strictly
dependent on the presence of a subunits. Indeed, B subunits require a-ring scaffolding to assemble
properly. It is likely that their assembly is also assisted by a dedicated complex composed of
molecular chaperones. Among these, POMP (Proteasome Maturation Protein, also known as hUP1
or UMP1) plays a fundamental role. In addition to supporting the correct folding and assembly of the
structure, POMP protects the N-terminal threonine residue—the catalytic site of the mature

complex—from premature reactions that could inactivate it. '8
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This threonine residue becomes exposed through an autocatalytic processing mechanism that occurs

within the B1, B2, and B5 subunits ."°

The first assembly intermediate of the proteasome contains all the a subunits along with a subset of
B subunits (2, B3, and p4), forming a complex known as the 13S particle. The remaining 3 subunits
are then incorporated sequentially. Finally, upon the addition of the last B subunit (87), rapid
dimerization occurs. At this stage, the propeptides of the B subunits undergo autocatalytic cleavage,

completing the assembly of the mature proteasome (Figure 10). >

388 g@

U] (I () (V)
Figure 10. Assembly of the 20S proteasome. (I): A preformed ring of a subunits associated with a subset of § subunits
(B1, B2, p4). (II): The presence of UMP1 promotes ring maturation by facilitating the addition of further B subunits and
prevents premature dimerization. (III): Addition of B7 subunit. (IV): Dimerization of the half-proteasomes. (V): Removal

of the propeptides from the catalytic B subunits.'?

1.1.4 ACTIVITY

The proteasome discriminates proteins destined for degradation through recognition of the
polyubiquitin chain by the 19S regulatory particle, which is associated with specific deubiquitinating
enzymes. The lid subunits (RPN) bind the ubiquitylated substrate, enabling the action of proteases
that recognize the C-terminal residue of ubiquitin. These enzymes are categorized into two main
classes:
o Ubiquitin C-terminal hydrolases (UCHs), which act on ubiquitin adducts with small
molecules;
e Ubiquitin-specific proteases (UBPs), which catalyze the release of substrates from
polyubiquitin chains. !
Once the substrate has been deubiquitinated, the base of the 19S complex plays a crucial role in
substrate translocation, mainly via the activity of its six ATPase subunits (RPTs), three of which are
directly involved in substrate unfolding and translocation. %2
The adjacent a-ring forms a gate composed of the N-termini of its subunits. The RPTs are responsible

for opening this gate and facilitating substrate entry. This is achieved through their C-terminal tails,

11



which contain conserved HbYX motifs—regions composed of hydrophobic residues ending with
tyrosine. %3
These motifs insert into intersubunit pockets of the a-ring, inducing conformational changes that open
the channel for substrate passage. **
As previously mentioned, the actual catalytic activity of the proteasome resides in the g1, p2, and
BS subunits of the inner 20S core. Upon gate opening, the N-terminal threonine residues of these
subunits are exposed, enabling proteolytic activity characterized as follows:

e P1: Caspase-like activity, cleaving after acidic residues;

e P2: Trypsin-like activity, specific for basic residues;

o PB5: Chymotrypsin-like activity, preferentially cleaving after hydrophobic residues such as

phenylalanine, leucine, tryptophan, methionine, and tyrosine.

From a chemical standpoint, the proteolytic process is initiated by a proton transfer reaction
involving the nitrogen of a threonine residue located at the N-terminus, which is present in all
catalytic sites—namely 1, B2, and B5. The hydroxyl group of the threonine is deprotonated, thereby
increasing its nucleophilicity (Figure 11).

This enables efficient nucleophilic attack on the carbonyl group of the peptide bond in the protein
substrate located within the 20S core channel.

Proteolysis proceeds through a second proton transfer, this time from the nitrogen of threonine to the
leaving peptide fragment. The catalytic site is then regenerated through the action of a water

molecule, completing the catalytic cycle.

R4

HZNA;_
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't o R>_/<OH
2
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Ry Ry R>
e (N
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H,N  OH
thr thr
R, O
H,N  OH

Figure 11. Proteasome-mediated proteolysis.
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2 PROTEASOME AS A PHARMACEUTICAL TARGET

Dysregulation of the proteasome-dependent proteolytic machinery has emerged as a highly relevant
pharmaceutical target, as impaired proteasome function is implicated in a broad spectrum of
pathological conditions. In particular, alterations in proteasome activity have been associated with:

e Cancer, notably acute myeloid leukemia, which appears to be linked to excessive
proteasome activation. This overactivation can lead to uncontrolled protein degradation,
thereby disrupting cellular homeostasis and promoting tumor progression;

e Neurodegenerative disorders, such as Alzheimer’s disease, Parkinson’s disease, and
dementia. These conditions have been associated with reduced proteasome activity, leading
to the accumulation of misfolded or damaged proteins and contributing to neuronal

dysfunction and degeneration.

2.1 PROTEASOME INHIBITION

Given its central role in regulating the selective degradation of key cellular proteins, the proteasome
represents a promising pharmacological target for therapeutic strategies aimed at inhibiting
uncontrolled cell proliferation, particularly in neoplastic diseases. By mediating the specific and
selective degradation of regulatory proteins, the proteasome plays a critical role in the progression of
the cell cycle. %

Proteasome inhibition primarily acts by interfering with the following key functions:

e Degradation of CDKs (Cyclin-Dependent Kinases). CDKs are protein kinases whose activity
is dependent on cyclins, and they are responsible for phosphorylation events that typically
precede ubiquitin-proteasome-mediated degradation.

Their expression and activity are tightly regulated by the balance between transcriptional
regulation and proteasomal turnover. Inhibition of CDKs prevents protein phosphorylation
events, thereby blocking subsequent degradation and ultimately leading to cell cycle arrest
and apoptosis. Pharmacological studies on proteasome inhibitors have demonstrated that
apoptosis is preferentially induced in transformed cells, alleviating concerns regarding
potential toxicity to normal, non-mutated cells. For many years, the mechanistic basis for the
enhanced sensitivity of cancer cells to proteasome inhibition remained unclear. 26
e Degradation of IxB proteins. [kBs are a family of inhibitory proteins that prevent the nuclear
translocation of NF-kB, a transcription factor essential for the regulation of immune and
inflammatory responses. IkBs can be phosphorylated by IkB kinase (IKK), followed by
ubiquitination and subsequent proteasomal degradation. Once IxB proteins are degraded, NF-

kB is released and translocates into the nucleus, where it induces the expression of growth
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and survival factors. Therefore, proteasome inhibition results in the stabilization of IxB

proteins, preventing NF-kB activation and ultimately blocking the transcriptional induction

of nuclear growth-promoting factors.?6-?

Tumorigenesis involves the deregulation of multiple molecular pathways, several of which are

influenced by components of the ubiquitin—proteasome system. Among these, the following have

been identified as contributors to tumorigenic progression:>’

1.

2.

E3 Ubiquitin Ligases and Their Role in Cancer

The Anaphase-Promoting Complex/Cyclosome (APC/C), an essential E3 ligase in mitosis,
is rarely mutated in cancer. However, its co-activators CDH1 and CDC20 are frequently
deregulated. CDH1 functions as a tumor suppressor by regulating proteins like BRAF and c-
Src, but its activity can be impaired through phosphorylation by ERK, CDK4, or c-Src itself.*
In contrast, CDC20 is commonly overexpressed in cancers and promotes mitotic exit and cell
proliferation, displaying oncogenic properties.’!

The SCF E3 ligase complex, composed of SKP1, CULI, and variable F-box proteins,
regulates numerous oncogenic pathways. FBXW?7, a tumor suppressor F-box protein, targets
cyclin E, c-Myc, and mTOR for degradation.*? Its loss or reduced expression is linked to
genomic instability, metastasis, and poor prognosis in various cancers.

Conversely, SKP2 acts as an oncogene by targeting CDK inhibitors for degradation,
promoting uncontrolled proliferation. Pharmacological inhibition of SKP2 restores p27 levels
and induces apoptosis in several tumor models.

NEDD4-1, another E3 ligase, exhibits dual roles in cancer. It can promote tumorigenesis via
PTEN degradation and AKT activation, yet it also mediates degradation of oncogenic RAS.
Its dysregulation contributes to tumor progression, especially in RAS-driven and PTEN-
deficient cancers.

MDM2, a well-characterized negative regulator of p53, is often overexpressed in tumors. Its
upregulation reduces p53 stability and contributes to chemoresistance, particularly to DNA-

damaging agents like cisplatin, by promoting p53 degradation.*?

Deubiquitinating Enzymes (DUBs) in Oncogenesis

DUBs counteract the activity of ubiquitin ligases and are critical regulators of cancer-associated

pathways. Depending on cellular context, several DUBs function either as oncogenes or tumor

Suppressors.
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USP2A promotes proliferation and drug resistance, particularly in prostate and bladder
cancers. However, in glioma cells, it can enhance p53-mediated apoptosis by stabilizing
MDM4. **

USP7 overexpression correlates with increased tumor aggressiveness in prostate, colon, and
breast cancers, and promotes Wnt signaling via B-catenin stabilization. 3

CYLD, a tumor suppressor, inhibits NF-kB signaling by removing ubiquitin chains from key
signaling intermediates. Its downregulation in melanoma, hepatocellular carcinoma (HCC),
and breast cancer leads to increased cell proliferation and metastasis. >

A20, which has both DUB and E3 ligase activities, negatively regulates NF-xB and is often
mutated or deleted in lymphomas. In contrast, its overexpression in some solid tumors

contributes to therapy resistance.

3. Proteasome-Associated DUBs

Three major DUBs are associated with the 19S regulatory particle: USP14, UCH37, and RPN11.

USP14 and UCH37 antagonize proteasomal degradation by trimming ubiquitin chains, while RPN11

promotes substrate degradation by cleaving ubiquitin at the base of the chain.

USP14 promotes oncogenesis by stabilizing androgen receptor (AR) and B-catenin, enhancing
(epithelial-mesenchymal transition) EMT and Wnt signaling.
UCH37 inhibition induces apoptosis in various cancers.>’

RPNI11 depletion leads to mitotic arrest and cellular senescence.
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2.1.1 PROTEASOME INHIBITORS ON THERAPY

Despite the central role of the ubiquitin—proteasome system in maintaining cellular homeostasis,
proteasome inhibitors (PIs) have demonstrated a favorable safety profile in clinical settings, with a
relatively limited spectrum of adverse effects. These agents have shown marked efficacy in
hematologic malignancies, particularly multiple myeloma and mantle cell lymphoma, where they have
contributed to significant improvements in both progression-free survival (PFS) and overall survival
(OS).

Multiple myeloma represents an especially suitable target for proteasome inhibition due to the high
levels of immunoglobulin G (IgG) synthesis characteristic of plasma cells. The elevated protein
turnover inherent to myeloma cells creates a therapeutic window in which malignant cells exhibit

heightened sensitivity to proteasome inhibition relative to their normal counterparts. >

In 2003, the U.S. Food and Drug Administration (FDA) approved the first-in-class proteasome
inhibitor, Bortezomib (Velcade, PS-341), for the treatment of relapsed and refractory multiple
myeloma. Subsequently, two additional agents—Carfilzomib (Kyprolis) and Ixazomib (Ninlaro)—
have received regulatory approval for the treatment of multiple myeloma.

Among the three, Ixazomib is the only orally available compound (administered as a citrate salt),
providing a practical advantage in terms of patient compliance due to ease of administration. In

contrast, Bortezomib and Carfilzomib require intravenous administration.

Bortezomib was the first proteasome inhibitor approved for clinical use, exhibiting a unique cytotoxic
profile across various tumor cell lines. Preclinical animal models demonstrated a significant capacity
to reduce metastasis, thereby providing a strong rationale for clinical investigation. Consequently,
several phase I clinical trials were conducted on both solid and hematologic malignancies. In patients
with multiple myeloma, promising responses were observed, leading to more targeted phase II studies
and ultimately FDA approval. For years, the underlying reason behind the exceptional responsiveness
of multiple myeloma to Bortezomib remained unclear, until it was later discovered that the drug
inhibits the degradation of IxB.

The success of Bortezomib has sparked widespread interest in targeting the proteasome for cancer
therapy. #!

To date, Ixazomib and Carfilzomib, in addition to Bortezomib, have all been approved by the FDA
for the treatment of multiple myeloma.

Furthermore, the indication for Bortezomib has been extended to include frontline therapy for both

multiple myeloma and mantle cell lymphoma. Additional proteasome inhibitors are currently under
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clinical investigation, including Marizomib, which has shown potential therapeutic benefit in patients

with glioblastoma.*?
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Figure 12. Chemical structures of proteasome inhibitors that are currently approved and used in clinical therapy.

2.1.2 MECHANISM OF INHIBITION

Proteasome inhibitors are commonly categorized according to their binding mechanism, falling into
two principal groups: covalent inhibitors that form stable interactions with the proteasomal active

site, and non-covalent inhibitors that associate through reversible, non-covalent forces.

Covalent inhibitors interact with the catalytic threonine residue of the proteasome’s B-subunits,
forming an adduct whose dissociation rate depends on the stability of the intermediate generated. **
These synthetic covalent inhibitors are further classified according to the electrophilic warhead they
contain:
o Aldehydes: These compounds inhibit the proteasomes by forming a hemiacetal with the
hydroxyl group of the catalytic threonine. An example of this class is MG-132 (Figure 134).
o Peptide boronates: These inhibitors form tetrahedral adducts with the active-site threonine,
stabilized by a hydrogen bond between the N-terminal amino group of threonine and one of
the hydroxyl groups of the boronic acid. Although boronates are generally considered
reversible inhibitors, the boronate—proteasome adducts exhibit significantly slower
dissociation rates compared to aldehyde—proteasome complexes. A key clinical implication
of this slow dissociation, particularly with bortezomib, is that, once the drug binds to the
proteasome in red blood cells, it cannot be readily released. In light of this, second-generation
boronates have been designed to possess faster off-rates (Figure 13B).
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Epoxyketone peptides: These are the most potent and specific proteasome inhibitors
identified to date. They form a six-membered morpholine ring involving the N-terminal
threonine and the epoxide moiety of the inhibitor. Structural studies suggest that the catalytic
hydroxyl group first attacks the ketone group of the pharmacophore, followed by nucleophilic
attack of the threonine’s amino group on the epoxide, completing the adduct formation. A
representative compound of this class is carfilzomib, which induces stronger inhibition of
chymotrypsin-like activity in patient blood samples than bortezomib (Figure 13C).

Peptide ketoaldehydes: These compounds promote the formation of a unique six-membered
ring with the N-terminal catalytic threonine. The resulting ring contains both a hemiketal and
a Schiff base; the latter is reversible, allowing this class of inhibitors to occupy a distinct niche
as covalent yet reversible inhibitors (Figure 13D).

B-lactones: These are non-peptidic natural products. The most prominent member of this class
is Marizomib, a natural compound that esterifies the hydroxyl group of the catalytic threonine.
In the presence of a chlorine atom, -lactone ring opening is followed by the formation of a
tetrahydrofuran ring. All B-lactone—proteasome adducts are slowly hydrolyzed by water,
resulting in eventual proteasome reactivation, making these inhibitors reversible (Figure
13E).

Peptide vinyl sulfones: These synthetic proteasome inhibitors act via Michael addition,
wherein the hydroxyl group of the catalytic threonine reacts with the vinyl sulfone double
bond. While vinyl sulfones are more synthetically accessible than epoxyketones, they are
generally less potent and less specific. Nevertheless, they provide valuable advantages for the

development of activity-based probes to assess proteasome function. *

A Aldehyde: B Boronate:
‘o OH OH OH
| i =
RHN,_)- RHN._Aq, RHN.__ B, - RHNvﬁ\O“/
s  — S : 2 — : OH 1
: HoO,, H 1n
Ho ' s Y 0 B Y HtN P
0N P ’ H N ’
H-~ —H o = o 9

C Epoxyketone:

.
O HO,,
RHN. I W7
: o] '

Bu “"'H

I-0

D o-ketoaldehyde:

18



E Beta-lactone:

Hor
e
H, o)
F Vinyl sulfone: R
RHN" >
OH.
p N--H
3 2

Figure 13A-F. Representative classes of covalent proteasome inhibitors, illustrating their chemical structures and the

mode of interaction with the proteasomal active site.*3

Non-covalent inhibitors are divided into two main classes:

e Cyclic peptides: These conformationally constrained molecules bind to all catalytic subunits
and primarily act by sterically blocking substrate access to the catalytic threonine residues.
The precise mode of binding to the active sites remains to be fully elucidated. A representative
example of this class is TMC-95A (Figure 14).4

e Acyclic peptides: These compounds bind to the substrate-binding region by mimicking the
upstream polypeptide chain of natural proteasome substrates. The first example in this
category was the HIV protease inhibitor Ritonavir. Structural optimization of this compound
led to the development of a series of selective inhibitors targeting the chymotrypsin-like site,

resulting in the generation of potent dipeptidic inhibitors. 4’

A) TMC-95 B) Ritonavir

Figure 14. Chemical structures of representative non-covalent proteasome inhibitors: (A) TMC-95A and (B) Ritonavir.
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2.1.3 LIMITATIONS OF PROTEASOME INHIBITORS

Although proteasome inhibitors have shown significant efficacy in treating multiple myeloma, most
clinically approved agents are short peptide-based molecules, which present intrinsic limitations such
as poor stability against proteolytic degradation, limited membrane permeability, and low oral
bioavailability. 48

Furthermore, their use has been associated with a range of clinically relevant toxicities, arising either
from mechanism-related effects or from drug-specific adverse reactions. The initial safety profile was
established through numerous clinical trials involving Bortezomib. *°

It is also important to note that these toxicities occur against the backdrop of a high disease burden
typical of multiple myeloma. The acronym CRAB summarizes the main complications associated

with the disease: Calcium elevation (hypercalcemia), Renal insufficiency, Anemia, and Bone lesions.
50

Peripheral neuropathy is among the most debilitating side effects for patients, especially in its
painful form. Current research suggests that its pathogenesis may involve multiple mechanisms,
including Schwann cell-mediated demyelination, neuronal dysfunction, and glutamate homeostasis
imbalance mediated by astrocytes.>! This adverse event often necessitates dose reduction or
discontinuation of bortezomib, thereby limiting therapeutic efficacy in a subset of patients. In
contrast, carfilzomib and ixazomib are associated with a substantially lower incidence of peripheral

neuropathy.

Hematologic toxicities represent another relevant concern. In early phase III trials with bortezomib,
thrombocytopenia was observed, which has been attributed to the drug's capacity to increase
activation levels of Rho kinase—a negative regulator of proplatelet formation—resulting in reduced
platelet counts.’? Nonetheless, studies have reported very few serious bleeding events or treatment
discontinuations attributable to any of the approved proteasome inhibitors, including bortezomib,

carfilzomib, and ixazomib.

Gastrointestinal toxicities are also commonly associated with proteasome inhibitors, manifesting as
diarrhea, nausea, constipation, and vomiting. These effects are generally manageable. While the
precise link between proteasome inhibition and gastrointestinal symptoms remains unclear, it has
been hypothesized that the primary pathway contributing to such toxicity may involve IkB-
dependent dysregulation of NF-kB signaling.>
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Finally, one of the most clinically significant adverse outcomes is cardiovascular toxicity, reported
with both bortezomib and carfilzomib. Recent analyses suggest that carfilzomib-associated cardiac
events may be mediated by endothelial dysfunction. Ixazomib has also been associated with

arrhythmias, hypertension, heart failure, and myocardial infarction.>*

In conclusion, although several direct proteasome inhibitors have been successfully developed and
some have reached clinical use, their associated limitations, including off-target effects and resistance
mechanisms, highlight that the proteasome remains an active area of investigation. Moreover,
alternative strategies for proteasome inhibition exist, which will be discussed in greater detail in

Project 2.
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2.2 PROTEASOME ACTIVATION

The proteasome has also emerged as an important pharmaceutical target in neurodegenerative
diseases, as dysregulation of its activity has been associated with disruptions in cellular homeostasis
and, ultimately, neuronal cell death. In fact, the ubiquitin-proteasome system plays a pivotal role in
maintaining the regulation of fundamental biological processes vital for cell survival, primarily by
facilitating the dynamic turnover of the intracellular proteome.’® This protein quality control is
governed by the proteostasis network, which includes the protein synthesis machinery (ribosomes),
molecular chaperones responsible for protein folding, and two major proteolytic systems: the
ubiquitin-proteasome system and the lysosomal-autophagy pathway.>

Molecular chaperones play an essential role in facilitating the co-translational folding of nascent
polypeptides at the ribosome, thereby preventing non-productive interactions and protein
aggregation.’’ In addition, chaperones identify misfolded or aberrant proteins and assist in their
refolding to restore function. Proteins that are irreversibly damaged are targeted for degradation
through proteolytic pathways, thus preventing proteotoxic stress caused by aggregation or
deleterious interactions.’®

The flexibility and interconnectivity between protein synthesis, folding, and degradation mechanisms
ensure the maintenance of proteostasis under various physiological and environmental stress
conditions, such as exposure to xenobiotics, oxidative stress, cellular proliferation, and
differentiation. The components of the proteostasis network are functionally integrated, and
compensatory mechanisms are activated to preserve proteostasis whenever one or more systems are

compromised.>**°

However, during aging, a progressive decline in proteostasis capacity is inevitable. This deterioration
perturbs critical signaling pathways and is closely linked to the pathogenesis of various human
diseases.®!** Targeting intracellular protein levels through modulation of proteolytic systems has
emerged as a promising therapeutic strategy for several disorders, including neurodegenerative

diseases, cancer, and autoimmune conditions.*>%

The proteasome serves as the cell’s primary line of defense against proteotoxic stress arising from
oxidative damage. The 20S proteasome complex possesses the intrinsic ability to directly degrade
oxidatively modified proteins, thereby contributing to cellular detoxification. Reactive oxygen
species (ROS), originating from both exogenous sources and endogenous processes such as the
mitochondrial respiratory chain and broader cellular metabolism, progressively accumulate with age

and cause significant damage to proteins and other macromolecules.®>%
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Upon oxidative insult, proteins undergo conformational changes that expose hydrophobic residues,
predisposing them to aggregation.®” To mitigate the increasing burden of oxidatively damaged
proteins, cells upregulate the 20S proteasome activity, primarily through the disassembly of the 26S
proteasome complex.®®% However, when the rate of damaged protein accumulation exceeds the
degradative capacity of the proteasome, proteostasis becomes disrupted, resulting in proteotoxic
stress.”® This dysregulation is a hallmark of several neurodegenerative diseases, including
Parkinson’s disease (PD), Alzheimer’s disease (AD)’!, Huntington’s disease (HD), and amyotrophic

lateral sclerosis (ALS, also known as Lou Gehrig’s disease).

Moreover, a decline in 26S proteasome activity and accumulation of ubiquitinylated proteins have
been observed in post-mortem brain tissues of AD patients.”” These findings underscore the critical
and complementary roles of both the 20S and 26S proteasome complexes in the clearance of

aggregation-prone proteins.

2.2.1 ROLE OF PROTEASOME’s DYSFUNCTION IN NEURODEGENERATIVE
DISEASES

Parkinson’s disease

Parkinson’s disease is a progressive neurodegenerative disorder characterized by deterioration and
loss of dopaminergic neurons in specific brain regions. This neuronal loss leads to hallmark motor
symptoms, including bradykinesia, resting tremor, muscular rigidity, and postural instability.”

The pathology is histologically characterized by the aggregation of protein inclusions known as Lewy
bodies, which result from the misfolding and aggregation of a-synuclein, a presynaptic nerve terminal
protein. 7

For over two decades, it has been well established that neuropathological inclusions in the majority
of neurodegenerative disorders consistently contain ubiquitinated proteins, indicating a dysfunction
of the ubiquitin-proteasome system (UPS). 7>

Genetic evidence further implicates dysfunction of the ubiquitin system in the pathogenesis of these
disorders. Notably, the parkin gene—mutated in cases of autosomal recessive juvenile Parkinson’s
disease—encodes a ubiquitin E3 ligase, highlighting the importance of ubiquitin-mediated protein
degradation in maintaining neuronal integrity.”®

Bedford et al.”” showed that disruption of ubiquitin-mediated protein degradation leads to the

formation of intraneuronal Lewy-like inclusions and widespread neurodegeneration within the
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nigrostriatal pathway and forebrain regions. Neuropathological features included the accumulation of
ubiquitin and a-synuclein, resembling human Lewy bodies; notably, however, the inclusion bodies

also contained mitochondria, suggesting convergence of proteostatic and mitochondrial dysfunction.

Alzheimer’s disease

Alzheimer’s disease (AD), the most prevalent form of dementia, is neuropathologically defined by
the accumulation of insoluble fibrous aggregates in the brain, including intracellular neurofibrillary
tangles and extracellular senile plaques. Dysregulation of the UPS has long been proposed as a key
mechanism underlying the pathogenesis of AD.”®

The majority of Alzheimer’s disease (AD) cases are sporadic, arising from a complex interplay
between genetic predisposition and environmental risk factors. In contrast, familial forms of AD are
attributed to pathogenic mutations in genes encoding amyloid precursor protein (APP), presenilins
(PS1 and PS2), or other related proteins.”

Alzheimer’s disease (AD) is neuropathologically defined by the presence of neurofibrillary tangles
(NFTs), composed of paired helical filaments (PHFs) derived from aberrantly modified tau protein.®
In addition, elevated levels of oxidatively damaged proteins have been detected in both the cytoplasm
and nuclei of hippocampal neurons from AD patients, relative to age-matched controls.®! These
findings suggest that impairment of intracellular degradation pathways responsible for clearing
damaged proteins may contribute to pathological aggregation and progression of neurodegeneration
in AD.??

Early studies demonstrated that proteasome activity is inhibited in the brains of individuals with
Alzheimer's disease (AD), as well as in cell-free assays exposed to amyloid-p (AP) peptide.®
Furthermore, intracellular accumulation of AP has been shown to suppress proteasome function in
cellular models.®* In AD brains, abnormal proteasome localization and the accumulation of
polyubiquitinated substrates have been linked to the synaptic presence of tau oligomers. Given the
critical role of proteasomes in regulating synaptic plasticity, such alterations in proteasome
localization and activity are likely to compromise synaptic function and thereby contribute to the
cognitive deficits observed in AD.%

Given the established correlation between proteasome inhibition and Alzheimer's disease (AD) in
neurons, enhancing proteasome activity represents a promising strategy to facilitate the clearance of

dysfunctional protein aggregates within neuronal cells.
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Multiple sclerosis

Multiple sclerosis (MS) is the most common inflammatory and neurodegenerative disorder of the
central nervous system (CNS) in young adults. The disease is primarily driven by autoreactive T cells
that cross the blood—brain barrier, triggering chronic, low-grade inflammation and ultimately leading
to progressive neuronal damage.®® While the interplay between inflammation and neurodegeneration
is a defining feature of MS, neuroinflammation is increasingly recognized as a shared pathogenic
mechanism across various neurodegenerative diseases (NDDs) and in the aging brain.%¢

Although immunomodulatory therapies targeting peripheral immune responses have shown efficacy
in MS and are under investigation for other NDDs, no current treatments effectively address

inflammation intrinsic to the CNS or enhance the capacity of neurons to withstand inflammatory

stress.?’

Notably, MS shares key molecular and cellular features with other NDDs and with aging, such as
glutamate-induced excitotoxicity and intracellular accumulation of neuron-specific proteins.®®
Inflammatory CNS conditions also impose high energetic demands on neurons, which have limited
metabolic flexibility. Energy depletion during neuroinflammation can trigger cell death pathways
and has been closely linked to mitochondrial transport deficits in axons, as observed in experimental

autoimmune encephalomyelitis (EAE), a widely used animal model of MS.5%°

Recent findings further indicate that persistent glycolysis, in addition to impaired mitochondrial
function, disrupts neuronal homeostasis.”! Unlike dividing cells, neurons rely on the proteasome to
continuously degrade phosphofructo-2-kinase/fructose-2,6-bisphosphatase 3 (PFKFB3),°?a key
glycolytic regulator. This degradation suppresses glycolysis while favoring the pentose phosphate
pathway (PPP), which supports antioxidative defenses.”® Proteasomal dysfunction or glutamate-
induced excitotoxicity stabilizes PFKFB3, thereby increasing glycolysis in neurons. Dysfunctional
proteasomes also contribute to the accumulation of otherwise short-lived enzymes and signaling
proteins, further disturbing neuronal metabolism. Moreover, under certain inflammatory conditions,
the catalytic subunits of the proteasome are replaced by inducible isoforms Bli (PSMB9), B2i
(PSMB10), and B5i (PSMBS), forming the immunoproteasome.” However, the structural and
functional consequences of this substitution on neuronal homeostasis remain largely unknown.

Recent transcriptomic and proteomic studies have provided evidence that [FNy-induced expression

of PSMBS reduces proteasome activity, ultimately contributing to neuronal damage.”
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2.3 Identifying and profiling Proteasome modulators

As highlighted above, the biological relevance of proteasome modulation makes it essential to
evaluate compounds in an assay capable of detecting both inhibitory and stimulatory effects.
Conventionally, the activity of proteasome inhibitors is assessed using a fluorogenic assay applied to
purified 20S proteasomes in cell lysates **°7: this assay employs standard fluorogenic 7-amino-
methylcoumarin (AMC) conjugated small peptide substrates corresponding to the three catalytic sites
in the 20S proteasome: chymotrypsin-like site (Suc-LLVY-AMC), caspase-like site (Z-LLE-AMC),
and trypsin-like site (Boc-LRR-AMC).”®

When the small peptide substrate is degraded by the 20S proteasome, the AMC fluorophore is
released and quantified

to measure the rate of proteolytic cleavage.” In the presence of a proteasome inhibitor, fluorescence
intensity decreases, as the proteasome is unable to catalyse proteolysis, thereby preventing the release
of the fluorogenic moiety of the probe. Conversely, in the presence of an activator, an increase in
fluorescence is observed. Nevertheless, this assay is inherently limited to a single mechanism of
action, detecting exclusively those compounds that directly engage the proteasome to modulate its
catalytic activity.

Indeed, modulation of the proteasome can occur through two primary mechanisms: by interacting
with the catalytic threonine residue within the active site, or via allosteric effects that induce
conformational changes in the proteasome’s quaternary structure, thereby limiting exposure of the

threonine residue. '%°

Nevertheless, proteasome modulation can occur through various additional mechanisms, as
highlighted by recent literature. '°! In particular, proteasome activity may also be modulated indirectly
through alterations in the gene expression of the subunits encoding proteasomal proteins.'%?

For example, Rpn4, originally identified as a protein associated with the 26S proteasome, binds to
the conserved sequence motif known as proteasome-associated control element (PACE) in the
promoter region of all proteasome subunit genes and some proteasome assembly chaperone genes.
103

Rpn4 protein is extremely short-lived (ti2 = 2 min) and is continually degraded by the proteasome.
Furthermore, Rpn4 accumulates and promotes proteasome expression in case of proteasomal

1

dysfunction, ' playing a compensatory role in response to decreased proteasome activity. By

contrast, lack of Rpn4 or PACE sequences in yeast decreases proteasome activity and impairs

resistance to various stresses, such as DNA damage and oxidative insult. '
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Other regulatory mechanisms involve modulation of the ubiquitination process itself. In particular,
recent evidence indicates that inhibiting E3 ubiquitin-ligase enzymes—which are essential for proper
tagging of proteins destined for degradation—can suppress proteolysis by reducing substrate delivery
to the proteasome. 1%

In this regard, Leestemaker et al. %7

employed an innovative in vitro assay to monitor proteasome
activity within the cellular environment, going beyond the assessment of direct enzymatic effects
alone. This methodology is particularly noteworthy, as it allows for a comprehensive evaluation of
all possible mechanisms by which proteasome activity may be modulated, thereby providing a more

holistic understanding of its regulation.

To identify novel small molecules capable of modulating proteasome activity, two fluorescent probes
were employed: BodipyFL-AhxsLsVS (Probe ) and BodipyFL-AhxsLsS (Probe 2).
Probe I covalently binds to the catalytically active subunits of the proteasome in living cells in an

activity-dependent manner, whereas Probe 2 does not interact with the proteasome.

Consequently, treating cells with either positive or negative modulators of proteasome activity
followed by probe incubation results in increased or decreased intracellular fluorescence,
respectively, which can be quantitatively measured by flow cytometry or SDS-PAGE followed by
fluorescence scanning. '%%1%

In intact cells experiments, the cell-permeable nature of the probes enables direct assessment of

proteasome activity in a physiological context.

From a structural perspective (Figure 15), both probes consist of a tripeptide of leucine residues,
followed by three aminohexanoic acid (Ahx) units, with the amino terminus of the terminal Ahx
residue functionalized with a Bodipy-FL-NHS ester fluorophore. This design confers equal affinity
for all three catalytic subunits of the 20S proteasome. Conversely, the two probes differ in the reactive
group responsible for interaction with the enzyme: Probe I incorporates a vinyl sulfone moiety,
specifically recognized by the catalytic threonine, whereas Probe 2 bears a non-reactive sulfone group
that does not engage with the enzyme.

Moreover, the observed fluorescence signal not only confirms probe binding but also reflects the

consequent inhibition of the enzymatic complex, even in living cell lines. '%
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Probe 1

Probe 2

Figure 15. Structures of Probe 1 (top) and Probe 2 (bottom). The Bodipy-FL-NHS ester fluorophore is highlighted in

green, while the reactive groups—yvinyl sulfone in Probe 1 and sulfone in Probe 2—are shown in pink.

To investigate the probe’s binding to the catalytic sites of the 20S proteasome, a human melanoma
MEL-JUSO cell line expressing Ub-R-GFP was used. This reporter system, based on GFP-fused
proteins containing an N-terminal ubiquitin tag, allows for quantification of proteasome-mediated
proteolysis in living cells.!!® The cell line was treated separately with BodipyFL-AhxsLsVS and with
MG-132, a well-characterized aldehyde-based proteasome inhibitor. The percentage of cells
responsive to MG-132 was defined as 100%. In cells treated with the fluorescent probe, GFP levels
increased over time, along with the fluorescence intensity, which was quantified via flow cytometry.
The samples treated with BodipyFL-Ahx;LsVS exhibited significant fluorescence levels, thereby
confirming efficient inhibition of the proteasome in cultured cells.

To further confirm this hypothesis, a second experiment was conducted in which MEL-JUSO cells
were simultaneously treated with both MG-132 and BodipyFL-AhxsL:VS. Under these conditions,
the probe localized primarily to the plasma membrane and perinuclear region, remaining in an
unbound state. This distribution reflects the fact that MG-132, being a more potent inhibitor, saturates
all catalytic sites, thereby preventing covalent binding of the vinyl sulfone-containing probe.

These findings suggest that the presence of different inhibitors can influence both the intracellular

distribution and the degree of binding of the probe. The distribution pattern correlates directly with

changes in fluorescence intensity: when the probe is covalently bound to at least one of the three
catalytic threonine residues, an increase in fluorescence is observed; in contrast, when the probe
remains unbound and diffusely distributed, a decrease in fluorescence occurs.

This approach represents an innovative methodology for:
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e cvaluating the activity of newly synthesized compounds by comparing fluorescence levels in
cells treated with established proteasome inhibitors and those exposed to candidate
modulators.!!!

e assessing proteasome activity directly within the cellular environment, thereby taking into
account the complexity of the cellular context and enabling the detection of potential indirect
effects of the compounds under investigation; '

e simultaneously evaluating both activation and inhibition of the proteasome, making the assay
broadly applicable to both therapeutic strategies.

e selecting a limited number of compounds from an internal library, which will subsequently

be subjected to more specific assays aimed at elucidating their mechanism of action.

Overall, this assay allows for the evaluation of proteasome activity by monitoring intracellular
fluorescence over time. The signal generated by Probe 1 exhibits a linear increase, while the
background fluorescence observed with the inactive probe remains stable, demonstrating that Probe 1
provides a reliable measure of the proteasome’s enzymatic rate in living cells and enabling the

assessment of dynamic modulation under different experimental conditions.!!!"!1?
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3 PROJECT 1: SYNTHESIS AND BIOLOGICAL EVALUATION OF
SMALL MOLECULES AS NEW POTENTIAL PROTEASOME
INHIBITORS

In light of the therapeutic potential of proteasome inhibition and the limitations associated with
currently available drugs, the scientific community continues to seek novel molecules capable of
selectively inhibiting proteasome activity, particularly under pathological conditions such as cancer.
The initial research project was focused on the identification of novel small molecules capable of
modulating proteasome function, with particular emphasis on two key aspects:

o Elimination of the peptidic scaffold: all clinically approved proteasome inhibitors currently
in use share a peptidic backbone. This structural feature poses several challenges, including
restricted routes of administration—Ilimited primarily to parenteral delivery (with the
exception of Ixazomib)—as well as an increased risk of autoimmune reactions due to the
inherent antigenicity of peptide-based compounds. '3

o Introduction of novel electrophilic groups targeting the catalytic threonine residue,

aiming to reduce the toxicity typically associated with current inhibitors.

In 2019, Pacifico et al.!'* reported a new class of dipeptidic and tripeptidic compounds exhibiting
significant proteasome inhibitory activity. This effect was attributed to the presence of an a-
ketoamide warhead, capable of covalently interacting with the proteasome's catalytic sites.'!®
Among the compounds tested, the dipeptides exhibited relatively low activity, with the most active
example shown in Figure 16a.

In contrast, the most potent inhibitor identified was a tripeptide consisting of three leucine residues
and bearing an N-terminal benzyloxycarbonyl (Cbz) protecting group, showed in Figure 16b. The a-
ketoamide functionality in this molecule was generated by coupling with 1-naphthylamine, which

contributed to its enhanced inhibitory activity (2).

a) ! b)

Figure 16. a) Structure of dipeptide (1) with best activity. b) Tripeptide (2) exhibiting the highest activity.
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Although these compounds demonstrated promising proteasome-inhibitory activity, their peptidic
nature represents a major limitation. Indeed, such molecules are highly susceptible to enzymatic
degradation by both endopeptidases and exopeptidases,''® which can rapidly cleave them into
individual amino acids. This susceptibility significantly compromises their metabolic stability,
especially when administered through non-parenteral routes, potentially resulting in loss of
bioactivity.!'” Furthermore, the peptidic backbone may trigger immune responses''® due to its
antigenic properties, thus raising concerns regarding both the efficacy and safety profile of these

compounds.
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3.1 AIM OF THE PROJECT
Building upon the peptide-based inhibitors previously reported by Pacifico et al., ' the first project

was aimed at replacing the native peptide backbone with a non-peptidic framework in order to
overcome the intrinsic limitations associated with peptide structures. To achieve this goal, the chosen
strategy involved the cyclization of a dipeptidic structure, thereby constraining the amino acid side
chains within a rigid piperazine scaffold, as illustrated in Figure 17.

This design is expected to enhance the overall conformational stability of the molecule, improve its

pharmacokinetic properties, and potentially lead to more effective proteasome inhibition.

o| Ry o)

ORI, =

Figure 17. Design approach for replacing the peptidic structure of the compounds reported by Pacifico ef al. through

cyclization to a piperazine core.

Another initial objective was to replace the functional group responsible for interacting with the
catalytic threonine, to develop molecules with improved target selectivity. This strategy was driven
by the evidence that a-ketoamides, although highly potent, tend to exhibit off-target activity toward

other enzymes such as proteases, lipases, and calpains.''*

Based on these considerations, the introduction of a functional group capable of interacting with the
proteasome through the formation of a less stable adduct with the catalytic threonine was proposed,
with the aim of reducing potential in vivo toxicity. To achieve this goal, a series of compounds was

synthesized, sharing a common structural framework and characterized by the following features:

* A central piperazine scaffold, generated through the cyclization of a dipeptidic precursor;

* A bulky substituent at position 1, either a Cbz group or a pyrazinecarboxylic acid residue—the

latter being a structural element also present in Bortezomib;

* An electrophilic functional group at position 4, oriented to interact with the proteasome. In these

initial derivatives, different moieties such as a diamide, an acrylamide, and an a-hydroxyamide were
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introduced, each combined with a recurring naphthalene motif that had previously demonstrated

promising activity in the prior study.

The first class of compounds comprises both symmetrical and asymmetrical piperazines, derived from
the cyclization of the dipeptides leucine—leucine and phenylalanine—leucine, respectively (figure 18).
The selection of these amino acid residues was guided by literature evidence. Specifically, the most
active compound reported in our referenced work featured a central dipeptidic motif, whereas one of
the most potent known proteasome inhibitors incorporates a phenylalanine—leucine sequence. This
rational design approach aims to integrate structural features associated with high biological activity

into a more conformationally constrained and metabolically stable scaffold.
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Figure 18. First class of synthesized compounds.

Prompted by the initial biological results, a second class of compounds was conceived, incorporating
active functional groups previously reported in the literature. Indeed, the limited success of the first
compound class could be attributed, at least in part, to the functional group responsible for activity,
which may have lacked sufficient electrophilicity to be efficiently recognized by the catalytic site of
the target.

Furthermore, in the naphtil peptide series of the referenced work, the counterpart tripeptidic
compound exhibited higher activity than the corresponding dipeptidic analogues. For this reason,
another aspect considered in the second generation of new inhibitors was the crucial modification
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involving the introduction of an additional leucine-derived aminoacyl residue through the formation
of a urea linkage.
This class also retained several key structural features of the original compounds: the carbonyl-oxy

group at position 1 was preserved, as were the isobutyl groups at positions 2 and 5.

0
R= benzyl, isobutyl QJ\WH
e

Figure 19. Second class of synthesized compounds.

Figure 20 lists all the final synthesized compounds, encompassing both classes.

FIRST CLASS OF COMPOUNDS

R']\N \\R3O O R1\N/H‘\R3
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0
5, Ry= Cbz, Ry=R3= isobutyl ' 8, R|= Cbz, Ry=R;= isobutyl
6, R;= pyrazinoic acid residue, R,=R;= isobutyl 9, R,= pyrazinoic acid residue, R,=R;= isobutyl

16, Ry= Cbz, R,= benzyl, R;= isobutyl 18, R=

A . ) Cbz, Ry= benzyl, R3= isobutyl
17, Ry= pyrazinoic acid residue, R,= benzyl, R;= isobutyl

19, R;= pyrazinoic acid residue, R,= benzyl, R;= isobutyl

N \ \R
neeI¥e les Ve

11, R1: CbZ, R2:R3: iSObutyl 13, R1: CbZ, R2:R3: iSObutyl
12, R;= pyrazinoic acid residue, R,=R;= isobutyl 14, R = pyrazinoic acid residue, R,=R;= isobutyl
21, Ry= Cbz, Ry= benzyl, R3= isobutyl 23, Ry= Cbz, Ry= benzyl, R3= isobutyl

22, Ry= pyrazinoic acid residue, Ry= benzyl, Ry;=isobutyl 24, R;= pyrazinoic acid residue, R,= benzyl, R3= isobutyl

34



SECOND CLASS OF COMPOUNDS

R1 ~ W\ R3 R R
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26, R1: CbZ, R2:R3: iSObutyl 29, R1: CbZ, R2:R3: iSObutyl
27, Ry= pyrazinoic acid residue, R,=R;= isobutyl 30, R,= pyrazinoic acid residue, R,=R;= isobutyl
32, R;= Cbz, Ry,= benzyl, R;= isobutyl 34, R;= Cbz, R,= benzyl, R3= isobutyl

33, Ry=pyrazinoic acid residue, R,= benzyl, R;=isobutyl 35, R;= pyrazinoic acid residue, R,= benzyl, R;= isobutyl
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37, R;= Cbz, R)=R3=isobutyl

38, R;= pyrazinoic acid residue, R,=R;= isobutyl

39, R;= Cbz, R,= benzyl, R;= isobutyl

40, R,= pyrazinoic acid residue, R,= benzyl, R;= isobutyl

Figure 20. First and second class of synthesized compounds, comprising symmetrical piperazines with various active

substituents.

Both classes of compounds were classified according to the nature of the substitutions on the central
piperazine core. Symmetric piperazines are characterized by isobutyl chains at positions 2 and 5,
derived from the Leucine—Leucine dipeptide, whereas asymmetric piperazines bear a benzyl group
at position 2 and an isobutyl chain at position 5, originating from the Phenylalanine—Leucine

dipeptide.

The first class of compounds can be described as pseudo-dipeptidic, as the active functional group
responsible for interaction with the target is directly attached to the piperazine nucleus. Within this
class, the functional groups vary: compounds 5, 6, 16, and 17 feature a diamide group; compounds
8,9, 18, and 19 incorporate an acrylamide group; and compounds 11, 12, 21, and 22 contain an a-
hydroxyamide, which was subsequently oxidized to yield the corresponding a-ketoamide in
compounds 13, 14, 23, and 24.

Notably, all these active groups retain the recurring 1-naphthyl motif, selected and preserved

because, in the reference study, the peptide displaying the highest biological activity possessed this
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substituent, which appeared to facilitate insertion of the compound into the hydrophobic pocket of

the proteasome.

In the second class of compounds, an additional leucine residue was introduced via a urea linkage,
as tripeptides described in the reference study had demonstrated enhanced biological activity. For
these derivatives, further active functional groups were incorporated to evaluate whether the
piperazine core could serve as an effective scaffold for promoting interaction with the biological
target. These included the aldehyde (compounds 26, 27, 32, and 33), vinyl sulfone (29, 30, 34, and
35), and a-ketoamide (37, 38, 39, and 40) functionalities.

Finally, all compounds were substituted at position 1 with bulky groups. Two specific substituents
were selected: the pyrazinoic acid residue, characteristic of Bortezomib, and the
benzyloxycarbonyl (Cbz) group present in the peptides described in the reference study. Variability
in these substituents was introduced to assess whether either group would modulate biological

activity.
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3.2 SYNTHESIS

The first class of compounds shares a common synthetic pathway leading to the piperazine core.
The specific synthetic strategies employed vary depending on the substituents at positions 2 and 5

of the piperazine ring.

1. SYMMETRICAL PIPERAZINES
a) Preparation of diamide and acrylamide reactive motifs
The synthesis of compounds begins with the construction of the piperazine core, which features two
isobutyl chains at positions 2 and 5. This core is subsequently functionalized at position 1 (with either
a CBZ group or a pyrazinoic acid residue) and at position 4 with different active groups. The general

synthetic route is shown in Scheme 1.
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Experimental conditions:

i. WSC, HOBt, TEA, DMF, 16h, rt.

ii. TFA, CHCl, 30 min, rt.

iii. n-BuOH, toluene, 16h, 120°C.

iv. LiAlH4, anhydrous THF, 2h, 80°C.

v. CBZ-Osu, CHCly, 30 min, rt.

vi. 2-(naphthalen-1-ylamino)-2-oxoacetic acid, HATU, DIPEA, DMF, 2h, rt.
vii. Hy, Pd/C 10%, HC1 1M, 16h, 1t.

viii. pyrazinoic acid, HATU, DIPEA, DMF, 2h, rt.

ix. (E)-3-(naphthalen-1-yl)acrylic acid, HOBt, WSC, DMF, 2h, rt.
xa. Cbz-Osu, TEA, DCM, 90 min, rt.

xb. pyrazinoic acid, HATU, DIPEA, DMF, 2h, rt.

Scheme 1. Synthetic route for the preparation of compounds presenting symmetrical piperazine scaffold.

The sequence begins with an amide-bond formation between two commercially available amino
acids—Boc-L-leucine and leucine methyl ester—affording the linear dipeptide 3a. The coupling is
performed in N,N-dimethylformamide (DMF) using water-soluble carbodiimide (WSC) in
combination with 1-hydroxybenzotriazole (HOBt), which activate the carboxyl group of Boc-L-
leucine and thereby facilitate nucleophilic attack by the amine of the ester.

Upon formation of 3a, the N-terminal Boc protecting group—acid-labile by design—is removed
under standard acidic conditions with trifluoroacetic acid (TFA), furnishing the corresponding free
amine 3b.

Cyclization of this deprotected dipeptide then affords the diketopiperazine scaffold 3¢. This reaction
is carried out in n-butanol/toluene under reflux at 120 °C for 16 h. The reaction mixture is suitably
diluted to promote intramolecular ring closure while suppressing competing intermolecular
processes.

Finally, reduction of the two carbonyl groups is achieved with lithium aluminum hydride (LiAlHa4).
Coordination of the carbonyl oxygens to aluminum precedes hydride transfer to the carbonyl carbons,
generating the corresponding imine intermediates, which undergo subsequent reduction to produce

the fully reduced diamine 3d (Scheme 2).

38



Scheme 2. Mechanism proposed for the LiAlH+-mediated reduction of diketopiperazine.

At this stage, 3d undergoes selective N-monoprotection via nucleophilic substitution with benzyl
(2,5-dioxopyrrolidin-1-yl) carbonate (Cbz-Osu). To ensure preferential protection of only one
nitrogen atom within the piperazine ring, the Cbz-Osu reagent is introduced incrementally—two
successive additions of 0.3 equiv each, followed by a final 0.2 equiv—ultimately affording the
monoprotected derivative 3e.

The latter is subsequently coupled with the previously prepared 2-(naphthalen-1-ylamino)-2-
oxoacetic acid 4 to deliver compound 5. This amidation is mediated by HATU (O-(7-azabenzotriazol-
1-y])-N,N,N',N'-tetramethyluronium hexafluorophosphate) and DIPEA (N,N-
diisopropylethylamine), which activate the carboxylic acid and promote efficient formation of the
amide bond.

To obtain compound 6, the Cbz protecting group is removed by catalytic hydrogenolysis over
palladium on carbon (Pd/C) in methanol under a hydrogen-saturated atmosphere. The resulting free
amine is then directly subjected to a final amidation with pyrazinoic acid, again using HATU and

DIPEA as coupling agents, affording compound 6.

In the second pathway, intermediate 3e is coupled with the previously synthesized (E)-3-(naphthalen-
1-yl)acrylic acid to furnish compound 8. This reaction is carried out with WSC and HOBL as coupling
agents.

The (E)-3-(naphthalen-1-yl)acrylic acid 7 itself is prepared via a Doebner condensation between
malonic acid and 1-naphthaldehyde in the presence of piperidine and pyridine, as shown in Scheme

3.
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Experimental conditions:

Piperidine, pyridine, 110°C, 4 hours.

Scheme 3. Synthetic strategy employed for the preparation of compound (E)-3-(naphthalen-1-yl)acrylic acid by

Doebner reaction.

The reaction is carried out under basic conditions, using pyridine as the solvent and piperidine as a
weak base.

Initially, the a-carbon of malonic acid is deprotonated by piperidine, yielding a resonance-stabilized
carbanion (enolate). This intermediate acts as a nucleophile and attacks the carbonyl carbon of the
aldehyde, leading to the opening of the double bond and the formation of a hydroxy intermediate.
At this stage, a decarboxylation process occurs, accompanied by the loss of a molecule of water,

ultimately resulting in the formation of the a,B-unsaturated compound (Scheme 4).
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O (E)-3-(naphthalen-1-yl)acrylic acid

Scheme 4. Proposed mechanistic pathway for the Doebner reaction leading to the formation of

(E)-3-(naphthalen-yl)acrylic acid 7.

Finally, compound 8 is subjected to catalytic hydrogenolysis to remove the Cbz protecting group.
The reaction is carried out in methanol using 10% Pd/C and is deliberately limited to ten minutes to

prevent reduction of the alkene moiety. The resulting deprotected intermediate is then used directly
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in the amidation of 3f with pyrazinoic acid, mediated by HATU and DIPEA, ultimately yielding

the first final compound 9.
b) Preparation of a-hydroxyamide and a-ketoamide active motifs

To obtain the final compounds 11-14, piperazine 3e was subjected to a three-step derivatization
sequence. First, nucleophilic ring opening of ethyl oxirane-2-carboxylate furnished the corresponding
a-hydroxy ester derivative, introducing a methylene spacer on the piperazine ring. Subsequent ester
hydrolysis yielded the corresponding carboxylic acid, which was then coupled with 1-naphthylamine
through amide-bond formation to afford compound 11.

At this point, compound 11 diverged into two distinct synthetic pathways. In one route, catalytic
hydrogenation removed the Cbz protecting group, enabling subsequent amidic coupling with
pyrazinoic acid to deliver compound 12. In the alternative pathway, oxidation with Dess—Martin
periodinane converted the secondary alcohol into the corresponding ketone, affording compound 13.
The same oxidative reaction is performed on compound 12 to afford the final compound 14.

The synthetic route is showed in Scheme 5.
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Experimental conditions:

1. ethyl oxirane-2-carboxylate, ethanol, 80°C, 48 hours.
ii. KOH 2N, THF/ethanol, rt, 3 hours.

iii. HATU, DIPEA, DMF, 24 hours.

iv, vii. Dess-Martin periodinane, DCM, 2h, rt.

v, Hy, Pd/C, HCI 1M, 16 h, rt.

vi, pyrazinoic acid, HATU, DIPEA, DMF, 2h, rt.

vii. Dess-Martin periodinane, DCM, rt, 20 hours.

Scheme 5. Synthetic strategy for compound 9-12.

In particular, the first step involves the epoxide ring opening with formation of the a-hydroxy ester:
the opening occurs preferentially at the C; position of ethyl oxirane-2-carboxylate, as this leads to the
formation of a more stable final compound.

In this reaction, the secondary amine group of the piperazine core acts as a nucleophile, enhanced by
the use of triethylamine, attacking the carbon atom at position 1 of the epoxide ring. This leads to
ring opening, resulting in the formation of a new C—N bond and a hydroxyl group in the B-position

relative to the piperazine nitrogen. The mechanism is shown in Scheme 6.
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Experimental conditions:

1. ethanol, 80°C, 48 hours.

10a

Scheme 6. Proposed mechanistic pathway for the epoxide ring opening leading to the corresponding a-hydroxy ester.
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2. ASYMMETRICAL PIPERAZINES

a) Preparation of diamide and acrylamide reactive motifs

The synthesis of the final asymmetrical piperazines was carried out following a strategy analogous to
that used for the symmetric derivatives. The key distinction lies in the cyclization of the dipeptide:
due to its asymmetric nature, the amino terminus must be protected with a benzyl group to prevent
the formation of regioisomeric mixtures during ring closure. The general synthetic strategy is shown

in Scheme 7.
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17, Ry= pyrazinoic acid 19, R,= pyrazinoic acid
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Experimental conditions:

i. WSC, HOBt, TEA, DMF, 16h, rt.

ii. TFA, CH2Clz, 30 min, rt.

iii. CeHsCHO, NaBHa4, 30 min, rt.

iv. TEA, DMAP, Xylene, 48h, 140°C.

v. LiAlH4, THF anidro, 2h, 80°C.

vi. 2-(naphthalen-1-ylamino)-2-oxoacetic acid, HATU, DIPEA, DMF, 2h, rt..
vii,x. Pd/C, H2, HCI 1M, MeOH, 16h, rt.

viiia,xia. Cbz-osu, TEA, DCM, 2h, rt.

viiib, xib. pyrazinoic acid, DIPEA, HATU, DMF, 2h, rt.

Scheme 7. Synthetic route for the preparation of compound 16-19.

The preparation of compounds 16-19 proceeds through a streamlined elaboration of the Phe-Leu
scaffold. The dipeptide 15a is obtained by coupling Boc-L-phenylalanine with leucine methyl ester
in N,N-dimethylformamide, with WSC and HOBt employed to activate the carboxyl function.
Subsequent cleavage of the Boc protecting group with trifluoroacetic acid furnishes the free amine
15b.

Introduction of the benzyl moiety is accomplished via reductive amination with benzaldehyde in the
presence of triethylamine, which promotes imine formation under mild conditions. Reduction of the
resulting imine with sodium borohydride affords the benzylated derivative 15¢ in an efficient and

controlled manner (Scheme §).
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Scheme 8. Mechanistic representation of the reductive amination between a primary amine and an aldehyde under basic

conditions.
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The following step involves cyclization, which in this case requires the use of a catalyst: Compound
15¢ is first deprotonated by TEA (triethylamine) to increase the nucleophilicity of the amine.
Subsequently, the catalyst DMAP (4-dimethylaminopyridine) is employed: the pyridinic nitrogen
performs a nucleophilic attack on the carbonyl carbon of the ester, resulting in the elimination of
methanol. This generates a reactive intermediate featuring a good leaving group. Together with the
dilution of the compound in xylene under reflux at 140 °C, these conditions favor intramolecular

cyclization. DMAP is regenerated, and intermediate 15d is formed (Scheme 9).
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Scheme 9. Proposed mechanistic pathway for the cyclization catalyzed by DMAP and TEA.

At this stage, both amide functionalities of intermediate 15d are reduced with lithium aluminum
hydride (LiAlHa) to furnish the piperazine core. The resulting intermediate then undergoes divergent

functionalization pathways.

In one sequence, 15e is coupled with 2-(naphthalen-1-ylamino)-2-oxoacetic acid via HATU-mediated
amide bond formation in the presence of DIPEA, affording compound 15f.

Catalytic hydrogenation over palladium on carbon (Pd/C) in methanol under a hydrogen-saturated
atmosphere subsequently removes the Cbz protecting group, and the resulting free amine is employed

directly in reactions with either Cbz-Osu to yield 16, or with pyrazinoic acid to furnish 17.

In the alternative pathway, 15e is coupled with the previously synthesized (E)-3-(naphthalen-1-
yDacrylic acid 7 in the presence of WSC and HOBt. Subsequent catalytic hydrogenation removes the
benzyl group, and the resulting intermediate is directly converted either into 18 through reaction with

Cbz-Osu, or into 19 via reaction with pyrazinoic acid.
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b) Preparation of a-hydroxyamide and a-ketoamide active

motifs

The synthetic strategy mirrors that employed for the symmetrical piperazines. Upon reaching
intermediates 20c¢ and 20d, the benzyl protecting group is removed via catalytic hydrogenation,
yielding intermediates that are directly utilized for the preparation of the final compounds 21-24, as

shown in Scheme 10.
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15e 20a
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23, R;=Cbz

21,R=
,R;=Cbz 24, R,= pirazynoic acid

22, R,= pirazynoic acid

Experimental conditions:

i. ethyl oxirane-2-carboxylate, ethanol, 80°C, 48 hours.
ii. KOH 2N, THF/ethanol, rt, 3 hours.

iii. HATU, DIPEA, DMF, 24 hours.

iv. Dess-Martin periodinane, DCM, 2h, rt.

v, vii. Hz, Pd/C, HCI 1M, 16 h, rt.

via,viiia. Cbz-Osu, TEA, DCM, 2h, rt.

vib, viiib. pyrazinoic acid, HATU, DIPEA, DMF, 2h, rt.

Scheme 10. General synthetic route for synthesis of compounds 21-24.
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SYNTHESIS OF SECOND CLASS OF COMPOUNDS

The second class of compounds is distinguished by the incorporation of an additional leucine residue
via formation of a urea linkage. This design was guided by the observation reported in a reference
article, which indicated that tripeptides display an improved biological activity profile. Furthermore,
new reactive functionalities were introduced, including vinyl sulfone, aldehyde, and a-ketoamide

moieties, to further explore and modulate the biological properties of these derivatives.

o SYMMETRICAL PIPERAZINES

N ATY
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Experimental conditions:

ia. Triphosgene, L-leucine methyl ester hydrochloride, DCM, 0°C, 30
minutes. ib. TEA, CH»Cl,, overnight, rt.

ii. NaBH4, anhydrous MeOH, anhydrous THF, overnight, rt.

iii, vii. Dess-Martin periodinane, anhydrous CH>Cl,, 3h, rt.

v. Ha, Pd/C 10%, HCI 1M, 16 h, 1t.

vi. pyrazinoic acid, HATU, DIPEA, DMF, 2h, rt.

iv, viii. diethyl(methylsulfonyl)methylphosphonate, NaH, anhydrous

THF, rt, 50 minutes.

Scheme 11. Synthetic strategy employed for the preparation of the second series of compounds, 26-30.

The synthesis of this second class of symmetrical piperazines, featuring a tripeptidic framework,
commences with the construction of a urea linkage from piperazine 3e, proceeding through a two-
step sequence. Initially, methyl 2-isocyanato-4-methylpentanoate is prepared by reacting L-leucine
methyl ester with triphosgene at 0 °C (Scheme 12). This isocyanate is then coupled with piperazine

3e in the presence of TEA, affording the urea-substituted derivative 25a.
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methyl 2-isocyanato-4-methylpentanoate

Experimental conditions:
ia. Triphosgene, L-leucine methyl ester hydrochloride, DCM, 0°C, 30

minutes.

Scheme 12. Synthetic strategy employed for the preparation of methyl 2-isocyanato-4-methylpentanoate.

The second step entails the selective reduction of the terminal ester to a primary alcohol using sodium
borohydride (NaBHa4). Given the mild reactivity of NaBHa, activation with anhydrous methanol is
required to enable ester reduction, which would otherwise terminate at the aldehyde stage, as depicted
is Scheme 13.

Methanol coordinates to the boron center via its lone pair, liberating molecular hydrogen and
generating sodium methoxyborohydride. This species delivers a hydride to the carbonyl carbon,
forming the corresponding alkoxide, which is then protonated to yield the aldehyde intermediate.
Owing to the excess of reducing agent, a second hydride transfer and subsequent protonation occur,

leading to the formation of the primary alcohol, 25b.
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25b
Scheme 13. Proposed mechanism for the reduction of an ester to the corresponding alcohol mediated by sodium

borohydride and methanol.

The synthesis of the final compound 26 is accomplished via oxidation of the primary alcohol to the
corresponding aldehyde using the mild hypervalent iodine oxidant Dess—Martin periodinane (DMP).
In contrast, the preparation of compound 27 involves catalytic hydrogenolysis of the Cbz protecting
group in derivative 25b, affording the free amine, which is subsequently employed directly in an
amidation with pyrazinoic acid using HATU and DIPEA as coupling agents.

Compounds 29 and 30 are obtained through further functionalization of 26 and 27, respectively, via
reaction with diethyl (methylsulfonyl)methylphosphonate 28, effecting the transformation of the
aldehyde functionality into a vinyl sulfone moiety (Scheme 14).
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26, R=Cbz 29, R=Cbz
27, R= pyrazinoic acid residue 30, R= pyrazinoic acid residue

Experimental conditions:

iv, vii. NaH, anhydrous THF, rt, 50 minutes.

Scheme 14. Final step in the preparation of compound 4e.
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The reaction begins with an initial step aimed at synthesizing

diethyl(methylsulfonyl)methylphosphonate 28 through an oxidation reaction using meta-

chloroperbenzoic acid (m-CPBA), as shown in Scheme 15.
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SH [
diethyl (mercaptomethyl)phosphonate 28

Experimental conditions:

IITa. NaH, m-CPBA, CCly, 0°C, 16 hours.

Scheme 15. Synthetic route employed for the preparation of diethyl(methylsulfonyl)methylphosphonate.

The reaction proceeds via a Horner—Wadsworth—Emmons (HWE) olefination, as illustrated in

Scheme 16: initially, deprotonation of the carbon atom in the a-position to the phosphonate occurs

through the action of a strong base, sodium hydride (NaH), leading to the formation of a stabilized

carbanion known as a phosphonate ylide. This carbanion then acts as a nucleophile, attacking the

aldehyde to form a B-hydroxyphosphonate intermediate.

Finally, the formation of the C=C double bond in the final compound 26 « .27 takes place via the

elimination of a diethyl phosphate molecule.

L o

O//Pﬁ N_»aH \\\-K/N\H/N\_)J\H /rla/o B
O:?:O )\ O Y\%?:o

28 26, R= Cbz
27, R= pyrazinoic acid residue

- 29, R=Cbz
30, R= pyrazinoic acid residue

Scheme 16. Mechanism of Horner—Wadsworth—Emmons (HWE) olefination.
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o ASYMMETRICAL PIPERAZINES
In the case of asymmetrical piperazines, the synthetic strategy remains largely analogous, with the
distinction that, in step iii, the benzyl protecting group is removed from derivative 31b, after which

the sequence is continued in the same manner as for the symmetrical counterparts, as depicted in

Scheme 17.
N/\\( N/\\( o) \(
ja, ib y -~
©ﬁ\\\K/NH ©r \\\,QNIH%O/L, @UTH\/\OH
he ° Y

14e 31a 31b
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iii Ri N/\‘ H 1 N/\ H H , 1 N/\ H %o

v \\\'QN\”/N\/\OH v \“‘bN\H/ Ao e \“‘bN\”/

31c, R;=Cbz 32,R;=Cbz 34,R;=Cbz S
31d, R= pyrazinoic acid 33, Ry= pyrazinoic acid 35, R= pyrazinoic acid

Experimental conditions:

ia. Triphosgene, L-leucine methyl ester hydrochloride, DCM, 0°C, 30
minutes.

ib. TEA, DCM, overnight, rt.

ii. NaBH4, anhydrous MeOH, anhydrous THF, overnight, rt.

iii. Ha, Pd/C 10%, HCI 1M, 16 h, rt.

iva. Cbz-Osu, TEA, DCM, 2 h, rt.

ivb. pyrazinoic acid, HATU, DIPEA, DMF, 2h, rt.

v. Dess-Martin periodinane, anhydrous CH>Cly, 3h, rt.

vi. Hp, Pd/C 10%, HCI 1M, 16 h, 1t.

vi. 1v, viii. diethyl(methylsulfonyl)methylphosphonate, NaH, anhydrous
THF, rt, 50 minutes.

Scheme 17. General synthetic route to aldehyde- and vinyl-sulfone-containing compounds featuring an asymmetrical

scaffold.
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Synthesis of symmetrical and asymmetrical piperazines with a-ketoamides
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Experimental conditions:
i. Boc,O, CH,Cl,, overnight, rt.
ii. Dess-Martin periodinane, anhydrous CH>Cl,, 6h, rt.
iii. C:HsMgBr, anhydrous THF, 16 h, rt.
iv. TsOH, CsH20,, CHxCly, 16 h, rt.
v. NalOs4, RuO; x H,0, CsHeO e H,0, 16 h, rt.
vi. CioHoN, HATU, DIPEA, DMF, overnight, rt.
vii. TFA, CHxCly, 1h, 1t.
viii. Dess-Martin periodinano, anhydrous CH>Cly, 3h, rt.
ix,xii. TEA, CH»Cl,, overnight, rt.
X, xiii. Ha, Pd/C 10%, HCI 1M, 16 h, rt.
xi, xivb. pyrazinoic acid, HATU, DIPEA, DMF, 2h, rt.
xivb. Cbz-Osu, TEA, DCM, 2h, rt.

Scheme 18. Synthetic strategy employed for the preparation of compounds 37-40.

A convergent synthetic strategy was selected for the preparation of compounds 37-40 to maximize
the overall yield of the ten-step sequence.

L-Leucinol was first protected as its Boc derivative using di-tert-butyl dicarbonate. Subsequent
oxidation of the resulting primary alcohol to the aldehyde was achieved with Dess—Martin
periodinane, affording intermediate 36b.

The aldehyde 36b then underwent a Grignard addition with vinylmagnesium bromide. The polarized
C—Mg bond renders the vinylic carbon nucleophilic, enabling attack on the aldehydic carbonyl to
form a magnesium-coordinated alkoxide intermediate. Acidic work-up protonates this intermediate,

yielding the allylic secondary alcohol 36¢. The corresponding mechanism is depicted in Scheme 19.
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Scheme 19. Proposed mechanism for the Grignard reaction involving vinyl magnesium bromide.
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The hydroxyl group was subsequently protected through formation of a vinyl-oxazolidine ring via
reaction with p-toluenesulfonic acid (TsOH) and 2,2-dimethoxypropane. Protonation of one methoxy
substituent of 2,2-dimethoxypropane by TsOH generates an oxonium intermediate, thereby
enhancing the electrophilicity of the central acetal carbon. Nucleophilic attack by the side-chain
hydroxyl group at C-3 on this activated center produces a hemiacetal intermediate with concomitant
loss of methanol. The amino nitrogen then engages in intramolecular nucleophilic attack at the same
carbon, promoting five-membered ring closure and releasing a second equivalent of methanol. This
sequence affords the oxazolidine ring, protected by the isopropylidene moiety, corresponding to

compound 36d, as depicted in Scheme 20.

o o

O=S-OH oF K/OH
H
+ \o><o/ — \)\/NH\H/OK —

- MeOH

YO

36¢

Scheme 20. Proposed mechanistic pathway for the formation of the oxazolidine nucleus.

In the fifth step, compound 36d undergoes oxidation catalyzed by hydrated ruthenium(IV) oxide
(RuO2-H:20) in the presence of sodium periodate (NalO4) as a terminal oxidant. Sodium periodate
oxidizes Ru(IV) to Ru(VIII), generating ruthenium tetroxide (RuQOa4) in situ, which constitutes the
active oxidizing species. The vinyl moiety of 36d first engages with RuO4 to form a transient vicinal
diol, which is subsequently cleaved by periodate to yield the corresponding aldehyde. This
intermediate then undergoes further oxidation to afford the carboxylic acid. Throughout the process,
the ruthenium catalyst is reduced and continuously re-oxidized by sodium periodate, enabling
catalytic turnover through sustained regeneration of RuOa. This sequence furnishes compound 36e,

as illustrated in Scheme 21.
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Scheme 21. Oxidation reaction catalyzed by Ahydrated ruthenium (IV) oxide in the presence of sodium periodate.
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The sixth step consists of an amide bond formation between the carboxylic acid functionality of
compound 36e and [/-naphthylamine. The coupling is carried out in DMF using HATU as the
activating reagent and DIPEA as the base, yielding the corresponding amide 36f.

In the seventh step, the oxazolidine protecting group is removed and the Boc group is cleaved under
trifluoroacetic acid (TFA), affording 36g.

The eighth step involves oxidation of the secondary alcohol to the corresponding ketone using Dess—
Martin periodinane (DMP) 36h.

The final common step entails formation of a urea moiety by reaction of the a-ketoamide-bearing
intermediate with various symmetrical and asymmetrical piperazines, generating the first final
compound 37 and the intermediate 36i. Both species are then subjected to catalytic hydrogenation to
remove the Cbz or benzyl protecting groups, respectively. This deprotection enables subsequent
introduction of additional substituents, leading to the formation of compounds 38, 39, and 40—the

former two incorporating a pyrazinoic acid residue, while compound 39 retains the Cbz group.
Once all compounds had been synthesized and fully characterized, they were subjected to biological

evaluation. This screening required the preparation of two fluorescent probes, which were

synthesized specifically for use in the corresponding assays.
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3.3 Synthesis of the Diagnostic Probes

The diagnostic probes follow a common synthetic route that differs only in one synthetic step, and
they share the following structural features:
e A terminal group, either vinylsulfonic or sulfonic acid, which represents the only difference
between the two compounds;
e Three sequential leucine residues;
e A spacer composed of three aminohexanoic acid residues;

e A fluorescent moiety, which in both cases is derived from Bodipy-FL NHS ester.

The general chemical structure is illustrated in Figure 21.

Probe 1
43

Probe 2
44

Figure 21. General chemical structures representing the two fluorogenic probes.

The synthesis of the two compounds, was carried out following a procedure reported in the
literature,''° which involves the functionalization of an inhibitory segment generally referred to as
NH2Ahx3L3VS (similarly, the non-inhibitory segment NH>Ahx3;L3S was synthesized) with a
fluorophore, in this case represented by the Bodipy-FL NHS ester.

The initial part of the synthesis leading to the formation of compound 41d was optimized in the liquid

phase, in contrast to the procedure described in the literature,'?°

allowing us to achieve higher yields
of intermediate 41d.

The general synthetic route is presented in Scheme 22.
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Experimental conditions:

i. WSC, HOBt, TEA, DMF, 16h, rt.

ii. LiAlHq4, Et,0, 30 min, rt.

iii. diethyl(methylsulfonyl)methylphosphonate,
anhydrous THF, 50 min, rt.

iv. TFA, CH,Cl,, 30 minuti, rt.

v. Hz, Pd/C, methanol, rt, 16 hours.

vi, Xx. 42b, DIPEA, HATU, DMF, 16h, rt.

viii, xii. TFA, CH2Cl,, 30 min, rt.

ix, xiii. TEA, DCM, rt, 5 min.

Scheme 22. General strategy for the synthesis of fluorescent probes.
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Synthesis of active fragments 41d and 41e
The synthesis of the active portions of the probes follows a five-step sequence, in which the first four
transformations converge to intermediate 41d; reduction of this species then affords 41e, the fragment

incorporated into Probe 2.

The route begins with an amide coupling between Boc-L-leucine and N,O-dimethylhydroxylamine,
carried out in DMF with WSC and HOBt, which facilitates formation of the corresponding Weinreb
amide (41a).

This intermediate is then subjected to lithium aluminum hydride (LiAlHa), whose hydride attack on
the amide carbonyl generates the characteristic tetrahedral complex in which the oxygen coordinates
to aluminum. Collapse of this intermediate restores the carbonyl functionality and expels the N-

methoxy-N-methylamine moiety, yielding the aldehyde 41b with high chemoselectivity (Scheme 23).

Scheme 23. Mechanistic pathway for the reduction of the Weinreb amide to the corresponding aldehyde, affording

compound 41b.

The third step involves the formation of compound 41c by using the
diethyl(methylsulfonyl)methylphosphonate 28, previously obtained by the oxidation by m-CPBA.
The reaction occurs through a Horner—Wadsworth—Emmons (HWE) olefination, with the mechanism

previously examined in the context of the synthesis of compound 29-30 (Scheme 16).

During the fourth step of the synthesis, the Boc protecting group was removed to liberate the free
amino functionality. This deprotection was achieved by treatment with trifluoroacetic acid (TFA)

under standard conditions, leading to the formation of derivative 41d, for Probe 1.
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To generate the active fragment incorporated into Probe 2, compound 41d is subjected to catalytic
hydrogenolysis over Pd/C in methanol. Under these conditions, the vinyl sulfone moiety is selectively

reduced, furnishing the corresponding saturated sulfone 41e.

Once compound 41d had been obtained, the second part of the synthesis was undertaken, aimed at
constructing the inhibitory fragment with the general structure H2N—Ahxs—Ls—VS.

For Probe 1, the target segment comprises a vinyl-sulfonic terminus linked to a trileucine motif,
followed by three aminohexanoic acid spacers and terminating in a free amino group.

This portion originates from the solid-phase synthesis of the peptide (2-(2-(2-hydrazinylhexanamido)
hexanamido)hexanoyl)-D-leucyl-D-leucine (42a).

In preparation for the coupling step (vii), the peptide’s N-terminus is first protected with a Boc group
during the sixth step (Scheme 24). Only after this protection is installed can the peptide be coupled to
residue 41d via amide bond formation, thereby completing assembly of the inhibitory fragment.
Specifically, the reaction involves the N-terminal amine of the vinyl-sulfonic derivative and the
carboxylic acid group of the previously protected compound. The activation of the carboxylic group
is mediated by HATU in the presence of DIPEA. Finally, the Boc protecting group is removed under

acidic conditions using trifluoroacetic acid (TFA), affording compound 42d (Scheme 24).
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T
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42¢ 42d

Experimental conditions:

vi. Boc2O, DIPEA, DMF, 16h, rt.
vii. DIPEA, HATU, DMF, 16h, rt.
viii. TFA, CH2Clz, 30 min, rt.

Scheme 24. Synthetic strategy for the preparation of intermediate 42d in route to Probe 1.
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The final stage of the synthesis involves the functionalization of compound 42d with a fluorophore,
specifically Bodipy-FL NHS ester, illustrated in Scheme 25. This reaction introduces a fluorescent
label through the formation of a stable amide bond between the NHS-activated ester and the free

amine. The procedure for this conjugation is well established and has been previously described in

the literature.''”

DO
HoN—(AhX)sNH ™ ) \éL/H/\/\/SQO
o)
424

43

Experimental conditions:

viii. TEA, DCM, 1t, 5 min.

Scheme 25. Last synthetic step to afford Probe 1 (43).

The same procedure is applied to synthesize Probe 2, starting from fragment 41e. A summary of the

process is presented in Scheme 26.
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Experimental conditions:

xi. DIPEA, HATU, DMF, 16h, rt.

xii. TFA, CH,Cl,, 30 min, rt.

xiii. BODIPY-FL NHS ester, TEA, DCM, 5 min, rt.

Scheme 26. Synthetic pathway for the preparation of Probe 2 (44).
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3.4 BIOLOGICAL EVALUATION

All compounds were analyzed using a BD FACS Canto II flow cytometer, in collaboration with Prof.
Francesco Nicoli’s research group.

The overarching objective of this investigation was to monitor alterations in proteasome activity
following the permeation of the synthesized compounds into HeLa cells (cervical cancer cell line)
and their subsequent interaction with the proteasome complex.

Although the selected fluorogenic assay does not constitute the classical approach for evaluating the
biological activity of proteasome inhibitors, its adoption ultimately proved strategically
advantageous. Indeed, the assay’s exceptional versatility enabled the simultaneous screening of a
compact library of compounds (Project 2), allowing the identification of both positive and negative
modulators of proteasome function.

This methodological flexibility, in turn, provided a unique opportunity to advance both research
projects in parallel, thereby streamlining the experimental workflow and achieving a highly cost-

effective strategy without compromising analytical rigor.

The underlying principle of the assay is based on the increase or decrease in fluorescence emitted by
specific probes in the presence of the tested molecules. The fluorescence signal, recorded by the
instrument as the number of cellular events, is directly proportional to proteasome activity. Therefore,
treatment with diagnostic fluorescent probes is essential for the assessment.

e The vinyl sulfone probe is capable of interacting with the hydroxyl group of the N-terminal
threonine residue in the catalytic B-subunit of the proteasome via its vinyl sulfone moiety. In
this case, fluorescence increases linearly with the enzymatic activity of the complex. ''°

e The sulfone probe, lacking the vinyl group and containing only a sulfonic moiety, is unable
to interact with the aforementioned catalytic subunit. However, it plays a crucial role as it
allows for the determination of the fluorescence background, in the absence of proteasome
interaction.

The measurement of net proteasome activity is obtained by calculating the difference between the
fluorescence detected in the presence of the vinyl sulfone probe and that measured using the sulfone

probe:

Net Activity = Vinyl sulfone fluorescence — Sulfone fluorescence

The experiments were conducted using reference compounds with known effects on proteasome

activity:
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e MGI132: a known proteasome inhibitor that reduces proteolytic activity, resulting in a
corresponding decrease in fluorescence; 21122

e Pimozide: a known activator that increases proteasome activity and the associated
fluorescence signal; !9

e DMSQO: used as a solvent for all tested compounds; as it does not modulate the enzymatic

complex, associated proteasome activity is considered to represent the baseline (100%).

All compounds were tested in triplicate, and the fluorescence emitted was measured for each
replicate. Specifically, each experiment was conducted in a double-blind setup for each sample:
HelLa cells were treated with culture medium containing the synthesized fluorescent probes. For each

compound, two wells of cells were prepared:

e One well in which the cancer cells were treated with the vinyl sulfone probe and the
compound under investigation;

e A second well in which the cells were treated with the sulfone probe and the same compound.

Following an appropriate detachment procedure to release the cells from the well surface, the samples
were analyzed using a FACS (Fluorescence-Activated Cell Sorting) flow cytometer.
In this way, the fluorescence values emitted by the cells in the presence of each compound were

recorded.

Each compound was tested in three independent experiments, and the percentage of proteasome
activity for each was calculated. These values were then used to compute the mean activity. As a
reference, compounds classified as proteasome inhibitors exhibit proteasomal activity below the 80%
threshold, whereas activators are defined as those inducing proteasomal activity levels exceeding
120%.

The biological data are presented in Graphs 1 and 2, grouped according to the two classes.
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Graph 1. Biological results of the first class of synthesized compounds. Values represent the mean percentage of

proteasome activity across all experiments, with DMSO-treated samples considered as the baseline (100% activity).

As illustrated in Graph 1, all compounds belonging to the first class exhibited mean proteasome
activity values closely aligned with the DMSO baseline. Notably, the derivatives bearing the diamide
moiety (5, 6, 13, and 14) displayed activity levels exceeding 100%, indicative of a complete absence
of inhibitory effect. This behaviour may be attributed to the insufficient electrophilicity of the diamide
group, which likely prevents its effective recognition by the proteasome’s catalytic site. The diamide
functionality had originally been introduced as a substitute for the a-ketoamide group in an attempt
to attenuate binding strength and reduce potential toxicity; however, this modification proved
unsuccessful.

Similarly, compounds incorporating acrylamide or a-hydroxyamide warheads were also inactive,
despite extensive literature describing these moieties as competent electrophilic groups capable of
engaging the catalytic threonine residue of the proteasome.

Conversely, compounds featuring the a-ketoamide moiety displayed modestly improved inhibitory
behaviour, though still approaching the 100% baseline. Specifically, compounds 13 and 14 showed
inhibitory activities of 79% and 80%, respectively—slightly below the reference value of 80%—
whereas compounds 21 and 22 presented activity levels comparable to the basal condition (~100%).
This diminished activity may be attributed to the presence of a benzyl substituent at position 2 of the
piperazine ring, whose hydrophobicity and steric bulk likely impede productive engagement with the
catalytic site.

Collectively, these results suggest that the direct conjugation of electrophilic warheads to the
piperazine core does not constitute a viable strategy for modulating proteasome activity. Indeed, the

only derivatives exhibiting even minimal inhibitory effects were those bearing a-ketoamide groups
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linked through a methylene spacer, indicating that spatial separation from the piperazine scaffold is

critical for activity.

To the other side, in Graph 2 are reported the data of the second series of compounds.
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SECOND CLASS OF COMPOUNDS

Graph 2. Biological results of the first class of synthesized compounds. Values represent the mean percentage of

proteasome activity across all experiments, with DMSO-treated samples considered as the baseline (100% activity).

As illustrated in Graph 2, the inhibitory performance of the second class of compounds is markedly
enhanced. In particular, compounds 26 and 27, which feature an aldehyde moiety on a symmetrical
piperazine scaffold, exhibited approximately 70% inhibition—slightly lower than inhibitory effect of
the reference inhibitor MG132.

In contrast, derivatives bearing a benzyl group at position 2 displayed substantially reduced inhibitory
effects, supporting the hypothesis that this substituent diminishes proteasome engagement. A similar
trend emerges among the compounds featuring the a-ketoamide moiety: compounds 37 and 38 show
superior activity relative to 39 and 40, both of which include a benzyl substituent at position 2.

The most potent compound within this series is compound 29, which incorporates a Cbz-protected
symmetrical piperazine at position 1 and a vinyl sulfone group attached to the third leucine residue.
The vinyl sulfone moiety is well known for its ability to form a covalent bond with the catalytic
threonine of the proteasome, thereby conferring strong and irreversible inhibition. Following this,
compound 30 displays an activity of approximately 70%, comparable to that of the aldehyde- and
ketoamide-based analogues. Conversely, compounds 34 and 35 show significantly weaker inhibition,

around 80%.
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Overall, compound 29 emerges as the most effective inhibitor of proteasomal activity among all
derivatives examined. Beyond the intrinsic reactivity of the vinyl sulfone warhead, the symmetrical
piperazine appears to constitute the optimal substitution pattern, a finding consistent with previous
studies demonstrating that trileucine-derived scaffolds yield high inhibitory potency. The
introduction of an additional leucine residue proximal to the piperazine ring may therefore contribute
to enhanced activity.

Finally, compound 29 surpasses its analogue containing a pyrazinoic acid substituent at position 1,
possibly due to the ability of the Cbz protecting group to engage in favourable hydrogen-bonding
interactions within the proteasome’s catalytic environment, thereby facilitating access to—and

retention within—the active site.

These findings indicate that the presence of asymmetrical piperazines bearing a benzyl substituent at
position 2 appears to be associated with a reduction in inhibitory activity. Moreover, a direct linkage
between the piperazine scaffold and the active moiety seems to exert a similar effect, with no
substantial differences observed among bulky substituents at position 1. The only compounds
exhibiting even minimal inhibitory activity are those in which the a-ketoamide moiety is separated
from the piperazine ring by a methylenic spacer.

Compounds incorporating the leucine-derived third residue through a urea linker display enhanced
activity, particularly compound 29, which demonstrates superior inhibitory potency compared with
the reference inhibitor MG132. This analysis further confirms that benzyl substitution at position 2
correlates with diminished activity, whereas compounds featuring a symmetrical piperazine

framework tend to be more active.
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3.5 CONCLUSION

The first project was conceived with the objective of identifying new potential proteasome inhibitors,
focusing specifically on the synthesis of direct inhibitors in which the conventional peptidic backbone
was replaced by a non-peptidic scaffold.

In this context, drawing inspiration from the work of Pacifico et al.''*—who reported several
dipeptides and tripeptides as active proteasome inhibitors—the strategy adopted in this study relied
on the cyclization of a dipeptide, thereby enabling the replacement of the classical peptidic framework
with a piperazine core. This structural modification was intended to confer increased chemical
stability and to reduce susceptibility to enzymatic degradation, while preserving the potential for

biological activity.

Within this framework, two distinct series of compounds were designed and synthesized, comprising
molecules bearing either symmetrical or asymmetrical piperazine scaffolds. The dipeptides selected
for construction of the piperazine core were Leucine—Leucine—identified as the dipeptide most active
in the reference study—and Phenylalanine—Leucine, a motif also present in several drugs such as
bortezomib and carfilzomib. Furthermore, a bulky substituent was introduced at position 1,
represented either by a Cbz group—typical of the peptides described in the reference article—or by

a pyrazinoic acid residue, characteristic of bortezomib.

Finally, the two compound classes differ in the position of the active group relative to the piperazine:
the first class consists of pseudo-dipeptidic derivatives in which the active group is directly attached
to the piperazine core, whereas the second class comprises pseudo-tripeptidic analogues bearing an
additional leucine residue linked to the scaffold through a urea moiety, with the active group located

at the C-terminus of this residue.

The first series included molecules in which various functional groups were directly appended to the
piperazine ring. Initially, four compounds (5, 6, 16, and 17) were prepared, each containing a diamide
functional group—an unprecedented motif not previously described in proteasome inhibitors. This
substitution was introduced with the aim of replacing the classical a-ketoamide functionality, thereby

circumventing its well-known limitations of reduced selectivity and metabolic instability.

Subsequently, additional molecules incorporating active groups previously reported in the literature
were synthesized, specifically compounds 8, 9, 18, and 19, which feature an acrylamide moiety

described as an effective pharmacophore for proteasome inhibition.
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Moreover, compounds bearing a-hydroxyamide (11, 12, 21, and 22) and a-ketoamide (13, 14, 23,
and 24) groups were prepared to determine whether the inactivity observed in the diamide-containing

derivatives was attributable to the piperazine scaffold itself or to the new active group.

The second compound class was obtained by introducing an additional leucine residue connected via
a urea spacer. This modification was designed to enhance in vivo stability by reducing peptidase-
mediated degradation, thereby potentially improving the bioavailability of the molecules. As in the
first series, compounds differed in their active groups, comprising aldehydes (26, 27, 32 and 33),
vinyl sulfone derivatives (29, 30, 34 and 35), and a-ketoamides (37—-40). These molecules also varied
according to the symmetry or asymmetry of the piperazine scaffold and the nature of the bulky
substituent at position 1.

All synthesized compounds were evaluated in vitro using a fluorogenic assay performed on HelLa
cells. This method required the prior synthesis of two peptide-based fluorescent probes capable of

monitoring proteasome activity through emission of a fluorescent signal.

The assay was calibrated using three reference conditions that reflected distinct functional states of
the proteasome: DMSO as a control representing basal activity, MGI32 as a reference inhibitor
indicative of reduced activity, and pimozide as a reference activator producing increased activity.
These controls ensured the reliability of the assay and provided a robust framework for interpreting

the activity of the newly synthesized compounds.

The results revealed clear differences in activity between the two classes of compounds.

Molecules belonging to the first series, in which the active groups were directly attached to the
piperazine scaffold, exhibited no significant inhibitory effect and produced proteasome activity
values close to 100%, comparable to the DMSO control. Only compounds 13 and 14 demonstrated a
modest inhibitory effect, corresponding to symmetrical piperazine derivatives bearing an a-
ketoamide moiety positioned at a distance from the scaffold through a methylenic spacer. This finding
suggests that direct attachment of the recognition group to the piperazine core is insufficient for
effective engagement with the proteasome active site, and that the introduction of a spacer may

enhance inhibitory potency.

In contrast, the second series of compounds displayed promising inhibitory activity, with profiles

closely resembling that of MG132.
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In particular, derivatives bearing aldehyde or a-ketoamide groups exhibited approximately 70%
inhibition, slightly less potent than MG132. Within this series, compounds featuring a symmetrical
piperazine scaffold demonstrated superior activity, whereas those containing a benzyl group at
position 2 showed reduced potency, suggesting that substitution at this position may hinder

interaction with the proteasome.

Notably, compounds containing a vinyl sulfone moiety exhibited the most favorable activity. Among
them, compound 29—bearing a symmetrical, Cbz-protected piperazine—displayed 62% activity,
exceeding the inhibitory effect of MG132. This result indicates that compound 29 possesses a
meaningful capacity to modulate proteasome activity while offering the potential advantage of a non-

peptidic structure, which may confer enhanced stability and improved pharmacokinetic properties.

Collectively, these findings underscore the potential of the adopted design strategy to yield novel
non-peptidic proteasome inhibitors with promising biological activity.

Despite the variability in activity among the synthesized molecules, the results obtained thus far have
enabled the identification of a subset of compounds with potential modulatory effects on the
proteasome. Future work will involve a detailed assessment of the most promising candidates using
purified proteasome preparations, with the objective of confirming their direct inhibitory potential
and clarifying the nature of their biological effects. To this end, these compounds are currently being
examined on isolated proteasome complexes to elucidate their mode of interaction with the catalytic
threonine residue, the kinetics of binding, and any potential subunit selectivity. Ultimately, this
project has established a solid foundation for the rational design of nvel non-peptidic proteasome
inhibitors, paving the way for future optimization of structure—activity relationships and for potential

applications in proteasome-related therapeutic research.
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3.6 EXPERIMENTAL SECTION

3.6.1 Materials and Methods

The progress of the reactions was monitored by Thin Layer Chromatography (TLC) using Macherey-
Nagel Poligram SIL/UV 254 silica gel plates (0.25 mm thickness), compatible with ultraviolet
detection at 254 nm, and visualized by staining with an aqueous solution of potassium permanganate
(KMnOs, 2%).

The molecular weights of the reaction products were verified using an electrospray ionization mass
spectrometer (ESI-MS, MICROMASS ZMD 2000). Samples for mass spectrometric analysis were
prepared by diluting the reaction mixture in a solution composed of H-O (40%), CHsCN (60%), and
trifluoroacetic acid (TFA, 0.1%).

Purification of intermediate compounds was carried out via conventional column chromatography
using Merck silica gel (230-240 mesh). The eluent phase consisted of mixtures of ethyl acetate and
petroleum ether, with proportions adjusted according to the polarity of the compound to be purified.
Final compounds were purified using a preparative HPLC system (DELTA PREP 3000, Waters,
USA) equipped with a Delta-Pak C18 300 A column (30 x 3 cm, 15 um particle size). Solvent A
consisted of H20 containing 0.1% TFA, while solvent B was a mixture of CHsCN and H20 (60:40,
v/v) also containing 0.1% TFA. Chromatographic conditions were adjusted based on the retention
times of the compounds to be purified.

'"H NMR and '3C NMR (DEPT) spectra were recorded on a VARIAN 400 MHz spectrometer.
Samples for NMR analysis were prepared in CDCls, DMSO-ds or MeOD-da.

The NMR spectra that are not reported here have already been described in the literature.

3.6.2 General synthetic procedures for synthesis of piperazine core

General procedure for synthesis of dipeptide (3a, 15a)

To a solution of Boc-protected amino acid (1 equiv., 13 mmol) in DMF (10 mL), HOBt (1 equiv., 13
mmol) and WSC (1 equiv., 13 mmol) were added at 0 °C. After complete dissolution, a solution of
L-Leucine methyl ester hydrochloride (1.1 equiv., 14.3 mmol) and triethylamine (TEA, 1 equiv., 13
mmol) in DMF was added dropwise. The reaction mixture was stirred at room temperature for 16
hours.

The solvent was then removed under reduced pressure, and the resulting oily residue was diluted with
ethyl acetate. The organic layer was sequentially washed with 10% aqueous citric acid, 5% aqueous
sodium bicarbonate, and brine. After drying over anhydrous sodium sulfate and filtration, the solvent
was removed under vacuum to afford a solid, which was used in subsequent steps without further
purification.
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Methyl (tert-butoxycarbonyl)-L-leucyl-L-leucinate (3a)

The starting Boc-protected amino acid is the Boc-L-Leucine.

"H NMR (400 MHz, CDCl3) § 4.93 (s, 1H), 4.2 (s, 1H), 3.71 (s, 3H), 1.63 (m, J = 4.8 Hz, 6H), 1.57
(m, 2H), 1.55 (m, J = 7.6 Hz, 9H), 0.95 (dd, J = 6 Hz, 12 H).

White solid. Yield: 87%. ESI-MS: [M+H]": 359.43.

Methyl (tert-butoxycarbonyl)-L-phenylalanyl-L-leucinate (15a)

The starting Boc-protected amino acid is the Boc-L-Phenilalanine.

"H NMR (400 MHz, CDCls) & 7.30 — 7.18 (m, 5H), 4.55 (dd, ] = 8.3 Hz, 1H), 4.34 (d, ] = 6.4 Hz,
1H), 3.69 (s, 3H), 3.06 (d, ] = 6.9 Hz, 2H), 1.60 — 1.51 (m, 2H), 1.50 — 1.44 (m, 1H). 1.41 (s, 9H),
0.89 (dd, J =7.6 Hz, 6H).

White solid. Yield: 82%. ESI-MS: [M+H]": 393.30.

General procedure for Boc deprotection (3b, 15b)

To a solution of compounds 3a or 15a (1 equiv., 2.18 mmol) in DCM (7 mL), trifluoroacetic acid
(TFA, 4 mL) was added. The reaction mixture was stirred at room temperature for 30 minutes.

The solvent was then removed under reduced pressure. The resulting residue was crystallized by use

of diethyl ether, filtered under vacuum, affording compound as a solid.

Methyl L-leucyl-L-leucinate (3b)

'H NMR (400 MHz, CDCls) 8 4.93 (s, 1H), 4.2 (s, 1H), 3.71 (s, 3H), 1.63 (m, ] = 4.8 Hz, 6H), 1.57
(m, 2H), 0.95 (dd, J = 6 Hz, 12 H).

White solid. Yield: 95 %. ESI-MS: [M+H]": 259.19.

Methyl L-phenylalanyl-L-leucinate (15b)

'H NMR (400 MHz, CDCl3) § 7.3 — 7.18 (m, 5H), 4.55 (dd, J = 8.3 Hz, 1H), 4.34 (d, ] = 6.4 Hz, 1H),
3.69 (s, 3H), 3.06 (d, ] = 6.9 Hz, 2H), 1.60 — 1.51 (m, 2H), 1.50 — 1.44 (m, 1H), 0.89 (dd, J = 7.6 Hz,
6H).

White solid. Yield: 98.9 %. ESI-MS: [M+H]": 293.34.

Synthesis of (3S,65)-3,6-diisobutylpiperazine-2,5-dione (3¢)
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A solution of methyl-L-leucyl-L-leucinate (1 equiv., 5.81 mmol) in n-butanol (58.5 mL) and toluene
(34.5 mL) was heated under reflux at 120 °C for 16 hours. After cooling to room temperature, the
solvent was removed under reduced pressure, yielding a colorless oil.

The crude product was crystallized by diethyl ether, filtered under vacuum, affording compound 3¢
as a white solid.

'H NMR (400 MHz, CDCl3) & 6.77 (s, 2H), 3.98 (dt, ] = 2.8 Hz, 2H), 1.79 (m, 4H), 1.66 (m, ] = 6.4
Hz, 2H), 0.95 (dd, J = 6.4, 12H).

Yield: 98 %. ESI-MS: [M+H]": 227.19.

Synthesis of methyl benzyl-L-phenylalanyl-L-leucinate (15c)

Under anhydrous conditions, to a solution of compound 15b (1 equiv., 3.4 mmol) in methanol, TEA
(1 equiv., 3.4 mmol) and benzaldehyde (1.2 equiv., 4.08 mmol) were added. The reaction mixture
was stirred at room temperature for 90 minutes.

The temperature was then lowered to 0 °C, and sodium borohydride (2 equiv., 6.8 mmol) was added
in small portions. The reaction was stirred at room temperature for an additional 30 minutes.

The solvent was removed under reduced pressure, and the resulting residue was diluted with ethyl
acetate. The mixture was extracted three times with water and washed with brine.

The organic phase was dried over anhydrous Na.SOs, filtered, and concentrated under reduced
pressure.

The compound was purified by preparative HPLC as a white solid.

'H NMR (400 MHz, CDCl3) & 7.45 — 6.99 (m, 10H), 4.47 (t, ] = 7.7 Hz, 1H), 3.94 (s, 2H), 3.76 (s,
3H), 3.32 (t, J = 7.0 Hz, 1H), 3.07 (dd, J = 12.4 Hz, 1H), 2.68 (dd, ] = 12.4 Hz, 1H). 1.87 (t, J = 7.6
Hz, 1H), 1.68 (t, ] = 7.6 Hz, 1H), 1.55 - 1.32 (m, 1H), 1.02 (d, J = 6.3 Hz, 6H).

Yield: 91 %. ESI-MS: [M+H]": 383.12.

Synthesis of (3S,6S)-1,6-dibenzyl-3-isobutylpiperazine-2,5-dione (15d)

To a solution of compound 15¢ (1 equiv., 0.25 mmol) in xylene (5 mL), TEA (1.2 equiv., 0.3 mmol)
was added, and the mixture was stirred for 30 minutes. Catalytic amounts of DMAP were then added,
and the reaction was refluxed at 140 °C for 24 hours.

The solvent was removed under reduced pressure, and the residue was purified by column
chromatography using a ethyl acetate/petroleum ether mixture (1:9) as the eluent, affording 15d as a
white solid.

'H NMR (400 MHz, DMSO) & 8.3 (s, 1H), 7.4 — 7.0 (m, 10H), 5.2 (d, ] = 14.8, 1H), 3.94 (t, 2H), 3.6
(m, 1H), 3.32 (dd, 1H), 3.1 (dd, 1H), 1.45 (m, 1H), 0.6 (m, J = 2.4 Hz, 8H).
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Yield: 72 %. [M+H]": 351.67.

General procedure for synthesis of piperazine (3d, 15¢)

To a suspension of LiAlH4 (10 equiv., 44.2 mmol) in anhydrous THF (15 mL), under anhydrous
conditions, a solution of diketopiperazine (1 equiv., 4.42 mmol) in THF was added dropwise. The
reaction mixture was then heated under reflux at 80 °C for 2 hours.

The excess reducing agent was quenched by the careful addition of ice. The mixture was filtered
through celite, washing with methanol, and the filtrate was concentrated under reduced pressure,

affording the compound as an oil.

(2S,55)-2,5-diisobutylpiperazine (3d)

"H NMR (400 MHz, CDCls) § 2.80 — 2.67 (m, 2H), 2.55 — 2.42 (m, 4H), 1.86 — 1.71 (m, 2H), 1.33 —
1.22 (m, 6H), 1.01 (d, J = 6.3 Hz, 12H).

Yellow oil. Yield: 70 %. ESI-MS: [M+H]": 199.46.

(2S,55)-1,2-dibenzyl-5-isobutylpiperazine (15¢)

"H NMR (400 MHz, DMSO) § 7.40 — 7.15 (m, 10H), 4.0 - 3.7 (dd, 2H), 3.3 (m, 1H), 3.0 (m, 3H), 2.9
(t, J=6.8 Hz, 2H), 2.7 (d, 2H), 2.6 — 2.4 (m, 3H). 0.8 (m, J = 6 Hz, 6H).

White solid. Yield: 76 %. ESI-MS: [M+H]": 323.25.

Synthesis of benzyl (2S,5S)-2,5-diisobutylpiperazine-1-carboxylate (3e)

To a solution of compound 3d (1 equiv., 5.5 mmol) in DCM, N-(Benzyloxycarbonyloxy)succinimide
(Cbz-Osu) (0.3 equiv., 1.65 mmol) was added, and the mixture was stirred for 30 minutes. Two
additional portions of CBZ-Osu (0.3 equiv. and 0.2 equiv., corresponding to 1.65 mmol and 1.1 mmol,
respectively) were then added at 30-minute intervals.

After a further 30 minutes of stirring, the solvent was removed under reduced pressure. The residue
was diluted with ethyl acetate and extracted with 5% aqueous NaHCOs and brine. The organic phase
was dried over anhydrous Na>SOs, filtered, and concentrated under reduced pressure.

The crude product was purified by column chromatography using a 1:3 mixture of ethyl
acetate/petroleum ether as the eluent, affording compound 3e as a yellow oil.

"H NMR (400 MHz, CDCl3) § 7.37 — 7.27 (m, 5H), 5.2 (t, ] = 7.1 Hz, 2H), 3.15 (m, 4H), 1.7 (t, 2H),
1.5 (m, 4H), 0.9 (m, 14H).

Yield: 89 %. ESI-MS: [M+H]": 333.24.
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Synthesis of final compounds

Synthesis of Ethyl 2-(naphthalen-1-ylamino)-2-oxoacetate (3f)

To a solution of 1-naphthylamine (1 equiv., 4.89 mmol) in DMF, triethylamine (TEA, 1.2 equiv.,
5.87 mmol) was added. The reaction mixture was cooled in an ice bath, and a solution of ethyl 2-
chloro-2-oxoacetate (1 equiv., 4.89 mmol) in DMF was added dropwise.

The mixture was stirred at room temperature for 16 hours. The solvent was removed under reduced
pressure, and the resulting solid residue was diluted with ethyl acetate and extracted with 1 M aqueous
HCI and brine.

The organic phase was dried over anhydrous Na.SOs, filtered, and concentrated under reduced
pressure to afford a white solid, which was used without further purification.

'H NMR (400 MHz, CDCl3) § 9.4 (s, 1H), 8.3 - 7.2 (m, 7H), 4.5 (m, J = 7.4 Hz, 2H), 1.5 (t, ] = 5.6
Hz, 3H).

Yield: 66 %. ESI-MS: [M+H]": 243.26.

Synthesis of 2-(Naphthalen-1-ylamino)-2-oxoacetic Acid (4)

To a solution of ethyl 2-(naphthalen-1-ylamino)-2-oxoacetate (1 equiv., 3.19 mmol) in dioxane (5
mL), 1 M NaOH (6.66 mL) was added. The reaction mixture was stirred at room temperature for 16
hours.

The reaction was then neutralized with 1 M HCI, and the solvent was removed under reduced
pressure. The resulting solid residue was diluted with ethyl acetate and extracted with water, followed
by a wash with brine.

The organic phase was dried over anhydrous Na-SOa4 and concentrated under reduced pressure to
yield a pink solid.

"H NMR (400 MHz, CDCl3) § 9.5 (s, 1H), 8.15 - 7.5 (m, 7H).

Yield: 79 %. ESI-MS: [M+H]": 216.17.

General procedure for amidic coupling (5, 15f)

To a solution of 2-(naphthalen-1-ylamino)-2-oxoacetic acid (1.3 equiv., 0.35 mmol) in DMF at 0 °C,
DIPEA (1.3 equiv., 0.35 mmol) and HATU (1.3 equiv., 0.35 mmol) were added. After stirring for 10
minutes, a solution of compound 3e or 15¢ (1 equiv., 0.27 mmol) in DMF was added dropwise. The

reaction mixture was stirred at room temperature for 2 hours.
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The solvent was removed under reduced pressure, and the resulting solid residue was diluted with
ethyl acetate and sequentially extracted with 10% aqueous citric acid, 5% aqueous NaHCOs, and
brine. The organic phase was dried over anhydrous Na:SOs, filtered, and concentrated under reduced
pressure.

The final compound was purified by preparative HPLC affording the final compound as a solid.

Benzyl (2S,55)-2,5-diisobutyl-4-(2-(naphthalen-1-ylamino)-2-oxoacetyl)piperazine-1-
carboxylate (5)

"H NMR (400 MHz, DMSO) § 10.9 (s, 1H), 8.0 — 7.1 (m, 12H), 5.2 — 5.0 (dd, 2H), 4.4 — 3.9 (m, 4H),
325-29(dt,2H),1.7-1.2 (m,J=7.2 Hz, 6H), 1.0 - 0.6 (m, J = 12.4 Hz, 12H).

13C NMR (400 MHz, DMSO) & 161.63 (1C), 159.03 (1C), 157.62 (1C), 128.70 (1C), 128.49 (2C),
128.24 (1C), 128.18 (2C), 127.55 (1C), 127.33 (1C), 127.19 (1C), 126.89 (1C), 125.46 (1C), 124.05
(1C), 119.24 (1C), 67.23 (1C), 51.58 (1C), 50.29 (1C), 48.65 (1C), 47.50 (1C), 40.04 (1C), 39.43
(1C), 25.05 (10), 22.52 (4C).

White solid. Yield: 47 %. ESI-MS: [M+H]": 530.57.

2-((2S,5S)-4,5-dibenzyl-2-isobutylpiperazin-1-yl)-N-(naphthalen-1-yl)-2-oxoacetamide (15f)

'H NMR (400 MHz, DMSO) § 10.6 (d, 1H), 8.5 — 6.75 (m, 17H), 4.4 — 4.2 (m, ] = 4.25 Hz, 4H), 3.7
—3.3(m,J=3.48 Hz, 2H), 1.4 - 1.0 (m, J = 1.29 Hz, 6H), 1.0 — 0.8 (m, J = 0.82, 7H).

Brownish solid. Yield: 93 %. ESI-MS: [M+H]": 520.69.

Synthesis of (E)-3-(naphthalen-1-yl)acrylic acid (7)

To a solution of malonic acid (2 equiv., 2.88 mmol) in pyridine under Argon atmosphere, was cooled
to 0°C and 1-naphthaldehyde (1 equiv., 1.44 mmol) was added. Subsequently, piperidine (0.87
equiv., 1.25 mmol) was added at room temperature, and the reaction mixture was heated at reflux at
110 °C for four hours. The resulting solution was acidified with 37% HCI and the solvent was
evaporated under reduced pressure. The product was crystallized by diethyl ether and the solid was
collected by under vacuum filtration. (E)-3-(naphthalen-1-yl)acrylic acid was afforded as a white
solid.

"H NMR (400 MHz, DMSO) & 12.54 (s, 1H), 8.37 (d,J=15.7 Hz, 1H), 8.18 (d,J= 8.2 Hz, 1H), 8.03
—7.90 (m, 3H), 7.66 — 7.50 (m, 3H), 6.58 (d, /= 15.7 Hz, 1H).

Yield: 90%. MS-ESI: [M+H]" 198.07.

General procedure for synthesis of acrylamide group (8, 15g)

75



To a solution of (E)-3-(naphthalen-1-yl)acrylic acid (1 equiv., 0.15 mmol) in DMF (5 mL) were
added, in sequence, HOBt (1 equiv., 0.15 mmol) and WSC (1 equiv., 0.15 mmol) at 0 °C. The reaction
mixture was then treated dropwise with a solution of piperazine (1.1 equiv., 0.165 mmol) in DMF,
and stirring was continued at room temperature for 4 h.

After completion of the reaction, the solvent was evaporated under reduced pressure, and the resulting
oily residue was diluted with DCM. The organic phase was successively washed with 10% aqueous
citric acid, 5% aqueous sodium bicarbonate, and brine. The combined organic layers were dried over
anhydrous sodium sulfate, filtered, and concentrated under reduced pressure. The crude product was

purified by preparative HPLC to afford the compound.

Benzyl (2S,55)-2,5-diisobutyl-4-((E)-3-(naphthalen-1-yl)acryloyl)piperazine-1-carboxylate (8)
"H NMR (400 MHz, CDCls) § 8.31 (d, J = 15.1 Hz, 1H), 8.16 (d, 1H), 8.02 — 7.95 (dd, 3H), 7.65 —
7.51 (m, 3H), 7.44-7.36 (m, 1H), 7.28 (m, 5H), 5.06 (s, /= 8.7 Hz, 2H), 4.54 (m, 1H), 4.33 (m, 1H),
4.08 (m, 1H), 4.04 (s, 2H), 2.92 (s, 2H), 1.63 — 1.55 (m, 2H), 1.42 (dt, J = 13.4, 2H), 1.29 (s, 1H),
0.96 — 0.88 (t, 6H), 0.85 — 0.81 (t, 6H).

13C NMR (500 MHz, CDCls) § 165.79 (1C), 140.45 (1C), 133. 97 (1C), 131.46 (1C), 130.25 (1C),
128.35 (3C), 128.09 (1C), 127.96 (1C), 126.77 (1C), 126.18 (1C), 125.43 (1C), 124.74 (1C), 124.52
(1C), 123.74 (1C), 67.31 (1C), 51.75 (1C), 42.19 (1C), 31.97 (1C), 31.35 (1C), 30.31 (1C), 29.78
(3C), 29.42 (10), 24.57 (1C), 23.78 (1C), 23.24 (1C), 22.67 (1C), 22.30 (1C), 21.69 (1C), 14.08
(10).

Yellowish white. Yield: 63 %. MS-ESI: [M+H]" 512.30.

(E)-1-((2S,55)-4,5-dibenzyl-2-isobutylpiperazin-1-yl)-3-(naphthalen-1-yl)prop-2-en-1-one (15g)
"H NMR (400 MHz, CDCl;3) § 8.08 — 8.01 (m, 1H), 7.93 — 7.83 (m, 2H), 7.71 — 7.64 (m, 2H), 7.56 —
7.45 (m, 3H), 7.33 - 7.16 (m, 7H), 7.24 (m, 1H), 7.19 (d, 2H), 6.51 (d, J=15.9 Hz, 1H), 3.94 (dd, J
=10.5, 3.1 Hz, 1H), 3.75 (d, J = 12.5 Hz,1H), 3.68-3.56 (m, 2H) 3.52 (d, J = 12.4 Hz, 1H), 3.02 —
2.89 (m, 3H), 2.80 (dd, J = 10.7, 5.2 Hz, 1H), 2.71 (ddt, J = 12.5, 8.1, 0.8 Hz, 1H), 1.73 — 1.61 (m,
1H), 1.51 — 1.42 (m, 1H), 0.98 — 0.90 (m, 7H).

Yellowish solid. Yield: 49%. MS-ESI: [M+H]" 502.70.

General procedure of catalytic hydrogenation and introduction of pyrazinoic acid residue or
Cbz on acrylamide compounds (9, 18, 19)
To a solution of compound Cbz- or benzyl-piperazine (1 equiv., 0.29 mmol) in methanol (3 mL), a

few drops of 1 M HCI and 10% palladium on activated carbon (Pd/C) (1 equiv., 0.29 mmol) were
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added. The reaction vessel was saturated with hydrogen gas, and the mixture was stirred at room
temperature for 30 minutes.
The reaction mixture was filtered through celite, washing with methanol.

The intermediate was directly used for the next step.

Introduction of pyrazinoic acid residue (9,19)

To a solution of 2-pyrazinoic acid (2 equiv., 0.20 mmol) in DMF at 0 °C, DIPEA (2 equiv., 0.20
mmol) and HATU (2 equiv., 0.20 mmol) were added, and the mixture was stirred for 10 minutes. A
solution of piperazine (1 equiv., 0.10 mmol) in DMF was then added dropwise, and the reaction
mixture was stirred at room temperature for 2 hours.

The solvent was removed under reduced pressure, and the residue was diluted with ethyl acetate. The
organic phase was sequentially washed with 10% aqueous citric acid, 5% aqueous NaHCOs, and
brine. The organic layer was dried over anhydrous Na.SOs, filtered, and concentrated under reduced
pressure.

The compound was purified by preparative HPLC.

(E)-1-((2S,55)-2,5-diisobutyl-4-(pyrazine-2-carbonyl)piperazin-1-yl)-3-(naphthalen-1-yl)prop-
2-en-1-one (9)

'"H NMR (400 MHz, CDCl3) § 9.05 (d, J = 1.4 Hz, 1H), 8.88 (dd, J = 3.6, 1.4 Hz, 1H), 8.79 (d, J =
3.5Hz, 2H), 8.08 —8.01 (m, 1H), 7.93 —7.83 (m, 2H), 7.71 — 7.64 (m, 2H), 7.56 — 7.45 (m, 3H), 6.50
(d, J=15.9 Hz, 1H), 4.12 (dd, /= 10.8, 2.6 Hz, 1H), 4.09 — 3.99 (m, 2H), 3.92 (tdd, /= 8.4, 5.3, 2.7
Hz, 1H), 3.81 (dd, J = 10.8, 5.5 Hz, 1H), 3.72 — 3.65 (m, 1H), 1.74 — 1.61 (m, 4H), 1.55 — 1.44 (m,
2H), 0.99 — 0.90 (m, 6H), 0.89 — 0.81 (m, 6H).

13C NMR (CDCls, 400 MHz) & 168.32 (1C), 164.56 (1C), 147.97 (2C), 145.74 (1C), 143.65 (1C),
136.48 (1C), 134.44 (1C), 133.27 (1C), 132.71 (1C), 128.39 (3C), 127.06 (1C), 126.15 (1C), 125.18
(10), 121.42 (1C), 52.44 (1C), 48.67 (2C), 39.61 (2C), 25.12 (2C), 22.27 (4C).

Yellowish oil. Yield: 57%. MS-ESI: [M+H]" 484.64.

(E)-1-((2S,55)-5-benzyl-2-isobutyl-4-(pyrazine-2-carbonyl)piperazin-1-yl)-3-(naphthalen-1-
yl)prop-2-en-1-one (19)

'H NMR (400 MHz, CDCl3) § 9.05 (d, J = 1.5 Hz, 1H), 8.88 (dd, J = 3.6, 1.4 Hz, 1H), 8.79 (d, J =
3.5 Hz, 1H), 8.04 (s, 1H), 7.93 — 7.83 (m, 2H), 7.71 — 7.63 (m, 2H), 7.56 — 7.45 (m, 3H), 7.33 — 7.26
(m, 5H), 6.50 (d, J=15.9 Hz, 1H), 4.30 (tdd, J = 8.4, 6.4, 3.7 Hz, 1H), 4.16 (dd, J = 10.8, 2.8 Hz,
2H), 3.96 — 3.83 (m, 2H), 3.78 (dd, J=10.8, 6.4 Hz, 1H), 3.04 (ddt, J=12.9, 8.6, 0.8 Hz, 1H), 2.82
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(ddt, J=12.8, 8.5, 0.8 Hz, 1H), 1.74 — 1.61 (m, 2H), 1.53 — 1.44 (m, 1H), 0.98 — 0.90 (m, 3H), 0.89
—0.81 (m, 3H).

13C NMR (400 MHz, CDCl;) 5 168.48 (1C), 164.41 (1C), 148.43 (2C), 145.84 (1C), 143.66 (1C),
136.66 (2C), 134.07 (1C), 133.73 (1C), 132.78 (1C), 128.57 (7C), 126.92 (1C), 126.18 (1C), 125.78
(1C), 125.04 (1C), 121.22 (1C).56.07 (1C), 52.05 (1C), 48.52 (1C), 47.78 (1C), 39.53 (1C), 38.24
(1C), 24.98 (1C), 22.60 (2C).

Brown oil. Yield: 23%. MS-ESI: [M+H]" 518.66.

General procedure for introduction of Cbz on piperazine (18)

To a solution of piperazine (1 equiv., 0.11 mmol) in DCM, CBZ-OSu (1.1 equiv., 0.12 mmol) was
added, and the reaction mixture was stirred at room temperature for 30 minutes.

The solvent was removed under reduced pressure, and the residue was diluted with ethyl acetate and
extracted with 5% aqueous NaHCOs and brine.

The organic layer was dried over anhydrous Na.SOs, filtered, and concentrated under reduced
pressure.

The compound was purified by preparative HPLC.

benzyl (2S,5S)-2-benzyl-5-isobutyl-4-((E)-3-(naphthalen-1-yl)acryloyl)piperazine-1-
carboxylate (18)

"H NMR (400 MHz, CDCls) § 8.08 — 8.01 (m, 1H), 7.93 — 7.83 (m, 2H), 7.71 — 7.63 (m, 2H), 7.56 —
7.50 (m, 3H), 7.38 — 7.25 (m, 7H), 7.22-7.15 (m, 4H), 6.50 (d, /= 15.9 Hz, 1H), 5.12 (s, 1H), 4.14
(tdd, J = 8.4, 6.5, 3.8 Hz, 1H), 4.09 — 3.99 (m, 2H), 3.78-3.72 (M, 1H), 3.72 — 3.61 (m, 2H), 3.02
(ddt, J=12.8, 8.5, 0.9 Hz, 1H), 2.79 (ddt, J=12.8, 8.4, 0.9 Hz, 1H), 1.73 — 1.58 (m, 2H), 1.43 (ddd,
J=12.6,8.4,7.3 Hz, 1H), 0.94 (d, /= 6.9 Hz, 3H), 0.84 (d, /= 6.8 Hz, 3H).

13C NMR (400 MHz, CDCl3) § 168.84 (1C), 156.66 (1C), 136.63 (3C), 137.27 (1C), 133.53 (1C),
132.26 (1C), 128.28 (14C), 127.15 (1C), 126.07 (1C), 125.19 (1C), 121.36 (1C), 66.95 (1C), 55.11
(10), 52.01 (1C), 48.18 (2C), 39.84 (1C), 38.21 (1C), 24.90 (1C), 22.55 (2C).

Yield: 59%. MS-ESI: [M+H]" 546.71.

General procedure for the synthesis of the a-hydroxy ester intermediate (10a, 20a)

To a solution of piperazine (1 equiv., 0.27 mmol) in anhydrous ethanol, TEA (1 equiv., 0.27 mmol,
40 pL) was added, followed by the dropwise addition of ethyl-2-oxirane carboxylate (6.1 equiv., 1.65
mmol, 0.21 mL). The reaction mixture was refluxed at 80°C for 48 hours. The solvent was then

concentrated and the residue diluted with dichloromethane, followed by extraction with deionized
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water and brine. The organic phase was dried over anhydrous Na>SOs, filtered, and concentrated
under reduced pressure. The residue was purified by column chromatography using an eluent mixture

of ethyl acetate and petroleum ether, affording the derivative.

Benzyl (2S,5S)-4-(3-ethoxy-2-hydroxy-3-oxopropyl)-2,5-diisobutylpiperazine-1-carboxylate
(10a)

The residue was purified by column chromatography using an eluent mixture of ethyl acetate and
petroleum ether (6:4), affording the intermediate.

"H NMR (400 MHz, CDCl3) § 7.40-7.30 (m, J = 4.2 Hz, 5H), 5.2 (d, 1H), 5.1 (d,1H), 4.42 (dd, 1H),
4.25 (m, J=7.1 Hz, 3H), 1.65 — 1.48 (m, 4H), 1.32 (m, J = 7.2 Hz, 4H), 1.00-0.85 (m, J = 6.1 Hz,
14H).

Colourless oil. Yield: 66%. MS-ESI: [M+H]" 449.44.

Ethyl 3-((2S,5S)-4,5-dibenzyl-2-isobutylpiperazin-1-yl)-2-hydroxypropanoate (20a)

The residue was purified by column chromatography using an eluent mixture of ethyl acetate and
petroleum ether (7:3), affording the derivative.

"H NMR (500 MHz, CDCl3) & 7.33 — 7.23 (m, 7H), 7.22 — 7.16 (m, 3H), 4.31 (q, J = 6.3 Hz, 1H),
4.25-4.12 (m, 2H), 4.09 (d, J=4.0 Hz, 1H) 3.76 (d, /= 12.4 Hz, 1H), 3.53 (d, /= 12.4 Hz, 1H), 3.20
(dd,J=12.1,6.2 Hz, 1H), 2.99 — 2.86 (m, 4H), 2.77 — 2.55 (m, 5H), 1.71 — 1.59 (m, 2H), 1.48 — 1.39
(m, 1H), 1.09 — 1.03 (m, 3H), 0.99 — 0.90 (m, 7H).

Colourless oil. Yield: 63%. MS-ESI: [M+H]" 438.61.

General procedure for the synthesis of the a-hydroxy acid intermediate (10b, 20b)

To a solution of 10a or 20a (1 equiv., 0.024 mmol) in a 1:1 mixture of THF and absolute ethanol (0.5
mL), 2 N KOH (4 equiv., 0.18 mmol) was added, and the reaction was allowed to proceed at room
temperature for 3 hours. The reaction mixture was acidified with 3 M HCl in an ice bath to pH 3—4
and concentrated under reduced pressure. The residue was diluted with methanol and filtered through
a Gooch funnel to remove any formed salts. The filtrate was then concentrated, affording compound

as a solid.

3-((2S,5S5)-4-((benzyloxy)carbonyl)-2,5-diisobutylpiperazin-1-yl)-2-hydroxypropanoic acid
(10b)

'"H NMR (400 MHz, CD30D) § 7.42 — 7.28 (m, 5H), 5.25-5.20 (d, 1H), 5.15-5.10 (dd, 1H), 1.64 —
1.45 (m, 4H), 1.36 — 1.25 (m, 6H), 1.03 — 0.93 (m, 12H).
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White solid. Yield: 74%. ESI-MS: [M+H]": 421.29.

3-((2S,5S)-4,5-dibenzyl-2-isobutylpiperazin-1-yl)-2-hydroxypropanoic acid (20b)

"H NMR (400 MHz, CD30D) § 7.30 — 7.26 (m, 10H), 4.22 (q, J= 5.9 Hz, 1H), 3.70 (d, J= 12.4 Hz,
1H), 3.48 (d, J=12.4 Hz, 1H), 3.20 (dd, J = 12.0, 5.9 Hz, 1H), 3.02 — 2.88 (m, 4H), 2.84 — 2.66 (m,
4H), 2.62-2.55 (m, 1H), 1.72 — 1.53 (m, 2H), 1.38 (ddd, J = 12.3, 8.2, 7.2 Hz, 1H), 0.94 (d, /= 6.8
Hz, 3H), 0.84 (d, J = 6.8 Hz, 3H).

White solid. Yield: 67%. MS-ESI: [M+H]"410.56.

General procedure for the synthesis of the a-hydroxy amide (11, 20c)

To a solution of acid (1 equiv., 0.021 mmol) in DMF, DIPEA (5 equiv., 0.105 mmol) and HATU (1
equiv., 0.021 mmol) were added at 0°C and stirred for 20 minutes. A solution of 1-naphthylamine (1
equiv., 0.021 mmol) in DMF was then added dropwise. The reaction mixture was stirred at room
temperature for 48 hours. The solvent was concentrated, and the residue was diluted with
dichloromethane and extracted sequentially with 10% citric acid solution, 5% aqueous sodium
bicarbonate, and brine. The organic phase was dried over anhydrous sodium sulfate, filtered, and

concentrated under reduced pressure. The resulting compound was purified by preparative HPLC.

Benzyl (2S,5S)-4-(2-hydroxy-3-(naphthalen-1-ylamino)-3-oxopropyl)-2,5-diisobutylpiperazine-
1-carboxylate (11)

"H NMR (400 MHz, CDCI3): § 8.23 (d, 1H); 7.96 (d, 1H); 7.85 (d, 1H); 7.60-7.50 (m, 3H), 7.36-7.32
(m, 5H), 7.28 (m, 1H), 5.1 (s, 2H), 4.54 (m, 1H), 3.80-3.40 (m, 3H), 3.0-2.80 (m, 3H), 1.72-1.60 (m,
4H), 1.0-0.8 (m, 12H).

3C NMR (400 MHz, CDCI3) § 174.63 (1C), 156.59 (1C), 137.35 (1C), 136.20 (1C), 128.23 (10C),
123.77 (2C), 117.32 (1C), 68.98 (1C), 66.83 (1C), 58.65 (1C), 56.35 (1C), 55.56 (1C), 51.47 (1C),
46.64 (1C), 40.20 (1C), 39.04 (1C), 25.04 (2C), 22.32 (4C).

Purple oil. Yield: 62%. ESI-MS: [M+H]" 546.75.

3-((2S,55)-4,5-dibenzyl-2-isobutylpiperazin-1-yl)-2-hydroxy-N-(naphthalen-1-yl)propenamide
(20¢)

'H NMR (400 MHz, CDCI3) 6 9.39 (s, 1H), 8.25 — 8.20 (m, 1H), 8.01 — 7.95 (m, 1H), 7.82 (dt, J =
7.9, 1.5 Hz, 1H), 7.64 — 7.49 (m, 3H), 7.37 — 7.16 (m, 8H), 7.25-7.17 (m, 2H), 4.91 (d, J = 5.5 Hz,
1H), 4.49 (q,J=5.4Hz, 1H), 3.76 (d,J=12.4 Hz, 1H), 3.53 (d,J=12.3 Hz, 1H), 3.17 (dd, J = 12.6,
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5.3 Hz, 1H), 2.96 — 2.86 (m, 4H), 2.76 — 2.61 (m, 3H), 2.59-2.52 (m, 2H), 1.71 — 1.59 (m, 2H), 1.48
~ 1.39 (m, 1H), 0.99 — 0.90 (m, 7H).
Yield: 52%. MS-ESI: [M+H]" 535.73.

General procedure of oxidation from a-hydroxyamide to a-ketoamide (13, 20d, 14, 24)

Under an argon atmosphere, Dess—Martin periodinane (1.6 equiv., 0.016 mmol) was added to a
solution of the a-hydroxyamide (1 equiv., 0.010 mmol) in dichloromethane. The reaction mixture
was stirred at room temperature for 20 hours, after which the solvent was removed under reduced

pressure and the crude residue was purified directly by preparative HPLC.

Benzyl (2S,55)-2,5-diisobutyl-4-(3-(naphthalen-1-ylamino)-2,3-dioxopropyl)piperazine-1-
carboxylate (13)

"H NMR (400 MHz, CDCl3) 8.08 — 8.02 (m, 1H), 7.88 — 7.82 (m, 1H), 7.75 — 7.67 (m, 2H), 7.59 —
7.48 (m, 2H), 7.38 — 7.31 (m, 5H), 7.32 — 7.20 (m, 2H), 5.12 (s, 2H), 3.94 (d, J= 14.6 Hz, 1H), 3.86
—3.79 (m, 2H), 3.60 (tdd, J = 9.0, 5.8, 3.2 Hz, 1H), 3.47 (dd, J=10.8, 5.5 Hz, 1H), 2.93 — 2.80 (m,
3H), 1.73 — 1.54 (m, 4H), 1.42 (dddd, /= 19.5, 12.3, 8.6, 7.3 Hz, 2H), 0.95 (dd, J = 6.9, 3.7 Hz, 6H),
0.85(dd, J=6.9, 4.2 Hz, 6H).

13C NMR (400 MHz, CDCl3) & 199.89 (1C), 162.68 (1C), 156.77 (1C), 136.22 (1C), 133.79 (20),
128.07 (10C), 125.70 (1C), 124.17 (1C), 118.91 (1C), 67.23 (1C), 57.43 (1C), 55.65 (1C), 53.88 (1C),
51.52 (1C), 46.44 (1C), 39.71 (2C), 25.24 (2C), 22.64 (4C).

Brown oil. Yield. 47%. MS-ESI: [M+H]" 543.71.

3-((2S,5S)-2,5-diisobutyl-4-(pyrazine-2-carbonyl)piperazin-1-yl)-N-(naphthalen-1-yl)-2-
oxopropanamide (14)

"H NMR (400 MHz, CDCI3) § 9.05 (d, J = 1.5 Hz, 1H), 8.88 (dd, J = 3.6, 1.4 Hz, 1H), 8.79 (d, J =
3.5Hz, 1H), 8.08 —8.02 (m, 1H), 7.88 — 7.82 (m, 1H), 7.75 - 7.67 (m, 2H), 7.59 — 7.48 (m, 2H), 7.24
(t,J=7.9 Hz, 1H), 3.99 (dd, J=10.7, 2.7 Hz, 2H), 3.82 (d, J = 14.5 Hz, 1H), 3.74 — 3.65 (m, 2H),
3.00 (dd, J=10.9, 3.0 Hz, 1H), 2.96 — 2.87 (m, 2H), 1.67 — 1.56 (m, 4H), 1.54-1.35 (m, 2H), 0.99 —
0.90 (m, 6H), 0.89 — 0.81 (m, 6H).

3C NMR (400 MHz, CDCls) § 200.16 (1C), 164.43 (1C), 162.61 (1C), 147.92 (3C), 143.64 (10),
135.38 (1C), 133.64 (1C), 128.70 (4C), 127.12 (1C), 125.56 (1C), 123.99 (1C), 118.88 (1C), 57.29
(1C), 55.48 (1C), 54.15 (2C), 47.47 (1C), 39.40 (2C), 24.70 (2C), 22.22 (4C).

Purple oil. Yield: 46%. MS-ESI: [M+H]" 515.66.
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3-((2S,5S)-4,5-dibenzyl-2-isobutylpiperazin-1-yl)-N-(naphthalen-1-yl)-2-oxopropanamide
(204d)

"H NMR (400 MHz, CDCI3) § 9.87 (s, 1H), 8.08 —8.02 (m, 1H), 7.88 — 7.82 (m, 1H), 7.75 — 7.67 (m,
2H), 7.59 — 7.48 (m, 2H), 7.33 — 7.26 (m, 7TH), 7.25-7.18 (m, 4H) 3.92 (d, J = 14.5 Hz, 1H), 3.84 —
3.73 (m, 2H), 3.53 (d, J = 12.3 Hz, 1H), 3.12 — 3.06 (m, 1H), 2.97 — 2.80 (m, 4H), 2.76 — 2.57 (m,
3H), 1.71 — 1.56 (m, 2H), 1.40 (ddd, J=12.3, 8.5, 7.3 Hz, 1H), 0.95 (d, /= 6.9 Hz, 3H), 0.85 (d, J =
6.8 Hz, 3H).

Yield: 32%. MS-ESI: [M+H]" 533.72.

benzyl (2S,5S)-2-benzyl-5-isobutyl-4-(3-(naphthalen-1-ylamino)-2,3-dioxopropyl)piperazine-1-
carboxylate (23)

"H NMR (400 MHz, CDCl3) 8.08 — 8.02 (m, 1H), 7.88 — 7.82 (m, 1H), 7.75 — 7.67 (m, 2H), 7.59 —
7.48 (m, 2H), 7.38 — 7.16 (m, 11H), 5.12 (s, 2H), 3.99 — 3.90 (m, 3H), 3.87 — 3.80 (m, 2H), 3.50 (dd,
J=10.8, 5.5 Hz, 1H), 3.26 (dd, /= 11.0, 3.7 Hz, 1H), 3.08 (dd, /= 11.0, 6.4 Hz, 1H), 2.96 (ddt, J =
12.8, 8.6, 0.9 Hz, 2H), 2.87 (tdd, /= 8.4, 5.5, 2.7 Hz, 1H), 2.72 (ddt, J=12.9, 8.6, 0.9 Hz, 1H), 1.72
—1.54 (m, 2H), 1.40 (ddd, J=12.3, 8.4, 7.2 Hz, 1H), 0.95 (d, J= 7.0 Hz, 3H), 0.85 (d, J = 6.9 Hz,
3H).

3C NMR (400 MHz, CDCl3) § 174.70 (1C), 156.45 (1C), 137.24 (1C), 136.07 (1C), 134.12 (1C),
128.40 (15C), 123.69 (2C), 116.87 (1C), 69.42 (1C), 67.08 (1C), 58.62 (1C), 55.87 (3C), 46.67 (1C),
39.30 (1C), 38.25 (1C), 25.29 (1C), 22.38 (20C).

Brown oil. Yield: 35%. MS-ESI: [M+H]" 577.73.

3-((2S,55)-5-benzyl-2-isobutyl-4-(pyrazine-2-carbonyl)piperazin-1-yl)-N-(naphthalen-1-yl)-2-
oxopropanamide (24)

'H NMR (400 MHz, CDCl3) 8 9.05 (d, J = 1.5 Hz, 1H), 8.88 (dd, J = 3.6, 1.4 Hz, 1H), 8.79 (d, J =
3.5Hz, 1H), 8.08 —8.02 (m, 1H), 7.88 —7.82 (m, 1H), 7.75 - 7.67 (m, 2H), 7.59 — 7.48 (m, 2H), 7.33
—7.16 (m, 6H), 4.11 —4.01 (m, 2H), 3.94 (d, /= 14.6 Hz, 2H), 3.77 (dd, J = 10.6, 5.5 Hz, 2H), 3.28
(dd, J=11.0, 3.7 Hz, 1H), 3.11 — 3.00 (m, 2H), 2.92 (tdd, J = 8.3, 5.4, 2.7 Hz, 1H), 2.82 (ddt, J =
12.8,8.4,0.8 Hz, 1H), 1.72 — 1.56 (m, 2H), 1.41 (ddd, /= 12.5, 8.5, 7.3 Hz, 1H), 0.95 (d, /= 6.9 Hz,
3H), 0.85 (d, J= 6.8 Hz, 3H).

3C NMR (400 MHz, CDCl3) § 174.58 (1C), 164.53 (1C), 148.34 (1C), 147.40 (1C), 145.84 (1C),
143.50 (1C), 137.15 (2C), 133.87 (1C), 128.66 (9C), 126.73 (1C), 123.87 (2C), 117.31 (1C), 69.47
(1C), 58.27 (1C), 55.56 (3C), 48.01 (1C), 38.38 (2C), 25.05 (1C), 22.40 (2C).
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Purple oil. Yield. 31%. MS-ESI: 549.68.

General procedure of catalytic hydrogenation and introduction of pyrazinoic acid residue or
Cbz (6,12,16,17, 21, 22)

To a solution of compound Cbz- or benzyl-piperazine (1 equiv., 0.29 mmol) in methanol (3 mL), a
few drops of 1 M HCI and 10% palladium on activated carbon (Pd/C) (1 equiv., 0.29 mmol) were
added. The reaction vessel was saturated with hydrogen gas, and the mixture was stirred at room
temperature for 28 hours.

The reaction mixture was filtered through celite, washing with methanol.

The intermediate was directly used for the next step.

Introduction of pyrazinoic acid residue (6,12,17,22)

To a solution of 2-pyrazinoic acid (1.3 equiv., 0.13 mmol) in DMF at 0 °C, DIPEA (1.3 equiv., 0.13
mmol) and HATU (1.3 equiv., 0.13 mmol) were added, and the mixture was stirred for 10 minutes.
A solution of piperazine (1 equiv., 0.10 mmol) in DMF was then added dropwise, and the reaction
mixture was stirred at room temperature for 2 hours.

The solvent was removed under reduced pressure, and the residue was diluted with ethyl acetate. The
organic phase was sequentially washed with 10% aqueous citric acid, 5% aqueous NaHCOs, and
brine. The organic layer was dried over anhydrous Na.SOs, filtered, and concentrated under reduced
pressure.

The compound was purified by preparative HPLC.

2-((2S,5S)-2,5-diisobutyl-4-(pyrazine-2-carbonyl)piperazin-1-yl)-N-(naphthalen-1-yl)-2-
oxoacetamide (6)

"H NMR (400 MHz, CDCls) § 9.37 (s, 1H), 9.05 (d, J= 1.3 Hz, 1H), 8.88 (dd, J = 3.6, 1.4 Hz, 1H),
8.79 (d, J=3.5 Hz, 1H), 8.08 — 8.02 (m, 1H), 7.88 — 7.81 (m, 1H), 7.71 (tt,J= 6.9, 1.6 Hz, 2H), 7.60
—7.47 (m, 2H), 7.29 — 7.20 (m, 1H), 4.13 (ddd, J=10.7, 3.1, 2.4 Hz, 2H), 4.02 — 3.88 (m, 2H), 3.82
(ddd, J=11.0,5.8,2.0 Hz, 2H), 1.67 (dddd, /= 10.8, 7.0, 5.7, 3.8 Hz, 4H), 1.56 — 1.42 (m, 2H), 0.99
—0.90 (m, 6H), 0.88-0.83 (m, 6H).

3C NMR (400 MHz, CDCl3) § 164.38 (1C), 161.86 (1C), 158.96 (1C), 148.00 (2C), 145.87 (1C),
143.35 (1C), 135.79 (1C), 133.85 (1C), 128.47 (1C), 125.83 (4C), 125.56 (1C), 123.77 (1C), 118.58
(10), 52.68 (1C), 51.75 (1C), 48.70 (2C), 39.54 (2C), 24.85 (2C), 22.48 (4C).

White solid. Yield: 60 %. ESI-MS: [M+H]": 501.63.
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3-((2S,5S)-2,5-diisobutyl-4-(pyrazine-2-carbonyl)piperazin-1-yl)-2-hydroxy-N-(naphthalen-1-
yD)propenamide (12)

"H NMR (400 MHz, CDCl3) § 9.39 (s, 1H), 9.05 (d, J = 1.5 Hz, 1H), 8.88 (dd, J = 3.6, 1.4 Hz, 1H),
8.79 (d, J=3.5Hz, 1H), 8.25-8.20 (m, 1H), 7.98 (dd, J="7.6, 1.1 Hz, 1H), 7.82 (dt, /= 7.9, 1.4 Hz,
1H), 7.64 — 7.49 (m, 3H), 7.34 (t, /= 7.8 Hz, 1H), 4.91 (d, J= 5.7 Hz, 1H), 4.49 (q, /= 5.4 Hz, 1H),
3.95(dd, J=10.6,2.4 Hz, 1H), 3.73 - 3.59 (m, 2H), 3.17 (dd, /= 12.7, 5.4 Hz, 1H), 2.96 — 2.87 (m,
2H), 2.87 - 2.72 (m, 2H), 1.74 — 1.58 (m, 4H), 1.54 — 1.39 (m, 2H), 1.00 - 0.91 (m, 6H), 0.89 — 0.81
(m, 6H).

3C NMR (400 MHz, CDCls) § 174.84 (1C), 164.39 (1C), 148.38 (2C), 145.82 (1C), 143.63 (1C),
137.13 (1C), 134.13 (1C), 128.80 (1C), 126.83 (4C), 123.89 (2C), 117.17 (1C), 69.10 (1C), 58.21
(10), 56.45 (1C), 55.65 (1C), 53.68 (1C), 47.76 (1C), 39.86 (1C), 38.84 (1C), 25.02 (2C), 22.47 (4C).
Yield: 28%. MS-ESI: [M+H]": 517.67.

2-((2S,5S)-5-benzyl-2-isobutyl-4-(pyrazine-2-carbonyl)piperazin-1-yl)-N-(naphthalen-1-yl)-2-
oxoacetamide (17)

"H NMR (400 MHz, CDCI3) § 9.8 (d, 1H), 8.0 — 7.0 (m, 15H), 1.40 — 1.35 (m, J = 1.38 Hz, 2H), 1.33
—1.25 (m,J=1.29 Hz, 4H), 1.12 - 1.0 (m, J = 1.07 Hz, 4H), 0.93 — 0.85 (m, J = 0.88 Hz, 7H).

3C NMR (400 MHz, CDCl3) 8§ 164.41 (1C), 161.55 (1C), 158.90 (1C), 148.12 (1C), 145.67 (1C),
143.37 (1C), 137.35 (1C), 135.81 (1C), 134.12 (1C), 128.82 (8C),127.13 (2C), 125.60 (1C), 123.71
(10), 119.16 (1C), 56.15 (1C), 51.81 (1C), 48.95 (2C), 39.50 (1C), 38.02 (1C), 24.94 (1C), 22.65
(20).

White solid. Yield: 81 %. ESI-MS: [M+H]": 535.65.

3-((2S,5S)-5-benzyl-2-isobutyl-4-(pyrazine-2-carbonyl)piperazin-1-yl)-2-hydroxy-N-
(naphthalen-1-yl)propenamide (22)

"H NMR (500 MHz, CDCl3) § 9.39 (s, 1H), 9.05 (d, J = 1.5 Hz, 1H), 8.88 (dd, J= 3.6, 1.4 Hz, 1H),
8.79 (d,J=3.5 Hz, 1H), 8.25 - 8.20 (m, 1H), 8.01 —7.95 (m, 1H), 7.82 (dt, /= 8.0, 1.4 Hz, 1H), 7.64
—7.49 (m, 3H), 7.37 - 7.16 (m, 6H), 4.91 (d, J= 5.7 Hz, 1H), 4.49 (q, J = 5.4 Hz, 1H), 4.13 — 4.00
(m, 2H), 3.75 (dd, J=10.7, 5.2 Hz, 1H), 3.21 — 3.13 (m, 2H), 3.04 (ddt, J = 12.8, 8.4, 0.8 Hz, 1H),
2.97—-2.88 (m, 3H), 2.87 — 2.77 (m, 2H), 1.72 — 1.58 (m, 2H), 1.48 — 1.39 (m, 1H), 0.95 (d, /= 6.8
Hz, 3H), 0.88 — 0.81 (m, 3H).
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13C NMR (500 MHz, CDCls) & 174.42 (1C), 164.52 (1C), 148.28 (2C), 146.12 (1C), 143.38 (1C),
137.16 (2C), 133.83 (1C), 128.73 (9C), 126.78 (1C), 124.25 (2C), 117.03 (1C), 69.01 (1C), 58.25
(1C), 55.51 (3C), 47.71 (1C), 38.54 (2C), 25.26 (1C), 22.31 (2C).

Yield: 36%. MS-ESI: 551.69.

General procedure for introduction of Cbz on piperazine (16, 21)

To a solution of piperazine (1 equiv., 5.5 mmol) in DCM, CBZ-OSu (1.1 equiv., 6.05 mmol) was
added, and the reaction mixture was stirred at room temperature for 30 minutes.

The solvent was removed under reduced pressure, and the residue was diluted with ethyl acetate and
extracted with 5% aqueous NaHCO:s and brine.

The organic layer was dried over anhydrous Na.SOs, filtered, and concentrated under reduced
pressure.

The compound was purified by preparative HPLC.

benzyl (2S,5S)-2-benzyl-5-isobutyl-4-(2-(naphthalen-1-ylamino)-2-oxoacetyl)piperazine-1-
carboxylate (16)

"H NMR (400 MHz, CDCl3) § 7.77 — 7.60 (m, 2H), 7.46 — 7.29 (m, 4H), 7.28 — 7.15 (m, 10H), 7.12
(dd, J= 6.6 Hz, 1H), 6.59 (dd, J=7.2 Hz, 1H), 5.37 (s, 2H), 4.65 — 4.55 (m, 1H), 4.12 (tt, J=7.0, 4.4
Hz, 1H), 3.98 (dd, J=12.3, 6.9 Hz, 1H), 3.78 (dd, J=12.5, 2.9 Hz, 1H), 3.36 (dd, J=12.4, 6.8 Hz, 1H),
3.16 (dd, J=12.4, 2.8 Hz, 1H), 3.02 (dd, J=12.5, 6.7 Hz, 1H), 2.77 (dd, J=12.4, 6.8 Hz, 1H), 2.39 —
2.11 (m, 1H), 1.41 (dd, J=6.8, 4.3 Hz, 2H), 1.04 (d, J=6.3 Hz, 6H).

13C NMR (400 MHz, CDCI3) § 161.47 (1C), 159.14 (1C), 156.41 (1C), 137.48 (1C), 135.88 (2C),
133.88 (1C), 128.48 (13C), 127.41 (1C), 126.67 (1C), 125.22 (1C), 123.95 (1C), 119.09 (1C), 67.17
(1C), 54.37 (1C), 52.03 (1C), 48.24 (1C), 47.50 (1C), 39.57 (1C), 37.96 (1C), 24.78 (1C), 22.30 (2C).
White solid. Yield: 75 %. ESI-MS: [M+H]": 563.70.

benzyl (2S,5S)-2-benzyl-4-(2-hydroxy-3-(naphthalen-1-ylamino)-3-oxopropyl)-5-
isobutylpiperazine-1-carboxylate (21)

'H NMR (400 MHz, CDCI3) 6 9.39 (s, 1H), 8.25 — 8.20 (m, 1H), 8.01 — 7.95 (m, 1H), 7.82 (dt, J =
7.9, 1.4 Hz, 1H), 7.64 — 7.49 (m, 3H), 7.38 — 7.25 (m, 8H), 7.23-7.14 (m, 4H), 5.12 (s, 2H), 4.91 (d,
J=15.7Hz, 1H), 4.49 (q,J=5.4 Hz, 1H), 3.92 (tdd, /= 8.4, 6.6, 3.8 Hz, 1H), 3.80 (dd, J=10.6, 2.6
Hz, 1H), 3.48 (dd, J=10.8, 5.3 Hz, 1H), 3.17 (dd, J = 12.7, 5.4 Hz, 1H), 3.05 (dd, J = 10.6, 3.8 Hz,
1H), 3.00 — 2.88 (m, 2H), 2.79 — 2.68 (m, 3H), 1.72 - 1.56 (m, 2H), 1.42 (ddd, J=12.4, 8.3, 7.3 Hz,
1H), 0.95 (d, J= 6.8 Hz, 3H), 0.85 (d, /= 6.8 Hz, 3H).
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13C NMR (400 MHz, CDCls) & 174.20 (1C), 156.23 (1C), 137.16 (1C), 136.38 (1C), 134.46 (1C),
128.25 (14C), 126.90 (1C), 124.04 (2C), 117.27 (1C), 69.40 (1C), 66.90 (1C), 58.62 (1C), 56.27 (1C),
55.33 (2C), 46.42 (1C), 39.50 (1C), 38.15 (1C), 25.22 (1C), 22.31 (2C).

Yield: 64%. MS-ESI: [M+H]": 579.74.

General procedure for synthesis of second class of compounds

Synthesis methyl 2-isocyanato-4-methylpentanoate

Leucine methyl ester hydrochloride (3 equiv., 1.10 mmol) was dissolved in a saturated solution of
NaHCOs and dichloromethane (DCM) (1:1, 3 mL) at 0 °C. A solution of triphosgene in DCM was
then added dropwise, and the reaction mixture was stirred at 0 °C for 40 minutes. After this time, the
mixture was diluted with DCM and the organic layer was separated from the aqueous phase by
extraction. The organic phase was washed with brine, dried over anhydrous sodium sulfate, filtered,
and concentrated under reduced pressure to afford a colourless oil. The crude product was used

directly in the next step without further purification.

General procedure for introduction of urea bond (25a, 31a)

To a solution of methyl 2-isocyanato-4-methylpentanoate (1 equiv., 1.11 mmol) in DCM, a solution
of piperazine (1 equiv., 1.11 mmol) in DCM was added dropwise, followed by triethylamine (TEA,
1.1 equiv., 1.22 mmol). The reaction mixture was stirred at room temperature for 48 hours. After
completion, the reaction was diluted with DCM and washed with 10% aqueous citric acid and brine.
The organic layer was separated, dried over anhydrous sodium sulfate, filtered, and concentrated

under reduced pressure.

benzyl (2S,55)-2,5-diisobutyl-4-(((S)-1-methoxy-4-methyl-1-oxopentan-2-
yDcarbamoyl)piperazine-1-carboxylate (25a)

The crude product was purified by column chromatography (ethyl acetate/petroleum ether, 1.5:8.5)
to afford the desired compound as a yellow oil.

"H NMR (400 MHz, CDCI3) § 7.36 — 7.17 (m, 5H), 5.10 (d, 1H), 5.00 (d, 1H), 4.69 (d, J = 7.9 Hz,
1H), 4.43 (td, J=8.2, 1H), 4.10 (d, J=16.3 Hz, 3H), 3.90 (m, 1H), 3.65 (s, 3H), 2.68 — 2.47 (m, 2H),
1.66 — 1.23 (m, 6H), 1.40-1.28 (m, 3H), 0.87 (dd, /= 6.5, 3.6 Hz, 12H), 0.78 (d, 6H).

Yield: 61%. ESI-MS: [M+H]": 504.72.

methyl ((2S,5S5)-4,5-dibenzyl-2-isobutylpiperazine-1-carbonyl)-L-leucinate (31a)
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The crude product was purified by column chromatography (ethyl acetate/petroleum ether, 1:9) to
afford the desired compound as a colourless oil.

'"H NMR (400 MHz, CDCl3) § 7.33 — 7.16 (m, 10H), 4.24 (dt, J= 8.3, 7.2 Hz, 1H), 3.88 (dd, J=11.4,
3.2 Hz, 1H), 3.75 (d, /= 12.4 Hz, 1H), 3.62 — 3.49 (m, 4H), 3.03 — 2.90 (m, 3H), 2.84 (dd, /= 10.8,
5.5 Hz, 3H), 2.71 (ddt, J=12.6, 8.1, 0.9 Hz, 1H), 1.74 — 1.58 (m, 4H), 1.50 — 1.40 (m, 2H), 0.93 (dd,
J=10.3, 6.7 Hz, 6H), 0.85 (dd, /= 6.6, 4.5 Hz, 6H).

Yield: 58%. MS-ESI: 493.69.

General procedure for synthesis of alcohol group (25b, 31b)

Under anhydrous conditions, a solution of compound 25a and 31a (1 eq, 1.146 mmol) in dry THF (2
mL) was cooled to 0 °C. sodium borohydride (NaBH4, 10 equiv., 11.46 mmol) was added, and the
reaction mixture was heated at reflux at 80 °C for 15 minutes. After cooling to room temperature,
anhydrous methanol was added dropwise, and the mixture was stirred overnight at room temperature.
The reaction was then acidified on ice with 3 M HCI until pH 3—4 was reached, and the solvent was
removed under reduced pressure. The residue was diluted with dichloromethane and washed with
water and brine. The organic layer was dried over anhydrous Na.SOs, filtered, and concentrated under

reduced pressure.

benzyl (2S,55)-4-(((S)-1-hydroxy-4-methylpentan-2-yl)carbamoyl)-2,5-diisobutylpiperazine-1-
carboxylate (25b)

The crude product was purified by column chromatography using ethyl acetate/petroleum ether (4:6)
as the eluent.

'H NMR (400 MHz, CDCl3) § 7.34 (m, J = 4.1 Hz, 5H), 5.59 (d, J = 8.2 Hz, 1H), 5.12 (s, 2H), 4.03-
3.95 (m, 2H); 3.83 — 3.58 (m, 5H), 3.51 — 3.39 (m, 2H), 1.75 — 1.56 (m, 5H), 1.00 — 0.91 (m, 10H),
0.90-0.81 (m, 8H).

Yield: 60%. ESI-MS: [M+H]": 476.64.

(2S,55)-4,5-dibenzyl-N-((S)-1-hydroxy-4-methylpentan-2-yl)-2-isobutylpiperazine-1-
carboxamide (31b)

The product was directly used for the next step without purification.

'H NMR (400 MHz, CDCl3) § 7.35 — 7.15 (m, 10H), 5.59 (d, J = 8.2 Hz, 1H), 3.85 — 3.62 (m, 4H),
3.61-3.52 (m, 3H), 3.52 — 3.39 (m, 2H), 3.04 — 2.89 (m, 3H), 2.84 (dd, /= 10.7, 5.4 Hz, 1H), 2.71
(m, 1H), 1.75 - 1.56 (m, 3H), 1.54 — 1.33 (m, 2H), 1.26 (m, 1H), 0.94 (d, J = 6.6 Hz, 6H), 0.85 (t, J
= 6.6 Hz, 6H).
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Yield: 65%. MS-ESI: [M+H]": 465.68.

General procedure of catalytic hydrogenation and introduction of pyrazinoic acid residue or
Cbz (25c¢, 31¢, 31d)

To a solution of compound Cbz- or benzyl-piperazine (1 equiv., 0.29 mmol) in methanol (3 mL), a
few drops of 1 M HCI and 10% palladium on activated carbon (Pd/C) (1 equiv., 0.29 mmol) were
added. The reaction vessel was saturated with hydrogen gas, and the mixture was stirred at room
temperature for 28 hours.

The reaction mixture was filtered through celite, washing with methanol.

The intermediates were directly used for introduction of pyrazinoic acid residue (see in procedure for
synthesis of 6,12,17,22) and Cbz (see in procedure for 16,21).

The intermediates were directly used for the next step.

General procedure for synthesis of aldehyde (26,27, 32 and 33)

To a suspension of Dess—Martin periodinane (2 equiv., 0.09 mmol) in anhydrous CHzCl., a solution
of alcohol (1 equiv., 0.05 mmol) in CH2Cl. was added dropwise under anhydrous conditions. The
reaction mixture was stirred at room temperature for 3 hours. After completion, the solvent was
removed under reduced pressure. The resulting residue was diluted with CH2Cl. and extracted
sequentially with 5% aqueous NaHCOs, 10% aqueous Na.SOs, and brine. The organic phase was
dried over anhydrous Na.SOs, filtered, and concentrated under reduced pressure. The crude product

was purified by preparative HPLC.

Benzyl (2S,55)-2,5-diisobutyl-4-(((S)-4-methyl-1-oxopentan-2-yl)carbamoyl)piperazine-1-
carboxylate (26)

The compound 26 is afforded as a brown oil.

'H NMR (500 MHz, CDCl3) § 9.59 (d, 1H), 7.34 (q, J = 2.9 Hz, 5H), 5.17 (dd, J= 12.3, 4.9 Hz, 1H),
5.08 (d, J=12.1 Hz, 1H), 4.86 (d, /= 6.3 Hz, 1H), 4.43 (d, J= 6.6 Hz, 1H), 4.19 (m, 4H), 3.90 (s,
1H), 1.48 — 1.36 (m, SH), 1.30 — 1.16 (m, 4H), 1.02 — 0.81 (m, 18H).

13C NMR (500 MHz, CDCl3) § 198.28 (1C), 159.00 (1C), 157.63 (1C), 136.35 (1C), 128.20 (5C),
50.10 (1C), 48.66 (1C),47.59 (1C), 40.64 (1C), 40.14 (1C), 39.57 (1C), 25.41 (1C), 25.04 (1C), 24.97
(1C), 22. 56 (1C), 22.48 (5C).

Yield: 32%. ESI-MS: [M+H]": 474.51.
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(2S,5S)-2,5-diisobutyl-N-((S)-4-methyl-1-oxopentan-2-yl)-4-(pyrazine-2-carbonyl)piperazine-
1-carboxamide (27)

"H NMR (500 MHz, CDCl3) § 9.60 (dt, J = 6.4, 0.9 Hz, 1H), 9.05 (d, J= 1.4 Hz, 1H), 8.88 (dd, J =
3.6, 1.4 Hz, 1H), 8.79 (d, /= 3.5 Hz, 1H), 6.04 (d, /= 7.9 Hz, 1H), 4.36 —4.27 (m, 1H), 4.10 (dd, J
=10.9, 2.8 Hz, 1H), 4.02 — 3.89 (m, 3H), 3.77 (dd, J = 10.9, 5.6 Hz, 1H), 3.67 — 3.60 (m, 1H), 1.76
—1.61 (m, 6H), 1.55 - 1.41 (m, 3H), 0.98 — 0.90 (m, 9H), 0.89 — 0.80 (m, 9H).

3C NMR (500 MHz, CDCI3) § 198.14 (1C), 163.29 (1C), 159.50 (1C), 148.72 (2C), 145.35 (1C),
143.37 (1C), 55.12 (1C), 52.72 (2C), 48.64 (2C), 40.74 (1C), 40.02 (2C), 24.61 (3C), 22.19 (6C).
Yield: 25%. MS-ESI: 445.61.

benzyl (2S,5S)-2-benzyl-5-isobutyl-4-(((S)-4-methyl-1-oxopentan-2-yl)carbamoyl)piperazine-1-
carboxylate (32)

"H NMR (500 MHz, CDCl3) § 9.60 (dt, J= 6.4, 0.9 Hz, 1H), 7.38 — 7.16 (m, 10H), 5.32 (s, 2H), 4.36
—4.27 (m, 1H), 4.22 (tdd, J = 8.6, 6.6, 3.8 Hz, 1H), 4.07 — 3.96 (m, 2H), 3.79 — 3.63 (m, 3H), 3.02
(ddt,J=12.8, 8.4, 0.8 Hz, 1H), 2.79 (ddt, J=12.8, 8.4, 1.0 Hz, 1H), 1.76 — 1.59 (m, 4H), 1.50 — 1.39
(m, 2H), 0.98 — 0.90 (m, 6H), 0.89 — 0.80 (m, 6H).

3C NMR (500 MHz, CDCl3) § 198.50 (1C), 159.11 (1C), 156.51 (1C), 137.84 (1C), 136.34 (1C),
128.80 (10C), 67.40 (1C), 56.38 (1C), 54.88 (1C), 52.83 (1C), 49.03 (1C), 47.63 (1C), 40.86 (1C),
39.43 (1C), 37.93 (1C), 25.31 (1C), 22.81 (5C).

Yield: 29%. MS-ESI: [M+H]": 507.68.

(2S,5S)-5-benzyl-2-isobutyl-N-((S)-4-methyl-1-oxopentan-2-yl)-4-(pyrazine-2-
carbonyl)piperazine-1-carboxamide (33)

'H NMR (500 MHz, CDCls) § 9.60 (dt, J = 6.4, 0.9 Hz, 1H), 9.05 (d, /= 1.4 Hz, 1H), 8.88 (dd, J =
3.6, 1.4 Hz, 1H), 8.79 (d, J = 3.5 Hz, 1H), 7.33 — 7.16 (m, 5H), 4.36 — 4.25 (m, 2H), 4.15 (dd, J =
10.9, 2.8 Hz, 1H), 4.06 (dd, J=11.6, 3.8 Hz, 1H), 3.92 (tdd, J = 8.6, 5.5, 2.7 Hz, 1H), 3.84 (dd, J =
10.8, 5.5 Hz, 1H), 3.75 (dd, J=11.6, 6.5 Hz, 1H), 3.04 (ddt, J = 12.8, 8.4, 1.0 Hz, 1H), 2.81 (ddt, J
=13.0, 8.6, 0.9 Hz, 1H), 1.76 — 1.61 (m, 4H), 1.51 — 1.41 (m, 2H), 0.99 — 0.90 (m, 6H), 0.89 — 0.80
(m, 6H).

3C NMR (500 MHz, CDCI3) § 198.52 (1C), 164.63 (1C), 158.56 (1C), 147.78 (3C), 145.41 (1C),
143.67 (1C), 138.08 (1C), 128.47 (5C), 126.97 (1C), 55.74 (2C), 52.83 (1C), 48.50 (2C), 39.99 (20),
38.26 (1C), 25.09 (1C), 22.81 (4C).

89



Yield: 36%. Molecular Weight: 479.63.

Synthesis diethyl ((methylsulfonyl)methyl)phosphonate (28)

To a solution of diethyl (methylthio)methylphosphonate (1 equiv., 2.5 mmol) in CCls (2 mL) under
an inert atmosphere at 0 °C, a solution of m-chloroperbenzoic acid (m-CPBA, 2.2 equiv., 5.5 mmol)
in CCls (5 mL) was added. The reaction mixture was stirred at 0 °C for 16 hours. After completion,
the reaction mixture was filtered through a Gooch crucible to afford compound 28 as a white solid.
"H NMR (400 MHz, CDCls) § 4.23 (dqd, J = 8.1, 4H), 3.58 (dd, J = 16.4, 2H), 3.20 (s, 3H), 1.43 —
1.32 (m, 6H).

Yield: 80%. MS-ESI: 230.04.

General synthesis of vinyl-sulfone (29,30,34 and 35)

To a solution of diethyl (methylsulfonyl)methylphosphonate (1 equiv, 0.019 mmol) in dry THF at 0 °C
under anhydrous conditions, sodium hydride (NaH, 2 equiv, 0.038 mmol) was added. Subsequently,
a solution of aldehyde (1 equiv, 0.019 mmol) in dry THF (200 uL) was added dropwise. The reaction
mixture was stirred at room temperature for 50 minutes. After completion, the solvent was removed
under reduced pressure. The residue was diluted with ethyl acetate and extracted successively with
10% aqueous citric acid, 5% aqueous NaHCOs, and brine. The organic phase was dried over
anhydrous Na>SOs, filtered, and concentrated under reduced pressure. The crude product was purified

by preparative HPLC.

benzyl (2S,5S)-2,5-diisobutyl-4-(((S,E)-5-methyl-1-(methylsulfonyl)hex-1-en-3-
yl)carbamoyl)piperazine-1-carboxylate (29)

The compound is afforded as a brown oil.

"H NMR (500 MHz, CDCls) § 7.38 — 7.29 (m, 5H), 6.81 (dd, J = 15.0, 5.0 Hz, 1H), 6.37 (d, J=15.2
Hz, 1H), 5.35 (d, /= 5.1 Hz, 1H), 5.20 (d, J=12.1 Hz, 1H), 5.12 (m, 1H), 4.62 (s, 1H), 4.18 (d, J =
9.1 Hz,3H), 3.82 (m, 1H), 3.71 (dd, J=10.3, 6.5 Hz, 2H), 3.14 (ddt, /= 14.8, 11.4, 7.2 Hz, 2H), 2.94
(s, 3H), 2.73 — 2.64 (m, 2H), 2.62 — 2.53 (m, 2H), 2.24 (t, /= 7.7 Hz, 2H), 0.94 (dd, /= 6.8, 5.2 Hz,
11H), 0.88 (t, J= 6.6 Hz, 6H).

3C NMR (500 MHz, CDCls) 8 167.75 (1C), 156.58 (1C), 138.17 (1C), 128.66 (5C), 62.66 (2C),
53.77 (1C), 52.07 (1C), 49.53 (1C), 42. 76 (1C), 29.53 (1C), 24.98 (1C), 24.78 (1C), 24.51 (1C),
23.14 (1C), 22.78 (1C), 22.33 (1C), 22.02 (1C); 18.88 (1C), 18.60 (1C), 17.45 (1C), 14.10 (1C),11.83
(1C), 8.52 (3C).

Yield: 56%. ESI-MS: [M+H]":550.71.
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(2S,55)-2,5-diisobutyl-N-((S,E)-5-methyl-1-(methylsulfonyl)hex-1-en-3-yl)-4-(pyrazine-2-
carbonyl)piperazine-1-carboxamide (30)

The compound is afforded as a brown oil.

"H NMR (500 MHz, CDCl3) 6 9.05 (d, J = 1.4 Hz, 1H), 8.88 (dd, J=3.6, 1.4 Hz, 1H), 8.79 (d, J =
3.5 Hz, 1H), 6.55 (dp, J = 18.7, 1.1 Hz, 1H), 6.28 (ddt, J = 18.7, 7.3, 0.9 Hz, 1H), 4.40 — 4.31 (m,
1H), 4.10 (dd, J=10.8, 2.9 Hz, 1H), 4.02 — 3.89 (m, 2H), 3.77 (dd, J=10.8, 5.5 Hz, 1H), 3.67 — 3.60
(m, 1H), 3.00 (s, 3H), 1.74 — 1.57 (m, 6H), 1.55 — 1.42 (m, 2H), 1.36 (dddd, J = 12.8, 7.9, 6.8, 0.9
Hz, 1H), 0.98 — 0.90 (m, 9H), 0.89 — 0.80 (m, 9H).

3C NMR (500 MHz, CDCl3) § 165.11 (1C), 158.82 (1C), 148.31 (2C), 145.63 (1C), 143.20 (1C),
140 51 (10), 136.61 (1C), 52.97 (1C), 52.44 (1C), 50.48 (1C), 48.72 (2C), 43.04 (2C), 39.89 (2C),
25.56 (3C), 22.17 (6C).

Yield: 64%. MS-ESI: [M+H]": 521.72.

benzyl (2S,5S)-2-benzyl-5-isobutyl-4-(((S,E)-5-methyl-1- (methylsulfonyl) hex-1-en-3-yl)
carbamoyl)piperazine-1-carboxylate (34)

The compound is afforded as a brown oil.

"H NMR (500 MHz, CDCl3) & 7.38 — 7.16 (m, 10H), 6.55 (dp, J = 18.7, 1.1 Hz, 1H), 6.28 (ddt, J =
18.7,7.3,0.9 Hz, 1H), 5.64 (d,J= 7.7 Hz, 1H), 5.16 (s, 2H), 4.40 — 4.31 (m, 1H), 4.22 (tdd, J = 8.6,
6.6, 3.8 Hz, 1H), 4.07 — 3.96 (m, 2H), 3.79 — 3.63 (m, 3H), 3.06 — 2.98 (m, 3H), 2.79 (ddt, J = 12.8,
8.4,0.9 Hz, 1H), 1.73 — 1.57 (m, 4H), 1.49 — 1.31 (m, 2H), 0.94 (dd, /= 6.5, 1.4 Hz, 6H), 0.88 — 0.81
(m, 6H).

3C NMR (500 MHz, CDCl3) & 159.30 (1C), 156.99 (1C), 140.69 (1C), 136.98 (3C), 128.39 (10C),
67.12 (1C), 54.77 (1C), 52.80 (1C), 50.33 (1C), 48.50 (1C), 47.44 (1C), 43.01 (2C), 39.59 (1C), 37.80
(1C), 24.93 (2C), 22.48 (4C).

Yield: 53%. MS-ESI: [M+H]": 583.79.

(2S,5S5)-5-benzyl-2-isobutyl-N-((S,E)-5-methyl-1-(methylsulfonyl)hex-1-en-3-yl)-4-(pyrazine-2-
carbonyl)piperazine-1-carboxamide (35)

The compound is afforded as a brown oil.

"H NMR (500 MHz, CDCI3) § 9.05 (d, J = 1.5 Hz, 1H), 8.88 (dd, J= 3.6, 1.4 Hz, 1H), 8.77 (d, J =
3.5 Hz, 1H), 7.33 - 7.16 (m, 5H), 6.55 (dp, /= 18.7, 1.1 Hz, H), 6.28 (ddt,J=18.7, 7.3, 0.9 Hz, 1H),
4.40 — 4.25 (m, 2H), 4.15 (dd, J=10.9, 2.8 Hz, 1H), 4.06 (dd, J=11.6, 3.8 Hz, 1H), 3.94 (tdd, J =
8.6,5.6,2.8 Hz, 1H), 3.84 (dd, J=10.8, 5.5 Hz, 1H), 3.75 (dd, /= 11.6, 6.5 Hz, 1H), 3.08 — 2.98 (m,
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4H), 2.81 (ddt, J = 13.0, 8.6, 0.9 Hz, 1H), 1.73 — 1.57 (m, 4H), 1.51 — 1.42 (m, 4H), 1.36 (dddd, J =
12.8,7.9, 6.8, 0.9 Hz, 2H), 0.94 (dd, J = 6.6, 2.2 Hz, 6H), 0.85 (dd, J = 6.6, 5.2 Hz, 6H).

13C NMR (500 MHz, CDCls) & 164.50 (1C), 159.66 (1C), 147.95 (2C), 146.04 (1C), 143.67 (1C),
140.88 (1C), 138.13 (1C), 136.74 (1C), 129.02 (5C), 56.11 (1C), 53.18 (1C), 50.25 (1C), 48.39 (2C),
43.04 (2C), 39.60 (1C), 38.20 (1C), 25.47 (2C), 22.68 (4C).

Yield: 47%. MS-ESI: [M+H]": 555.74.

Synthesis tert-butyl (R)-(1-hydroxy-4-methylpentan-2-yl)carbamate (36a)

To a solution of L-leucinol (1 equiv., 1.71 mmol) in anhydrous CH-Cl> under anhydrous conditions,
a solution of di-tert-butyl dicarbonate (Boc:0, 1 equiv., 1.71 mmol) in anhydrous CH2Cl. was added.
The reaction mixture was stirred at room temperature overnight. After completion, the solvent was
removed under reduced pressure, and the crude product was purified by column chromatography
using ethyl acetate/petroleum ether (3:7) as the eluent, affording 36a as a colourless oil.

"H NMR (400 MHz, CDCl3) 8 4.58 (s, J = 7.6 Hz, 1H), 3.75-3.63 (m, 1H), 3.54-3.47 (dt, J=11.0,
5.5 Hz, 1H), 1.73-1.60 (m, 1H), 1.45 (s, 9H), 1.35-1.26 (m, 2H), 0.93 (dd, J = 6.6, 1.8 Hz, 7H).
Yield: 99%. ESI-MS: [M+H]": 218.17.

Synthesis tert-butyl (R)-(4-methyl-1-oxopentan-2-yl)carbamate (36b)

Under Argon atmosphere, a solution of 36a (1 equiv., 7.63 mmol) in anhydrous CH2Cl> was added
dropwise to a suspension of Dess—Martin periodinane (DMP, 2 equiv., 15.2 mmol) in anhydrous
CH:Cl.. The reaction mixture was stirred at room temperature for 4 hours. After completion, the
solvent was removed under reduced pressure. The residue was diluted with CH2Cl» and extracted with
5% aqueous NaHCOs and brine. The organic layer was dried over anhydrous Na>SOs, filtered, and
concentrated under reduced pressure. The crude product was purified by column chromatography
using ethyl acetate/petroleum ether (2:8) as the eluent, affording 36b as a yellow oil.

"H NMR (400 MHz, DMSO) § 9.40 (s, 1H), 3.83 (m, J=10.1, 7.5, 4.6 Hz,1H), 1.69 — 1.54 (m, 1H),
1.88-1.41 (m, 1H), 1.37 (s, 9H), 0.85 (dd, J = 10.1, 6.6 Hz, 7TH).

Yield: 57%. ESI-MS: [M+H]": 216.1.

Synthesis tert-butyl ((4R)-3-hydroxy-6-methylhept-1-en-4-yl)carbamate (36¢)

Under argon atmosphere, to a solution of compound 36b (1 equiv., 4.18 mmol) in anhydrous THF,
that was stirred on ice under anhydrous conditions for 5 minutes, vinylmagnesium bromide (1
equiv., 4.18 mmol) was added dropwise, and the reaction mixture was stirred at room temperature

for 3 hours. The solvent was removed under reduced pressure, and the residue was diluted with
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ethyl acetate, resulting in the formation of a white precipitate. The suspension was stirred at 0 °C for
15 minutes and then filtered through a Gooch crucible, washing with ethyl acetate. The filtrate was
concentrated as a yellow oil and purified by column chromatography using ethyl acetate/petroleum
ether (1.5:8.5) as the eluent, to afford 36¢ as a yellowish oil.

"H NMR (400 MHz, CDCls) § 5.93-5.78 (m, J = 23.4, 17.2, 10.5, 5.7 Hz, 1H), 5.37 — 5.15 (m, 2H),
4.63-4.44 (m, J= 8.8 Hz, 1H), 4.04 (s, 1H), 2.99 (d, /= 5.6 Hz, 1H), 1.75 — 1.57 (m, 2H), 1.51-1.47
(m, 1H), 1.53 - 1.43 (m, 9H), 1.30 - 1.19 (m, 1H), 1.00 — 0.86 (m, 6H).

Yield: 73%. MS-ESI: 243.35.

Synthesis tert-butyl (4R)-4-isobutyl-2,2-dimethyl-5-vinyloxazolidine-3-carboxylate (36d)
To a solution of compound 36¢ (1 equiv., 0.35 mmol) in CH2Cl: (4 mL), p-toluenesulfonic acid
(0.04 equiv., 0.014 mmol) was added under stirring at room temperature. After 5 minutes, 2,2-
dimethoxypropane (3.5 equiv., 1.22 mmol) was added, and the reaction mixture was stirred
overnight at room temperature. Upon completion, the mixture was diluted with CH2Cl. and
extracted with 5% aqueous NaHCO:s and brine. The organic phase was dried over anhydrous
NazS0s, filtered, and concentrated under reduced pressure to obtain the compound 36d, without
using any further purification as a yellow oil.

Yield: 65%. MS-ESI: [M+H]": 283.21.

Synthesis (4R)-3-(tert-butoxycarbonyl)-4-isobutyl-2,2-dimethyloxazolidine-5-carboxylic acid
(36e)

To a suspension of Ru (I'V) oxide hydrate (0.075 eq, 0.016 mmol) in water/acetone (1:1) cooled to
0°C, NalOg4 (6.5 eq, 1.38 mmol) was added. Then, 36d (1 eq, 0.21 mmol) dissolved in acetone was
added dropwise and the reaction was stirred for four hours at room temperature. Then, the mixture
was filtered on celite and washed by acetone. The filtrate was concentrated and subsequently
diluted by dichloromethane and filtered off to remove the white solid. The filtrate was then washed
by citric acid solution 10% and brine. Finally, it was dried over anhydrous sodium solfate, filtered
and concentrated under vacuum. The residue was directly used for the next step.

Yield: 80%. MS-ESI: [M+H]": 301.19.

Synthesis tert-butyl (4R)-4-isobutyl-2,2-dimethyl-5-(naphthalen-1-ylcarbamoyl)oxazolidine-3-
carboxylate (36f)
To a solution of 36e (1 eq, 0.13 mmol) in DMF, DIPEA (1.1 eq, 0.15 mmol, 0.026 mL) and HBTU

(1.1 eq, 0.15 mmol) were added at 0 °C and the mixture was stirred for 5 minutes. A solution of 1-
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naphthylamine (1 eq, 0.13 mmol) in DMF was then added dropwise. The reaction mixture was
stirred at room temperature for 16 hours. The solvent was evaporated under reduced pressure, and
the residue was diluted with dichloromethane and washed successively with 10% aqueous citric
acid, 5% NaHCO:s solution, and brine. The organic phase was dried over anhydrous sodium sulfate,
filtered, and concentrated under reduced pressure.

Yield: 62%. ESI-MS: [M+H]'": 427.25.

Synthesis (4R)-3-(tert-butoxycarbonyl)-4-isobutyl-2,2-dimethyloxazolidine-5-carboxylic acid
(36g)

To a solution of 36f (1 eq, 0.11 mmol) in CH2CL, trifluoroacetic acid (10 eq, 0.8 mL) was added.
The reaction mixture was stirred at room temperature for 48 hours. The solvent was then removed
under reduced pressure using a rotary evaporator. The resulting residue was filtered under vacuum
and washed with diethyl ether. Finally, the compound was purified by preparative HPLC to afford a
light yellow solid.

"H NMR (400 MHz, CDCls) § 9.41 (s, 1H), 8.01 (s, 2H), 7.80 — 7.73 (m, 3H), 7.64 (d, J= 8.2 Hz,
1H), 7.53 (dd, J = 14.0, 8.7 Hz, 1H), 7.48 — 7.38 (m, 2H), 4.82 (s, 1H), 3.97 (s, 1H), 1.62 (d, J =
23.0 Hz, 2H), 1.43 (d, J= 1.8 Hz, 3H), 0.85 (dd, /= 13.9, 9.1 Hz, 6H).

Yield: 73%. ESI-MS: [M+H]": 287.17.

Synthesis (R)-3-amino-5-methyl-N-(naphthalen-1-yl)-2-oxohexanamide (36h)

Under an argon atmosphere, Dess—Martin periodinane (1.6 equiv., 0.028 mmol) was added to a
solution of compound 36g (1 equiv., 0.017 mmol) in dichloromethane. The reaction mixture was
stirred at room temperature for 20 h and then concentrated under reduced pressure. The crude
product was purified by preparative HPLC to afford compound 36h.

'H NMR (400 MHz, CDCl3) § 9.99 (s, 1H), 8.08 — 8.02 (m, 1H), 7.89 — 7.82 (m, 1H), 7.76 — 7.66
(m, 2H), 7.60 — 7.47 (m, 2H), 7.24 (t, J= 8.0 Hz, 1H), 4.26 — 4.20 (m, 2H), 4.18 — 4.07 (m, 1H),
1.80 — 1.64 (m, 2H), 1.60 — 1.48 (m, 1H), 1.02 - 0.91 (m, 3H), 0.91 — 0.81 (m, 3H).

Yield: 46%. ESI-MS: [M+H]": 284.36.

Synthesis 3-isocyanato-5-methyl-N-(naphthalen-1-yl)-2-oxohexanamide

To afford 3-isocyanato-5-methyl-N-(naphthalen-1-yl)-2-oxohexanamide, compound 36h was
treated with triphosgene according to the experimental procedure used for the synthesis of methyl 2-

isocyanato-4-methylpentanoate (see Synthesis second class of compounds).
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General procedure of introduction of urea bond (37, 36i)

To a solution of 3-isocyanato-5-methyl-N-(naphthalen-1-yl)-2-oxohexanamide (1 equiv., 0.10
mmol) in DCM, a solution of piperazine (1 equiv., 0.10 mmol) in DCM was added dropwise,
followed by triethylamine (TEA, 1.1 equiv., 0.11 mmol). The reaction mixture was stirred at room
temperature for 48 hours. After completion, the reaction was diluted with DCM and washed with
10% aqueous citric acid and brine. The organic layer was separated, dried over anhydrous sodium
sulfate, filtered, and concentrated under reduced pressure. The crude product was purified by

column chromatography (ethyl acetate/petroleum ether, 1.5:8.5) to afford the desired compound.

benzyl (2S,55)-2,5-diisobutyl-4-(((R)-5-methyl-1-(naphthalen-1-ylamino)-1,2-dioxohexan-3-
yl)carbamoyl)piperazine-1-carboxylate (37)

"H NMR (500 MHz, CDCl3) § 8.08 — 8.02 (m, 1H), 7.88 — 7.83 (m, 1H), 7.71 (ddt, J=9.7, 8.9, 1.5
Hz, 2H), 7.59 — 7.48 (m, 2H), 7.38 — 7.33 (m, 4H), 7.31 — 7.21 (m, 2H), 6.83 (d, J= 8.2 Hz, 1H),
5.10 (s, 2H), 4.66 (dt, J = 8.0, 7.0 Hz, 1H), 4.06 — 3.95 (m, 2H), 3.93 — 3.84 (m, 2H), 3.75 (tdd, J =
8.6,5.7,2.9 Hz, 1H), 3.70 — 3.59 (m, 3H), 1.80 —1.57 (m, 6H), 1.54 — 1.37 (m, 3H), 0.98—0.75 (m,
18H).

3C NMR (500 MHz, CDCl3) § 190.96 (1C), 162.70 (1C), 159.00 (1C), 157.42 (1C), 136.03 (2C),
134.48 (1C), 128.11 (10C), 125.90 (1C), 124.13 (1C), 118.83 (1C), 67.47 (1C), 55.98 (1C), 52.48
(1C), 50.04 (1C), 48.31 (2C), 40.34 (3C), 24.93 (2C), 22.30 (6C).

Brown oil. Yield: 27%. MS-ESI: 642,84.

(2S8,55)-4,5-dibenzyl-2-isobutyl-N-((R)-5-methyl-1-(naphthalen-1-ylamino)-1,2-dioxohexan-3-
yl)piperazine-1-carboxamide (36i)

'"H NMR (500 MHz, CDCl5) § 8.08 — 8.02 (m, 1H), 7.88 — 7.82 (m, 1H), 7.71 (ddt, J=9.7, 8.8, 1.6
Hz, 2H), 7.59 — 7.48 (m, 2H), 7.33 — 7.16 (m, 11H), 6.83 (d, /= 8.2 Hz, 1H), 4.66 (dt, J= 8.0, 7.0
Hz, 1H), 3.88 (dd, J=11.4, 3.2 Hz, 1H), 3.75 (d, J=12.4 Hz, 1H), 3.62 — 3.49 (m, 3H), 3.03 —2.90
(m, 3H), 2.84 (dd, /= 10.8, 5.5 Hz, 1H), 2.71 (ddt, J=12.6, 8.0, 0.9 Hz, 1H), 1.80 — 1.59 (m, 4H),
1.54 — 1.40 (m, 2H), 0.98 — 0.77 (m, 12H).

White solid. Yield: 31%. MS-ESI: 632,85.

General procedure of catalytic hydrogenation and introduction of pyrazinoic acid residue or
Cbz (38, 39, 40)

To a solution of compound Cbz- or benzyl-piperazine (1 equiv., 0.29 mmol) in methanol (3 mL), a

few drops of 1 M HCI and 10% palladium on activated carbon (Pd/C) (1 equiv., 0.29 mmol) were
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added. The reaction vessel was saturated with hydrogen gas, and the mixture was stirred at room
temperature for 28 hours.
The reaction mixture was filtered through celite, washing with methanol.

The intermediates were directly used for the next step.

Introduction of pyrazinoic acid residue (38,40)

To a solution of 2-pyrazinoic acid (1.3 equiv., 0.13 mmol) in DMF at 0 °C, DIPEA (1.3 equiv., 0.13
mmol) and HATU (1.3 equiv., 0.13 mmol) were added, and the mixture was stirred for 10 minutes.
A solution of piperazine (1 equiv., 0.10 mmol) in DMF was then added dropwise, and the reaction
mixture was stirred at room temperature for 2 hours.

The solvent was removed under reduced pressure, and the residue was diluted with ethyl acetate. The
organic phase was sequentially washed with 10% aqueous citric acid, 5% aqueous NaHCOs, and
brine. The organic layer was dried over anhydrous Na.SOs, filtered, and concentrated under reduced
pressure.

The compound was purified by preparative HPLC.

(2S,55)-2,5-diisobutyl-N-((R)-5-methyl-1-(naphthalen-1-ylamino)-1,2-dioxohexan-3-yl)-4-
(pyrazine-2-carbonyl)piperazine-1-carboxamide (38)

'H NMR (500 MHz, CDCl3) § 9.05 (d, /= 1.4 Hz, 1H), 8.88 (dd, J= 3.6, 1.4 Hz, 1H), 8.79 (d, J =
3.5 Hz, 1H), 8.08 — 8.02 (m, 1H), 7.88 — 7.82 (m, 2H), 7.71 (ddt, /=9.7, 8.8, 1.6 Hz, 1H), 7.59 —
7.48 (m, 1H), 7.23 (s, 1H), 6.83 (d, /= 8.2 Hz, 1H), 4.66 (dt, /= 8.0, 7.0 Hz, 1H), 4.10 (dd, J =
10.9, 2.8 Hz, 1H), 4.02 — 3.89 (m, 3H), 3.77 (dd, /= 10.9, 5.6 Hz, 1H), 3.67 —3.60 (m, 1H), 1.73 —
1.61 (m, 6H), 1.55 - 1.42 (m, 3H), 1.00 — 0.75 (m, 18H).

3C NMR (500 MHz, CDCl3) § 190.80 (1C), 164.44 (1C), 163.13 (1C), 158.88 (1C), 148.48 (2C),
146.03 (1C), 143.82 (1C), 136.11 (1C), 134.07 (1C), 127.02 (7C), 119.25 (1C), 55.87 (1C), 53.00
(1C), 52.11 (1C), 48.17 (2C), 39.73 (3C), 24.67 (3C), 22.22 (6C).

Brown oil. Yield: 27%. MS-ESI: 614,79.

(2S,55)-5-benzyl-2-isobutyl-N-((R)-5-methyl-1-(naphthalen-1-ylamino)-1,2-dioxohexan-3-yl)-
4-(pyrazine-2-carbonyl)piperazine-1-carboxamide (40)

"H NMR (500 MHz, CDCls) § 9.05 (d, J = 1.5 Hz, 1H), 8.86 (dd, J = 3.6, 1.4 Hz, 1H), 8.79 (d, J =
3.5 Hz, 1H), 8.08 —8.01 (m, 1H), 7.87 - 7.82 (m, 1H), 7.75 - 7.67 (m, 2H), 7.60 — 7.48 (m, 2H),
7.35—-7.19 (m, 6H), 6.85 (d, J= 8.2 Hz, 1H), 4.60 (dt, J= 8.0, 7.1 Hz, 1H), 4.30 (tdd, /= 8.4, 6.4,
3.7 Hz, 1H), 4.15 (dd, J=10.9, 2.9 Hz, 1H), 4.06 (dd, J=11.6, 3.8 Hz, 1H), 3.92 (tdd, /= 8.6, 5.5,
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2.7 Hz, 1H), 3.84 (dd, J= 10.8, 5.5 Hz, 1H), 3.75 (dd, J= 11.6, 6.5 Hz, 1H), 3.05 (ddt, J = 12.8,
8.4, 0.9 Hz, 1H), 2.81 (ddt, J= 13.0, 8.6, 0.9 Hz, 1H), 1.76 — 1.63 (m, 4H), 1.54 — 1.42 (m, 2H),
0.82 —0.74 (m, 12H).

13C NMR (500 MHz, CDCl3) § 190.27 (1C), 164.86 (1C), 162.98 (1C), 159.11 (1C), 148.44 (2C),
146.00 (1C), 143.34 (1C), 137.80 (1C), 136.17 (1C), 134.32 (1C), 128.96 (10C), 125.45 (1C),
124.02 (1C), 119.32 (1C), 56.17 (1C), 53.29 (1C), 48.14 (2C), 41.18 (1C), 39.78 (1C), 37.90 (1C),
24.79 (2C), 22.13 (4C).

Yield: 26%. MS-ESI: 648,81

General procedure for introduction of Cbz on piperazine (39)

To a solution of piperazine (1 equiv., 0.07 mmol) in DCM, CBZ-OSu (1.1 equiv., 0.07 mmol) was
added, and the reaction mixture was stirred at room temperature for 30 minutes.

The solvent was removed under reduced pressure, and the residue was diluted with ethyl acetate and
extracted with 5% aqueous NaHCOs and brine.

The organic layer was dried over anhydrous Na.SOa, filtered, and concentrated under reduced
pressure.

The compound was purified by preparative HPLC.

Benzyl (2S,5S)-2-benzyl-5-isobutyl-4-((R)-5-methyl-1-(naphthalen-1-ylamino)-1,2-dioxohexan-
3-yl)carbamoyl)piperazine-1-carboxylate (39)

'H NMR (500 MHz, CDCl3) § 8.10 — 8.04 (m, 1H), 7.85 — 7.81 (m, 1H), 7.69 (ddt, J=9.7, 8.8, 1.5
Hz, 2H), 7.59 — 7.47 (m, 2H), 7.38 — 7.16 (m, 11H), 6.80 (d, J= 8.2 Hz, 1H), 4.99 (s, 2H), 4.65 (dt,
J=28.0,7.0 Hz, 1H), 4.22 (tdd, J = 8.6, 6.6, 3.8 Hz, 1H), 4.07 — 3.93 (m, 2H), 3.79 — 3.63 (m, 3H),
3.03 (ddt, J=12.8, 8.4, 0.8 Hz, 1H), 2.85 - 2.77 (m, 1H), 1.80 — 1.56 (m, 4H), 1.54 — 1.39 (m, 2H),
0.98 — 0.69 (m, 12H).

3C NMR (500 MHz, CDCl3) § 190.99 (1C), 163.12 (1C), 158.98 (1C), 157.29 (1C), 136.05 (3C),
133.89 (1C), 129.17 (15C), 125.91 (1C), 124.21 (1C), 119.43 (1C), 67.18 (1C), 56.16 (1C), 54.81
(1C), 52.25 (1C), 48.81 (1C), 47.46 (1C), 40.99 (1C), 39.30 (1C), 37.78 (1C), 24.78 (2C), 22. 62
(4C).

Yield: 38%. MS-ESI: 676.86.
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3.6.3 SYNTHESIS FLUORESCENT PROBES
Synthesis 41a

To a solution of Boc-L-leucine (1 equiv., 4.33 mmol) in DMF at 0 °C were added HOBt (1 equiv.,
4.33 mmol) and WSC (1 equiv., 4.33 mmol). A solution of N,O-dimethylhydroxylamine
hydrochloride (1.1 equiv., 4.76 mmol) and TEA (1 equiv., 4.33 mmol) in DMF was then added
dropwise, and the mixture was stirred at room temperature for 16 h. The solvent was evaporated
under reduced pressure, and the residue was diluted with ethyl acetate and successively washed
with 10% aqueous citric acid, 5% aqueous NaHCOs, and brine. The organic layer was dried over
anhydrous Na2SQs, filtered, and concentrated under reduced pressure. The crude product was
purified by column chromatography using ethyl acetate/petroleum ether (1:4) as eluent (Rf=0.4),
affording a clear oil.

'H NMR (400 MHz, DMSO): 6 6.9 (d, 1H), 4.4 (t, 1H), 3.7 (s, 3H), 3.13 (s, 3H), 1.6 (s, 1H), 1.3 (s,
9H), 0.8 (m, J =4 Hz, 7H).

Yield: 91%. ESI-MS: [M + H]* =275.24.

Synthesis 41b

To a suspension of LiAlH4 (5 equiv., 18.2 mmol) in anhydrous diethyl ether (15 mL) at 0 °C, a
solution of compound 41a (1 equiv., 3.64 mmol) in diethyl ether (5 mL) was added dropwise. The
reaction mixture was stirred for 30 min at room temperature. The excess reducing agent was
quenched with ice, and the mixture was filtered through Celite, washing with diethyl ether. The
filtrate was concentrated under reduced pressure, and the crude residue was purified by column
chromatography using ethyl acetate/petroleum ether (1:4) as eluent (Rf = 0.7), affording compound
41b as a yellow oil.

'H NMR (400 MHz, DMSO): 6 9.4 (s, 1H), 7.25 (s, 1H), 2.05 (s, 2H), 1.4-1.3 (d, ] = 1.36 Hz, 9H),
1.10-1.04 (t, J = 1.07 Hz, 2H), 0.89-0.78 (m, J = 0.83 Hz, 6H).

Yield: 42%. ESI-MS: [M + H]* =216.48.

Synthesis 41¢

To a solution of diethyl (methylsulfonyl)methylphosphonate 28 (1 equiv., 0.67 mmol) in anhydrous
THF (5 mL) under inert atmosphere at 0 °C was added NaH (2 equiv., 1.34 mmol), followed by a
solution of compound 41b (1 equiv., 0.67 mmol) in anhydrous THF (5 mL). The reaction mixture
was stirred at room temperature for 50 min, then diluted with ethyl acetate and successively washed

with 1 M HCI, saturated NaHCOs3, and brine. The organic phase was dried over anhydrous Na:SOsa,
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filtered, and concentrated. The residue was purified by column chromatography using ethyl
acetate/petroleum ether (1:4) as eluent (Rf = 0.3), affording compound 41c as a brown oil.

Yield: 69%. ESI-MS: [M + H]* = 292.11.

Synthesis 41d

To a solution of compound 41¢ (1 equiv., 0.45 mmol) in CH2Cl» (1.3 mL) was added trifluoroacetic
acid (0.9 mL), and the mixture was stirred at room temperature for 30 min. The solvent was
evaporated under reduced pressure to afford a brown oil, which was used without further

purification.

Yield: 98%. ESI-MS: [M + H]* = 192.25.

Synthesis 41e

To a solution of compound 41d (10 equiv., 0.52 mmol) in methanol (2.5 mL) were added 1 M HCI
and 10% Pd/C (1 equiv., 0.052 mmol). The atmosphere was saturated with hydrogen, and the
reaction mixture was stirred for 16 h at room temperature. The catalyst was removed by filtration
through Celite, washing with methanol.

Yield: 22%. ESI-MS: [M + H]* = 194.23.

Synthesis 42b

To a solution of Ha2N(Ahx)s-Leu-Leu-OH 42a (1 equiv., 0.27 mmol, previously obtained in solid
phase) in DMF (5 mL) were added DIPEA (5 equiv., 1.35 mmol) and di-tert-butyl dicarbonate (1.2
equiv., 0.32 mmol). The reaction mixture was stirred at room temperature for 16 h, and the solvent

was evaporated without further purification, affording compound 42b as a brown oil.

General procedure of amidic coupling (42c, 42¢)

To a solution of compound 42b (1.3 equiv., 0.13 mmol) in DMF (5§ mL) at 0 °C were added DIPEA
(1.3 equiv., 0.13 mmol) and HATU (1.3 equiv., 0.13 mmol). After 10 min, a solution of compound
41 d and 41e (1 equiv., 0.10 mmol) in DMF (1.7 mL) was added dropwise, and the mixture was
stirred at room temperature for 16 h. The solvent was removed, and the residue was diluted with
ethyl acetate and washed successively with 10% aqueous citric acid, 5% aqueous NaHCOs, and
brine. The organic phase was dried over anhydrous Na-SOs, filtered, and concentrated.

The crude product were purified by preparative HPLC.
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tert-butyl (13R,16R,195)-4,7,10-tributyl-13,16-diisobutyl-21-methyl-19-((E)-2-
(methylsulfonyl)vinyl)-5,8,11,14,17-pentaoxo-2,3,6,9,12,15,18-heptaazadocosanoate (42c)
Yield: 38%. ESI-MS: [M + H]" = 857.98.

tert-butyl (13R,16R,19S5)-4,7,10-tributyl-13,16-diisobutyl-21-methyl-19-(2-
(methylsulfonyl)ethyl)-5,8,11,14,17-pentaoxo-2,3,6,9,12,15,18-heptaazadocosanoate (42e)
Yield: 10%. ESI-MS: [M + H]" = 859.34.

Synthesis 42d and 42f

To a solution of compound 42c¢ or 42¢ (1 equiv., 0.05 mmol) in dichloromethane (1 mL) was added
trifluoroacetic acid (0.5 mL), and the reaction mixture was stirred for 30 min at room temperature.
The solvent was removed under reduced pressure, and the residue was filtered through a Gooch

filter, washing with diethyl ether. The compound was used without further purification.

N-((4S,7R,10R)-13-butyl-7,10-diisobutyl-2-methyl-4-((E)-2-(methylsulfonyl)vinyl)-6,9,12,15-
tetraoxo-5,8,11,14-tetraazaicosan-16-yl)-2-hydrazinylhexanamide (42d)
Yield: 56%. ESI-MS: [M + H]* = 757.93.

N-((4S,7R,10R)-13-butyl-7,10-diisobutyl-2-methyl-4-(2-(methylsulfonyl)ethyl)-6,9,12,15-
tetraoxo-5,8,11,14-tetraazaicosan-16-yl)-2-hydrazinylhexanamide (42f)
Yield: 67%. ESI-MS: [M + H]* = 759.54.

General procedure of synthesis of final probes 43 and 44

To a solution of compound 8g (1.1 equiv., 0.0036 mmol) in CHsCN (0.5 mL) and H20 (0.5 mL)
was added TEA (1.1 equiv., 0.0036 mmol). A solution of Bodipy NHS ester (1 equiv., 0.0033
mmol) in CHsCN (1.5 mL) was then added dropwise, and the mixture was stirred for 10 min at
room temperature. The solvent was evaporated, and the crude product was purified by preparative

HPLC.

N-((4R,7R,10R)-13-butyl-7,10-diisobutyl-2-methyl-4-((E)-2-(methylsulfonyl)vinyl)-6,9,12,15-
tetraoxo-5,8,11,14-tetraazaicosan-16-yl)-2-(2-(3-(5,5-difluoro-7,9-dimethyl-5,9a-dihydro-
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514,614-dipyrrolo[1,2-¢:2',1'-¢][1,3,2]diazaborol-3-yl)propanoyl)hydrazinyl)hexanamide (43)
Probe 1
The final probe was afforded as a orange-red solid.

Yield: 56%. ESI-MS: [M + H]"* =1031.69. HPLC: tr= 14.50 min.

N-((4R,7R,10R)-13-butyl-7,10-diisobutyl-2-methyl-4-(2-(methylsulfonyl)ethyl)-6,9,12,15-
tetraoxo-5,8,11,14-tetraazaicosan-16-yl)-2-(2-(3-(5,5-difluoro-7,9-dimethyl-5,9a-dihydro-
514,614-dipyrrolo[1,2-¢:2',1'-¢][1,3,2]diazaborol-3-yl)propanoyl)hydrazinyl)hexanamide (44)
Probe 2

The second probe was afforded as a yellow-orange solid.

Yield: 67%. ESI-MS: [M + H]* = 1033.46. HPLC: tr= 20.10 min.
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3.7 BIOLOGICAL EXPERIMENTAL SECTION

3.7.1 Materials and Methods

For in vitro assays, HeLa cell lines—immortalized and highly stable human cervical cancer cells—
were employed.
Cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal
bovine serum (FBS), penicillin, and streptomycin to promote cell growth and prevent bacterial
contamination.

Phosphate-buffered saline (PBS) was used for washing the cultures, while cell counting was
performed using Trypan Blue dye and a Biirker counting chamber.

Plasticware employed included filter-cap flasks for cell culture and growth, Eppendorf tubes and
micropipettes of various volumes for cell transfer, and multiwell plates for biological testing.
As reference compounds, MG132, Pimozide, and DMSO were used. Fluorogenic diagnostic probes
Bl and B2, synthesized in-house, were employed to assess proteasome activity.

Fluorescence analysis was carried out using a BD FACSCanto II flow cytometer.

3.7.2 Sample Preparation Procedures

Each experiment was repeated several times to ensure reproducibility and statistical reliability; results
were standardized by calculating the arithmetic mean of the obtained values.

All procedures and dilutions were performed under identical conditions in each trial.

3.7.3 Cell Seeding

Initially, the density of HeLa cells cultured in flasks was evaluated under an optical microscope.
When confluency was reached, the culture medium was removed, and the cells were washed with 4
mL of PBS. Then, 0.5 mL of trypsin was added, and the flask was incubated for 5 min at 37 °C. After
incubation, 5.5 mL of fresh medium was added to neutralize trypsin activity.

Cell counting was performed using a Biirker chamber: 50 pL of the cell suspension was mixed with
50 pL of Trypan Blue, and 50 pL of this mixture was loaded into the chamber.

Representative cell counts were as follows:

Upper right chamber: 69 cells

Lower left chamber: 44 cells
69 +44
> =

56.5

X =
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To ensure accuracy, the procedure was repeated, yielding the following counts:

Upper right chamber: 67 cells

Lower left chamber: 44 cells
67+44

X = 55.2

2

The arithmetic mean of all four measurements was calculated and used to determine the cell
concentration according to the Biirker formula, resulting in 1.12 x 10° cells/mL.
Based on this concentration, the volume of the mother suspension required to obtain 200,000 cells

per well was calculated.

Considering 13 wells, the total number of cells needed was 2.6 % 10¢ cells.

Since each well required 2 mL of suspension, a total of 25 mL was necessary for seeding.
Accordingly, 2.32 mL of the original cell suspension was diluted to a final volume of 25 mL with
fresh medium, and 12 wells were seeded with 2 mL each.

The seeded plate was incubated at 37 °C for approximately 5 hours.

3.7.4 Loading of Compounds

After 5 hours of incubation, the wells were treated with the reference compounds.
o In the first two wells, 1 pL of sterile DMSO was added to each as a control.
e The reference compounds MG132 and Pimozide were diluted at a 1:10 ratio in the vehicle
(DMSO), and 1 pL of each solution was added per well.
e The test compounds, according to the established protocol, were added to the wells at a
final concentration of 10 mM. The corresponding dilution in DMSO was prepared using

the following formula:

nmol: x mL=0.01: 100 mL
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3.7.5 Loading of Fluorescent Probes

After 16 hours of incubation, the fluorescent probes were loaded into the wells. In this experiment, 6
wells were assigned to the vinyl-sulfonic probe and 6 wells to the sulfonic probe. According to the
protocol, both compounds were diluted 1:400 in the selected growth medium.

To calculate the total volume of medium required for the dilution: given the 1:400 dilution, 1 pL of
probe is required per well. Therefore, 6 pL of the vinyl-sulfonic probe were dissolved in 2.4 mL of
medium, and 6 pL of the sulfonic probe were dissolved in a separate 2.4 mL of medium.

Prior to adding the probes, the previous medium was removed, and the wells were washed with PBS.
Subsequently, 400 pL of the diluted probe solution was added to each well. The plate was then

incubated for 2 hours.

3.7.6 Sample Preparation for FACS Analysis

At the end of the incubation, samples were prepared for analysis using a flow cytometer. The culture
medium was removed, and each well was rinsed with 0.5 mL of PBS. Subsequently, 0.5 mL of PBS
was added, and the plate was incubated for 30 minutes. After incubation, the PBS was removed, and
3 drops of trypsin were added to each well, followed by a 5-minute incubation. Fresh growth medium
was then added, and the cells were transferred to appropriate FACS tubes. Samples were centrifuged
for 5 minutes at 1500 rpm. After centrifugation, the supernatant was discarded, and 150 pL of PBS

was added to each sample.
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3.7.7 Calculation of Activity Values

Each compound was tested in triplicate. The activity percentages were calculated as the arithmetic
mean of the three values obtained for each experiment and each compound. The activity of the
proteasome in the presence of DMSO was considered as 100%, and all other values were normalized

relative to this reference.

Compounds | Fluorescence values measured in the presence | Fluorescence values measured in the presence

of the vinyl-sulfonic probe of the sulfonic probe.
First Second Third First Second Third
experiment experiment experiment experiment experiment experiment
DMSO 179 196 65 74 76 35
MG132 126 139 46 83 78 34
Pimozide 314 306 88 103 59 30
5 193 190 65 77 66 26
6 206 199 74 80 79 34
8 96 188 107 54 62 57
9 135 151 140 47 56 52
1 147 161 148 67 70 65
12 132 137 110 53 49 56
13 140 140 175 68 77 97
14 144 142 136 77 74 64
16 179 188 69 74 75 31
17 183 195 73 77 80 35
18 130 160 130 42 65 43
19 170 139 152 84 47 60
21 173 151 110 94 62 58
22 142 179 138 67 94 50
23 146 165 156 80 74 64
24 140 150 120 64 87 46

Table 1. Fluorescence measurements obtained for the first class of compounds in all experimental runs.

COMPOUNDS Average proteasome activity percentages
DMSO 100
MG132 66
Pimozide 187
5 114
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6 106

8 97

9 103
11 91
12 98
13 79
14 80
16 118
17 94
18 107
19 106
21 98
22 97
23 83
24 85

Table 2.

Mean values of % proteasome activity for the first class of compounds in all experimental runs.

Compounds | Fluorescence values measured in the presence | Fluorescence values measured in the presence
of the vinyl-sulfonic probe of the sulfonic probe.
First Second Third First Second Third
experiment experiment experiment experiment experiment experiment
DMSO 179 196 65 74 76 35
MG132 126 139 46 83 78 34
Pimozide 314 306 88 103 59 30
26 193 190 65 77 66 26
27 206 199 74 80 79 34
29 96 188 107 54 62 57
30 135 151 140 47 56 52
32 147 161 148 67 70 65
33 132 137 110 53 49 56
34 140 140 175 68 77 97
35 144 142 136 77 74 64
37 179 188 69 74 75 31
38 183 195 73 77 80 35
39 130 160 130 42 65 43
40 170 139 152 84 47 60
23 146 165 156 80 74 64
24 140 150 120 64 87 46
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Table 3. Fluorescence measurements obtained for the second class of compounds in all experimental runs.

COMPOUNDS Average proteasome activity percentages
DMSO 100
MG132 81

Pimozide 187
26 71
27 77
29 62
30 70
32 83
33 87
34 79
35 82
37 72
38 72
39 78
40 81

Table 4. Mean values of % proteasome activity for the second class of compounds in all experimental runs.
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4 PROJECT 2: BIOLOGICAL SCREENING OF INTERNAL LIBRARY OF
COMPOUNDS

The field of developing new proteasome modulators remains highly dynamic, owing to the growing
therapeutic interest in this target. On one hand, the search for improved proteasome inhibitors is still
crucial, particularly in light of the limitations associated with currently available drugs.

On the other hand, the exploration of proteasome activators has become increasingly compelling.
Indeed, the study of proteasome activation represents a potential paradigm shift in the treatment of
neurodegenerative disorders, driving efforts to identify molecules capable of enhancing proteasome

function.

To date, the principal approach for identifying small-molecule proteasome activators has relied on
screening clinically relevant drug libraries.!?3-12

Hits emerging from these collections are typically subjected to medicinal chemistry optimization to
eliminate activity at their original targets while retaining, or improving, efficacy toward the

proteasome. '*’

A potentially more effective strategy would involve defining the true binding pockets of current 20S
activators through proteomic or crystallographic techniques. Although seemingly straightforward in
theory, this effort is complicated by the presence of multiple potential binding sites and numerous

activation mechanisms within the large 2.5-MDa proteasome complex.

Lack of Standard Assays for Efficacy Studies '%

Canonical proteasome activity assays employ peptide substrates specific for each of the proteasome’s
catalytic sites (CT-L: Suc-LLVY-AMC; Tryp-L: Boc-LRR-AMC; Casp-L: Z-LLE-AMC), each
carrying a C-terminal fluorophore that becomes fluorescent upon proteasomal cleavage. %
Although widely used, these assays present intrinsic limitations. On the one hand, the small size of
these peptides allows them to pass through the narrow gate of the latent 20S proteasome, leading to
elevated and variable baseline activity, which can compromise assay reliability. On the other hand,
these primary screens rely on purified 20S proteasome and fluorogenic peptides that are specific to
individual catalytic sites, thereby neglecting the allosteric interaction between the three catalytic sites
that collectively orchestrates protein degradation. *° Consequently, compounds that selectively
stimulate the other catalytic sites or act upstream of the proteasome are likely to be missed in these

assays.
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The search for proteasome agonists has driven the development of innovative assays designed to
overcome existing limitations and validate the therapeutic potential of targeting proteotoxic disorders.
These include IDP-based biochemical assays employing physiologically relevant substrates, mass
spectrometry-based assays that eliminate non-bona fide activators, peptide-FRET reporters to
minimize background activity, and proteasome activity-based probes for high-throughput cellular

screening. 131,123, 125,126

4.1 AIM OF THE PROJECT

As previously discussed, the pursuit of novel proteasome activators by direct targeting of the site
responsible for their modulation remains challenging, as the precise binding sites of these small

molecules within the proteasome have yet to be identified.

In line with the approaches commonly adopted in this field, an in vitro biological assay was developed
to facilitate the screening of an internal compound library.

The choice of the assay was a critical step, as the overarching goal was to efficiently identify a subset
of compounds capable of modulating proteasome activity. Importantly, the selected assay allowed for
the simultaneous assessment of both positive and negative modulatory effects, thereby providing a
comprehensive evaluation of compound activity.

Another essential requirement was the ability to evaluate proteasome activity within a cellular
context, thereby allowing detection of all potential modes of compound-mediated modulation. Indeed,
reliance on purified proteasome complexes would have precluded the identification of compounds
capable of exerting allosteric effects or modulating the transcriptional regulation of proteasome-

encoding genes.

To meet these criteria and building upon the work of Leestemaker et al.!?®, an in vitro fluorogenic
assay was developed and fully standardized, employing two fluorogenic probes. The emitted
fluorescence was measured to enable precise quantification of proteasome activity in the presence of
the tested compounds.

The activity of the probes is described in Paragraph 3.4 and their synthesis is detailed in Paragraph
3.3.

A preliminary screening was performed using the HeLa cell line (human cervical carcinoma),

starting from an internal library of 200 compounds. This library included synthetic intermediates,
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derivatives originally designed for other pharmacological targets—some of which were inactive—as
well as peptides primarily acting on GPCR receptors, such as NOP.

The choice of this cell line for the initial screening was driven both by practical considerations, given
the exploratory nature of the assay, and by the need to employ a well-established model system for
investigating fundamental aspects of cellular physiology. >3

Each compound was tested in triplicate, and the biological effect was expressed as the percentage of
proteasome activity relative to three reference treatments: DMSQO, which does not affect proteasomal

function and therefore represents basal activity; MG132, a well-established proteasome inhibitor; and

pimozide, a known proteasome activator.

Graph 3 illustrates the molecules that exhibited a measurable modulatory effect on proteasome

activity:

Screening on HeLa cells
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Graph 3. Effects of compounds exhibiting modulatory activity on the proteasome in the preliminary screening

conducted on HeLa cells.

The preliminary screening enabled the identification of ten compounds that exerted modulatory
effects on the proteasome. Of these, nine emerged as positive modulators, exhibiting an average
activity above 120%, while a single compound, AS2, showed modest inhibitory properties. The
general chemical scaffolds of the active compounds are summarized in Figure 22, providing a visual

overview of the structural diversity associated with proteasome modulation.
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Figure 22. General chemical structures of the ten compounds exhibiting notable modulatory activity in HeLa cells.

Among the nine compounds that demonstrated positive modulation of the proteasome, a diverse array
of central scaffolds was observed, including pyrimidinedione (GMRS), triazaspiro (GMRT71,
MF1024, and MF3053), dihydropurine (GMR86), spiroindole (TRAP6), and thiophene-based cores

(TRAP10), reflecting notable structural diversity among the active modulators.

By contrast, the single compound exhibiting mild inhibitory activity against the proteasome is
characterized by a quinoxalinone core (AS2), highlighting a distinct chemical framework associated

with proteasome inhibition.

The compounds previously identified as exhibiting biological activity on the proteasome were
subjected to a subsequent screening step across three additional cell lines: MDA-MB-231 (human
breast adenocarcinoma), HCT116 (human colorectal carcinoma), and HaCat (immortalized human

keratinocytes).
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The decision to extend the screening to four cell lines was motivated by the need to determine whether
compound activity is consistent across distinct cellular contexts, taking into account both differences

in cellular origin and variability in the protein composition of the ubiquitin—proteasome system.

The corresponding biological results are presented and discussed separately in the sections “Project

2a” and “Project 2b.”
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5 PROJECT 2a: SYNTHESIS AND BIOLOGICAL EVALUATION OF PROTEASOME
INHIBITORS WITH QUINOXALIN-2-ONE STRUCTURE

The aformentioned screening campaign on Hela cells has led to the identification of a compound,
designated AS2, depicted in Figure 23, that exhibits a marked capacity to modulate proteasome

activity. Notably, this molecule has demonstrated promising inhibitory effects on the proteasome.

seas

Figure 23. Structure of compound AS2.

AS?2 is characterized by a quinoxalin-2-one scaffold, bearing a benzyl substituent at the N position
and an anilide moiety at position 3. As evident from its structure, the molecule lacks any reactive
functional group capable of interacting with the well-characterized catalytic site of the proteasome.
This observation suggests the possibility of an alternative mechanism underlying its inhibitory
activity.

Indeed, several noncanonical pathways of proteasome downregulation have been reported in the

literature, although none have yet yielded therapeutically approved agents.

Among the mechanisms recurrently highlighted in the literature, the most prominent non-canonical

pathways implicated in the attenuation of proteasomal activity are outlined below.

a) Modulation of E3 ubiquitin ligases

E3 ubiquitin ligases constitute a pivotal class of enzymes responsible for conferring substrate
specificity during protein ubiquitination, thereby directing selected proteins toward degradation. '3’

Targeted protein degradation through small molecules has emerged as a powerful therapeutic
approach, as evidenced by the clinical success of thalidomide analogues in treating hematologic
malignancies. Compounds such as lenalidomide and pomalidomide function by modulating the
activity of the CRL4“®BN E3 ubiquitin ligase complex (comprising CUL4, RBX1, DDB1, and CRBN),
thereby promoting recruitment and ubiquitination of neo-substrates such as IKZF1, IKZF3, and

CKla. This process ultimately results in their proteasomal degradation.'
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Furthermore, quantitative proteomics revealed that lenalidomide selectively induces ubiquitination
and subsequent degradation of two lymphoid transcription factors, IKZF1 and IKZF3, through the
CRBN-CRL4 E3 ubiquitin ligase complex. These transcription factors are essential regulators in
multiple myeloma. A single amino acid substitution in IKZF3 was found to confer resistance to
lenalidomide-induced degradation, thereby preventing the associated inhibition of cell proliferation.
Moreover, the lenalidomide-induced interleukin-2 (IL-2) production in T cells was attributed to
IKZF1 and IKZF3 depletion. Collectively, these findings highlight a novel mechanism of action in

which modulation of E3 ubiquitin ligase activity results in selective degradation of disease-relevant
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proteins (Figure 24)."%’

Figure 24. Structure of Lenalidomide (a) and Pomalidomide (b).

b) Mutations on catalytic site of enzyme E2 CDC34
Despite the extensive focus on ubiquitin ligases (E3s) and deubiquitinating enzymes (DUBs), largely
due to their substrate specificity, the roles of most ubiquitin-conjugating enzymes (E2s) remain
comparatively underexplored. While it is established that E2 enzymes transport activated ubiquitin
and form complexes with E3 ligases, their broader functional contributions are not fully elucidated.
For instance, the E2 enzyme CDC34 is known to promote degradation of downstream targets via the

ubiquitin—proteasome system (UPS), yet its non-catalytic roles remain largely elusive. '3

Indeed, although ubiquitination specificity has traditionally been ascribed predominantly to E3
ligases, growing evidence indicates that E2 enzymes also exert pivotal influence over substrate

selection and determine the architecture of ubiquitin chains during this process.'*

Silencing CDC34 has been demonstrated to decrease the degradation of p27¥iP! and to impede cell
proliferation, an effect most likely attributable to compromised ubiquitination and the ensuing
stabilization of the target protein.'*’

Elevated CDC34 expression levels have been reported in various tumors, including T-cell acute
lymphoblastic leukemia'*!, multiple myeloma'#?, and hepatocellular carcinoma cell lines!*,

suggesting that CDC34 may represent a promising therapeutic target in cancer treatment.
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A small molecule, termed CC0651, shown in Figure 24, has been identified as a selective inhibitor
of human CDC34 (hCDC34). Structural studies revealed that CC0651 binds to a cryptic allosteric
pocket on hCDC34, distal to the catalytic site, inducing subtle yet widespread conformational changes
in secondary structural elements of the E2 enzyme.

Analogues of CC0651 have been shown to inhibit the proliferation of human cancer cell lines and

promote the accumulation of p27%!| a known substrate of the SCF**? ybiquitin ligase complex.'#*

Figure 25. Chemical structure of CC0651.

¢) Noncompetitive modulators

Another mechanism of target modulation that has gained attention is referred to as noncompetitive
modulation. Noncompetitive modulators bind to sites distinct from the catalytic core, altering enzyme
behavior without directly competing with substrates. 4’

Owing to its complex composition of multiple subunits, diverse enzymatic activities, and associated

regulatory proteins, the proteasome represents an ideal target for allosteric modulation.'#¢

First, proper proteasome function requires tightly coordinated action among all catalytic subunits,
achieved either through direct molecular interactions or through auxiliary regulatory interfaces—to
ensure the full execution of proteolytic activity. Moreover, in the quiescent core particle, the
sophisticated gating structure constituted by the o-rings effectively occludes the entrance to the
central channel and the catalytic chamber. Increasing evidence suggests that allosteric signaling is a
major mechanism by which this gate can be transitioned from a closed to an open conformation.'*’

Therefore, it is conceivable that compounds regulating the proteasome activity in an allosteric manner

may offer an alternative type of discriminating capabilities between healthy and mutated cells.!*

It is acknowledged that the 19S CAP and PA28 activator allosterically regulate gate dynamics,
independently of their ability to physically clear the substrate entry path. '* Conversely, genetic
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deletion of gate elements induces permanent opening and results in severe physiological

consequences. !>

Several examples of nonpeptidic noncovalent proteasome modulators have been reported, including

154155 qulfone or piperazine agents,'>® and

phakellins'!, oxadiazoles,'*? hydroxyureas,'>* imidazolines
tamoxifen derivatives.!®’
Furthermore, substituted quinolines and a novel series of naphthoquinone derivatives, identified and
optimized by Lawrence and colleagues, represent promising classes of non-peptidic, non-covalent
inhibitors of the proteasome. 1>
Notably, the quinoxalinone core has also emerged as a promising non-competitive inhibitor of the
proteasome: 5-amino-8-hydroxyquinoline (5-AHQ, Figure 25) has been reported as a non-
competitive inhibitor of the human proteasome.'>
Furthermore, 5-AHQ demonstrated efficacy against bortezomib-resistant cell lines, highlighting a
key advantage of employing mechanistically distinct classes of proteasome inhibitors. 16
NH,
=

NS

N
OH

5-amino-8-hydroxyquinoline

Figure 26. Structure of 5-AHQ.

Quinoxalines display a wide array of pharmaceutical activities such as anticancer '®!, antimicrobial

163,164

162 and anti-inflammatory properties , and were identified as non-covalent proteasome inhibitors

by Tepe et al.!®

Beyond its potential to overcome acquired resistance to active-site inhibitors, noncompetitive
modulation of enzyme activity may also offer the advantage of reduced off-target interactions - and
associated toxicities- and improved tolerability. Nevertheless, small-molecule noncompetitive
inhibitors of the proteasome remain limited, and those identified to date generally exhibit activity

only at high or non-physiological concentrations.
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5.1 AIM OF THE STUDY

In recent years, quinoxaline derivatives have received considerable attention owing to their diverse
biological properties and broad pharmaceutical potential.'®
In particular, over the past two decades, numerous 2-oxo and 2,3-dioxo quinoxaline derivatives have

been reported, along with studies detailing their biological activities.'®’

Carta and colleagues escribed the synthesis and biological evaluation of more than 150 quinolin-2-
one derivatives, many of which exhibited noteworthy antimicrobial activity. %5172

Across several studies, variations at positions 1 and 3 of the quinolin-2-one scaffold—particularly the
introduction of CFs, Cl, and CH:Br substituents—were shown to produce differential biological
effects against various bacterial strains.

Moreover, several quinoxalinone derivatives with promising antiviral profiles have been designed by

exploiting structural features of of Efavirenz'”>'7® and GW-420867X'""'8, two well-known non-

nucleoside HIV-1 reverse transcriptase inhibitors (NNRTIs).

Another promising area of application for this scaffold lies in the development of dipeptidyl
peptidase-IV (DPP-IV) inhibitors, a validated therapeutic approach for the treatment of type 2
diabetes.!” Hwang et al. conducted preliminary structure—activity relationship (SAR) study on a
series of N-ureido and N-thioureido quinoxalinediones, identified through high-throughput

screening. '8¢

Besides, a series of quinoxalinone derivatives, variously substituted on the benzene ring and bearing
different aminoalkyl chains at position 1, were synthesized by Sparatore and colleagues and evaluated
for their deconditioning, analgesic, and antispastic activities.'®!!8 The authors also investigated the
interaction with D; and D> receptors, concluding that the observed biological activity was not
mediated by dopaminergic pathways, thereby hypothesizing involvement of alternative receptor

systems. 84

Additional medicinal applications include the development of antithrombotic agents, in which Ries

1185

eta and Edmunds et al.'®® demonstrated that introduction of an ethylbenzimidamide moiety at

position 3 enhanced pharmacological potency.

Finally, from the 1980s to recent years, several quinoxalinone derivatives have been identified with

anticancer properties, demonstrating notable antiproliferative activity!’!. In 2021, Eissa et al.
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synthesized and reported a new class of quinoxaline-2(1H)-one-based inhibitors targeting VEGFR-2,

further underscoring the therapeutic versatility of this chemotype.'®’

Despite the extensive body of literature describing the diverse therapeutic activities associated with
the quinoxaline scaffold, its potential application as a proteasome inhibitor has not previously been
explored.

In light of recent biological screening results identifying compound A2 as a promising proteasome
inhibitor, further investigation was undertaken to assess the feasibility of extending the therapeutic
scope of core structure. This objective aligns with the broader aim of establishing an alternative

strategy for proteasome inhibition using a novel chemotype.

Given the therapeutic potential associated with the well-established applicability of the quinoxaline
core, a series of seven final compounds was synthesized through systematic modifications of the
central scaffold, with particular focus on structural variations at positions 1 and 3.

Specifically, efforts were directed toward the introduction of substituents with varying electronic and
steric properties—such as halogens and methoxy groups—at the para position of the benzyl moiety
at position 1. At position 3, various para-substituted anilines and a benzylamine group were

introduced to further expand the molecular framework (Figure 27).

\ O /@ N 49.R1=H, R2=H, n=0;
AN N S N o 50. Ri=Cl, R2= H, n=0;
@ r‘\H @ H/H\©\ 51.R1=F, R2=H, n=0;
N @] ‘ N R, 52.Ri=0OMe, R2=H, n=0;

53.R1=H, R2=C], n=0;
54.R1=H, R2=F, n=0;
55.Ri=H, R2=H, n=1.

(0]

AS2 49-55

Figure 27. General modifications introduced on the quinoxalin-2-one scaffold to investigate their impact on proteasome

activity.
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5.2 SYNTHESIS

The series of compounds 48-54 were synthesized using a four-step synthetic procedure, described in

Scheme 27.

0] O
o Ol O e OO
R, NH; H@ NS0

45a-d benzene-1,2-diamine 46a-d R4 47a-d

R4

0 O
N N 49. Ri1=H, R2=H, n=0;
iii N OH iv N N 4 50. Ri= Cl, R2= H, n=0;
- @ — @ HH\©\ 51. R1=F, R2=H, n=0;
N 0] N (@] R, 52. Ri= OMe, R2=H, n=0;

53. Ri=H, R2=Cl, n=0;
54. Ri=H, R2=F, n=0;
55. Ri=H, R>=H, n=1.
R1 R1
49-55

48a-d
45-48a. R1=H
45-48b. R1= Cl
45-48¢c. RiI=F
45-48d. R1= OMe

Experimental conditions.

i. NaBH., methanol, r.t. six hours.

ii. diethyl 2-oxomalonate, acetic acid in
toluene, reflux for one hour.

iii. NaOH 2N, ethanol, r.t one hour.

iv. HBTU, DIPEA, DMF, r.t. overnight.

Scheme 27. General synthetic strategy for the preparation of compounds 49-55.

The synthesis begins with a reductive amination between 1,2-phenylenediamine and the appropriate
para-substituted benzaldehydes (R:), affording intermediates 46a—d, using sodium boro hydride as
reductive agent in methanol. Subsequent cyclization in refluxing toluene in the presence of glacial

acetic acid furnishes the 2-oxoquinoxaline core, yielding intermediates 47a—d (Scheme 28).

(0]
NH, O O ii Ns o
/\OWJ\O/\ @
N 0 N0
46a-d R 47a-d

Scheme 28. Representation of the second reaction step.
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The presence of acetic acid promotes the protonation of the ketonic carbonyl oxygen, thereby
facilitating the nucleophilic attack by the primary amine. Upon heating, a molecule of water is
eliminated, and the other amino group attacks the ester carbon, enabling ring formation and extension

of conjugation. The mechanism is depicted in Scheme 29.

(@] (@] 0
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(@) ) (@] -_FH N O/\
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N H,0
46a-d R L Ri  J  ~“oH
o)
. 47a. Ri=H
NS0 47b.Ri=Cl

47a-d 47¢c. Ri=F
K@\ 47d. Ri= OMe
R

Scheme 29. Mechanistic pathway of the reaction’s second step.

The synthesis then proceeds with hydrolysis of the ester functionality in the presence of sodium
hydroxide in ethanol, affording the corresponding carboxylic acid derivatives 48a—d. The final
transformation entails amide-bond formation between compounds 48a-d and the appropriately
substituted anilines or benzylamine. This coupling, carried out in DMF using HBTU and DIPEA,
ultimately furnishes the final compounds 49-55.

Finally, an additional compound was synthesized based on the modification of intermediate 47¢. In
this case, an analogue was prepared in which the 4-fluorobenzene moiety was distanced from the
central quinoxalin-2-one core through a propylene linker, as depicted in Scheme 30. This structural
alteration was designed to investigate potential changes in biological activity by increasing the

separation of the aromatic ring at position 1, ultimately leading to the synthesis of compound 57.
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Experimental conditions.

i. diethyl 2-oxomalonate, acetic acid,
toluene, 130°C, one hour.

ii. tert-butyl (3-bromopropyl)carbamate,
K>CO3, DMF, rt, 16 hours.

iii. TFA, DCM, rt, one hour.

iv. HBTU, DIPEA, DMF, r.t. overnight.

Scheme 30. General synthetic strategy for the preparation of compound 57.

The synthetic sequence begins with the cyclization of ortho-aminoaniline to generate the 2-
oxoquinoxaline core, leading to derivative S6a. This transformation is carried out in toluene under
reflux in the presence of glacial acetic acid, following the same protocol employed for the preparation
of compounds 47a-d. Under these conditions, the diamine undergoes intramolecular condensation to
afford the heterocyclic scaffold in high efficiency, thereby establishing the structural framework
required for subsequent derivatization.

The following step involves a nucleophilic substitution at the N1 position using tert-butyl (3-
bromopropyl)carbamate as the electrophilic partner to obtain the intermediate 56b. This reaction is
carried out under basic conditions with potassium carbonate, which serves to deprotonate the N1

nitrogen, thereby enabling its nucleophilic attack on the alkylating agent (Scheme 31).
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Scheme 31. Representation of the second reaction step.

The third step requires the removal of the Boc protecting group under acidic conditions using
trifluoroacetic acid, to afford the intermediate 56c.
Finally, compound 56¢ was reacted with 4-fluorobenzoic acid to afford the final compound 57

through an amide coupling reaction. The reaction was carried out using HBTU and DIPEA as

coupling agents.
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5.3 BIOLOGICAL TESTS AND RESULTS

The final compounds, together with the corresponding intermediates, were evaluated using the
previously described fluorescent biological assay. The initial screening was carried out in HeLa cells
employing the same fluorescent probes in order to assess potential modulatory effects on proteasome
function.

Graph 3 summarizes the outcomes of these experiments, expressed as the percentage of residual
proteasome activity following treatment with each compound; the reported values correspond to the
mean percentage obtained from three independent assays. The compounds were analyzed alongside
established reference controls: DMSO, which does not affect proteasomal function and therefore
reflects basal activity; MG132, a well-characterized proteasome inhibitor; and Pimozide, a known
proteasome activator. As illustrated in Graph 4, the values associated with each compound represent

the averaged results from all experimental replicates.
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Graph 4. Biological activity of the compounds evaluated in HeLa cells.

Among the tested molecules, only three displayed measurable inhibitory activity. In particular,
compounds 50 and 55 showed comparable average residual activities—63% and 65%, respectively—
calculated from three independent experiments. Although similar in their overall biological profiles,
these two derivatives differ structurally in notable ways. At position 1, compound 50 carries a para-
chloro substituent on the benzene ring, whereas compound 55 lacks substitution at this position. At
position 3, compound 50 features an aniline-derived amide, while compound 55 bears an amide
originating from benzylamine.

In contrast, intermediate 47¢ exhibited a remarkably strong inhibitory effect, with only 21% residual

proteasome activity. This compound also displayed an intriguing peculiarity: during the biological
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assays, both fluorescent probes produced unusually high signal intensities. This observation suggests
the need for further investigation to determine whether the enhanced fluorescence originates from
intrinsic photophysical properties of the compound or is instead the result of a specific cellular
response triggered upon treatment.

The compounds exhibiting significant activity were subsequently evaluated in additional cell lines—
including two cancer models (MDA-MB-231 and HCT116) and a non-tumorigenic line (HaCat)—to

explore possible variations in their biological effects across different cellular contexts.

MDA cells
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% proteasome activity
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Graph 5. Results of tests on MDA cells.

As illustrated in Graph 5, compounds 50 and 55 displayed notable proteasome inhibitory activity in
HeLa cells. Compound 50, in particular, produced a markedly stronger inhibition than the reference
inhibitor MG132, reducing proteasome activity to 12% residual activity. Compound 55 exhibited a
milder effect, reaching approximately 40% residual activity, slightly below the inhibition achieved
with MG132. Intermediate 47¢ maintained an exceptionally strong inhibitory profile, with an average

residual activity of 9%.

In contrast, when tested on HCT116 and HaCat cells, compounds 50 and 55 did not display inhibitory
activity, yielding proteasome activity levels comparable to the basal condition. Conversely,
intermediate 47¢ continued to exert a noteworthy inhibitory effect in these cell lines, although its
potency was markedly reduced compared to that observed in HeLa cells. The last results are shown

in Graph 6 and 7.
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Graph 6. Results on HCT-116 cells.
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Graph 7. Results on HaCat cells.

The observed reduction in activity is likely attributable to structural and morphological differences
among the cell lines, as revealed by experimental analyses. The data indicate that the compounds may
selectively target a proteasome subtype that is more abundant, accessible, or sensitive in HeLa cells
compared to HCT cells.

HeLa cells were found to express a distinct combination of proteasomal subunits—such as
intermediate or asymmetric proteasomes—potentially underlying their heightened susceptibility to
inhibition.

In contrast, HCT cells exhibited a different subunit composition, corresponding to a lower sensitivity
to proteasome inhibition. Conversely, HCT cells demonstrated a more rapid compensatory response

in proteasome recovery relative to MDA cells, as indicated by the experimental findings.!3%!%
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Finally, HeLa cells have been reported to undergo apoptosis upon treatment with proteasome
inhibitors. The observed differences in sensitivity between HeLa and HCT cells may reflect their
differential tolerance to proteotoxic stress.!”

In contrast, HaCat cells, as the only keratinocyte-derived line in the study, exhibited features
consistent with their unique cellular identity. °!

This observation may suggest a degree of selectivity of the compounds toward specific cell types.
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5.4 CONCLUSIONS

In this second project, an alternative mode of proteasome inhibition was investigated, focusing on
mechanisms that do not involve direct targeting of the catalytic active site. This approach was
prompted by the observation of compound AS2 from our internal library, which demonstrated notable
proteasome inhibition despite lacking any functional group conventionally capable of interacting with
the catalytic site. While classical inhibition mechanisms are well characterized in the literature, non-
competitive pathways have also been reported. Notably, quinoxaline cores have shown considerable
activity as non-competitive proteasome modulators, interacting with currently unidentified binding

sites to induce inhibition. 63

The quinoxalin-2-one core at the center of compound AS2 has not previously been described as a

proteasome inhibitor. However, its other pharmacological properties—including antimicrobial 13172,

DPP(IV) inhibitory '”°, analgesic, and antispasmodic activities '81-84

—have been extensively
documented. These findings suggest that this scaffold, appropriately substituted, could serve as a
versatile platform for the development of novel small molecules capable of inducing proteasome
inhibition through alternative mechanisms, potentially avoiding the adverse effects commonly

associated with classical inhibitors.

To explore this potential, a series of seven derivatives was synthesized, introducing systematic
variations via substituents with differing electronic and steric properties, such as halogens and
methoxy groups at the para position of the benzyl moiety in position 1. Additionally, various para-
substituted anilines and a benzylamine group were incorporated at position 3 to further diversify the
molecular framework. Subsequently, a further derivative was synthesized from compound 3l,
introducing a propylenic spacer to increase the distance between the quinoxalin-2-one core and the

aromatic ring in position 1, based on preliminary promising activity.

All synthesized compounds were evaluated using a fluorogenic assay employing two fluorescent
probes, allowing quantitative assessment of proteasome activity as a percentage. This approach
enabled the detection of proteasome modulation via any potential mechanism affecting activity.

Initial screening was performed in HeLa cells, a well-established tumor cell model, which allowed
the selection of three compounds exhibiting significant inhibitory activity. Compounds 50 and S5,
differing minimally in structure, displayed approximately 65% inhibition (63% and 65%,
respectively). Remarkably, intermediate 47¢, containing a para-fluoro benzyl group at position 1 and

an ethyl ester at position 3, exhibited potent inhibition with only 21% residual proteasome activity,
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highlighting its potential as a strong proteasome inhibitor. In contrast, compound 57, designed with
a propylenic spacer to further separate the aromatic group from the quinoxalin-2-one core, showed

markedly reduced activity (93% residual activity), indicating a loss of inhibitory potential.

The most active compounds were subsequently tested in three additional cell lines to assess potential
selectivity: MDA-MB-231 (human breast adenocarcinoma), HCT-116 (human colorectal carcinoma),
and HaCat (immortalized human keratinocytes). Compounds 50 and 55 showed a better inhibitory
activity in MDA-MB-231 cells as observed in HeLa cells, with compound 50 exhibiting even stronger
inhibition than the reference compound MG132 (residual activity 12%). To the other side, the
intermediate 47¢ showed an incredible inhibitory potential, with a mean percentage of 9%.

In contrast, all compounds exhibited markedly reduced activity in HCT116 and HaCaT cells.
Compounds 50 and 55 showed a complete loss of inhibitory effect, with values comparable to those
of the DMSO control, indicating basal proteasome activity. Even compound 47¢, while still active,
displayed a substantial decrease in potency, yielding residual activity levels of approximately 60%.
This differential response may be attributed to variations in proteasomal subunit composition, such
as the presence of intermediate or asymmetric proteasomes in Hela cells, which likely confer
heightened susceptibility to inhibition.!”!-17?

The distinction between HaCat cells and the tumor-derived HeLa, MDA-MB-231, and HCT-116 lines
lies primarily in cellular origin. HaCat cells are non-tumorigenic keratinocytes derived from normal
epithelial tissue, whereas the other lines originate from malignant epithelial tumors. This fundamental
difference between non-tumoral and tumoral cells likely contributes to the observed variations in

response. !

Overall, the screening highlights the quinoxalin-2-one core as a promising scaffold for proteasome
modulation. Among the synthesized derivatives, three compounds demonstrated potent inhibitory

activity with variable selectivity across cell lines, suggesting potential for targeted modulation.

As the precise mechanism of action of these compounds has not yet been fully elucidated, they will
be subjected to a series of complementary assays aimed at determining the specific stage of the
proteasomal pathway at which they exert their effects. At present, the compounds are being evaluated
using the purified 20S proteasome to assess whether they interact directly with the target and to
investigate potential selectivity toward the different catalytic subunits. Subsequently, they will
undergo Western blot analysis to determine whether their activity also influences the transcriptional

regulation of the genes encoding the proteasome subunits.
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5.5 EXPERIMENTAL PROCEDURES
For Material and Methods: Paragraph 3.6.1.

General procedures for synthesis of 46a-d

Under an argon atmosphere, a solution of 1,2-phenylenediamine (4 equiv.) and the appropriate
benzaldehyde (1 equiv.) in methanol was cooled to 0 °C and stirred for 2 hours. Sodium borohydride
(1.4 equiv.) was then added portionwise. The reaction mixture was stirred at room temperature for 6
hours. Subsequently, the suspension was concentrated under reduced pressure, and the resulting
residue was diluted with dichloromethane, inducing precipitation. The suspension was filtered under
vacuum, and the filtrate was concentrated to afford a crude oil. The oily residue was purified by

column chromatography using an appropriate mixture of ethyl acetate and petroleum ether as eluent.

Nl-benzylbenzene-1,2-diamine (46a)

Purified by column chromatography using ethyl acetate/ petroleum ether 1:9, affording the compound
as a white solid.

'H NMR (400 MHz, DMSO) § 7.42 — 7.35 (d, 2H), 7.34-7.30 (t, 2H), 7.27 — 7.21 (t, 1H), 7.01 (d, J
=17.7,1H), 6.94 (t, 1H), 6.60 (t, /= 7.2 Hz, 2H), 4.33 (s, 2H).

Yield: 78%. MS-ESI: 198.27. HPLC tr: 13.46.

N'-(4-chlorobenzyl)benzene-1,2-diamine (46b)

Purified by column chromatography using ethyl acetate/ petroleum ether 1.5:8.5, affording the
compound as an orange oil.

'"H NMR (400 MHz, DMSO) & 7.45-7.39 (m, J= 5.2 Hz, 2.8 Hz, 2H), 7.20-7.14 (m, J=8.4 Hz, 1H),
7.08-7.04 (dd, J=7.7, 1.5 Hz, 1H), 6.94 (td, /= 7.7, 1.6 Hz, 1H), 6.65-6.60 (m, 2H), 4.36 (s, 2H).
Yield: 64%. MS-ESI: 232.71. HPLC tg: 12.86.

N'-(4-fluorobenzyl)benzene-1,2-diamine (46¢)

Purified by column chromatography using ethyl acetate/ petroleum ether 1:9, affording the compound
as a brown solid.

"H NMR (400 MHz, DMSO) § 7.44 — 7.39 (m, J= 6.0 Hz, 2.8 Hz, 2H), 7.18 — 7.11 (m, J=8.8 Hz,
2H), 7.04 (dd, J="7.7, 1.5 Hz, 1H), 6.95 (dt, /= 7.7, 1.6 Hz, 1H), 6.63 — 6.56 (m, 2H), 4.33 (s, 2H).

Yield: 67%. MS-ESI: 216.26. HPLC tr: 13.17.

N!-(4-methoxybenzyl)benzene-1,2-diamine (46d)
Purified by column chromatography using ethyl acetate/ petroleum ether from 1:9 to 1:4, affording

the compound as a yellowish white solid.
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'H NMR (400 MHz, DMSO) § 7.30 (m, 2H), 7.01 (m, 1H), 6.94 (m, 1H), 6.91-6.84 (m, 2H), 6.62 (t,
J=17.5Hz, 2H), 4.25 (s, 2H), 3.71 (s, 3H).
Yield: 63%. MS-ESI: 228.30. HPLC tg: 14.63.

General procedures for synthesis of 47a-d

Under an argon atmosphere, a solution of the appropriate compound 46a-d (1 equiv.) in toluene and
glacial acetic acid (1.1 equiv.) was added. The mixture was then refluxed at 130 °C for one hour.
After cooling to room temperature, the solvent was concentrated under reduced pressure. The
resulting residue was diluted with dichloromethane (DCM) and washed successively with saturated
aqueous sodium bicarbonate and brine. The organic layer was then dried over anhydrous sodium

sulfate, filtered, and concentrated under reduced pressure.

Ethyl 4-benzyl-3-0x0-3,4-dihydroquinoxaline-2-carboxylate (47a)

Purified by preparative HPLC, affording the compound as a brown oil.

'H NMR (400 MHz, CDCl3) § 7.75 (d, J= 8.1 Hz, 1H), 7.52 (t, J= 7.9 Hz, 1H), 7.38-7.24 (m, 7H),
5.51 (s, 2H), 4.53 (q, J= 7.2 Hz, 2H), 1.46 (t, J= 7.1 Hz, 3H).

Yield: 85%. MS-ESI: 308.34. HPLC tr: 17.95.

Ethyl 4-(4-chlorobenzyl)-3-0x0-3,4-dihydroquinoxaline-2-carboxylate (47b)

Purified by preparative HPLC, affording the compound as a brown oil.

"H NMR (400 MHz, CDCl3) § 7.96 (m, 1H), 7.54 (t, J = 8.0 Hz, 1H), 7.37 (m, 1H), 7.31-7.17 (m,
5H) 5.47 (s, 2H), 4.53 (q, J=7.1 Hz, 2H), 1.46 (t, J= 7.1 Hz, 3H).

Yield: 89%. MS-ESI: 342.78. HPLC tr: 19.29.

Ethyl 4-(4-fluorobenzyl)-3-0x0-3,4-dihydroquinoxaline-2-carboxylate (47¢)

Purified by preparative HPLC, affording the compound as a brown oil.

'H NMR (400 MHz, CDCl3) § 7.96 (dd, J = 8.0 Hz, 1H), 7.56 (dt, J = 8.6, 7.2, 1.6 Hz, 1H), 7.39 —
7.34 (dt, 1H), 7.31-7.24 (m, 3H), 7.04 — 6.97 (m, 2H), 5.47 (s, 2H), 4.53 (q, J = 7.1 Hz, 2H), 1.46 (t,
J=7.2 Hz, 3H).

Yield: 72%. MS-ESI: 326.33. HPLC tr: 20.87.

Ethyl 4-(4-methoxybenzyl)-3-oxo0-3,4-dihydroquinoxaline-2-carboxylate (47d)
Purified by preparative HPLC, affording the compound as a brown oil.
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'H NMR (400 MHz, CDCl3) § 7.95 (dd, J = 8.0, 1.5 Hz, 1H), 7.55 (ddd, J = 8.6, 7.2, 1.6 Hz, 1H),
7.39 —7.31 (m, 2H), 7.26 — 7.20 (m, 3H), 6.91 — 6.80 (m, 2H), 5.45 (s, 2H), 4.52 (q, J = 7.1 Hz, 2H),
3.76 (s, 3H), 1.46 (t, J = 7.2 Hz, 3H).

Yield: 64%. MS-ESI: 338.36. HPLC tg: 23.55.

General procedures for synthesis of 48a-d

To a solution of the appropriate compound 47a-d (1 equiv) in ethanol, an aqueous solution of NaOH
2 N (3 equiv) was added dropwise. The reaction mixture was stirred at room temperature for one hour.
The solvent was then concentrated under reduced pressure, and the resulting residue was acidified
with 1 N HCI to acidic pH and diluted with dichloromethane (DCM). The organic phase was washed
with water and brine, then dried over anhydrous sodium sulfate, filtered, and concentrated under

vacuum.

4-benzyl-3-0x0-3,4-dihydroquinoxaline-2-carboxylic acid (48a)

Purified by preparative HPLC, affording the compound as an orange solid.

"H NMR (400 MHz, DMSO) § 12.1 (s, 1H), 7.89 (dd, J= 16 Hz, 0H), 7.63 (ddd, J = 24 Hz, 1H), 7.52
(dd, J=16 Hz, 1H), 7.41 (ddd, J= 20 Hz, 1H), 7.36 — 7.20 (m, SH), 5.52 (s, 2H).

Yield: 87%. MS-ESI: 280.28. HPLC tr: 15.71.

4-(4-chlorobenzyl)-3-0x0-3,4-dihydroquinoxaline-2-carboxylic acid (48b)

Purified by preparative HPLC, affording the compound as an orange oil.

'H NMR (400 MHz, DMSO) § 12.05 (s, 1H)8.11 (dd, J = 8.5, 1.2 Hz, 1H), 7.87 (ddd, J = 8.7, 7.1,
1.7 Hz, 1H), 7.58 — 7.47 (m, 2H), 7.37 (dt, J= 8.0 Hz, 2H) 7.30 (dt, J= 8.3, 0.8 Hz, 2H), 5.35 (s, 2H).
Yield: 82%. MS-ESI: 314.73. HPLC tr: 16.13.

4-(4-fluorobenzyl)-3-0x0-3,4-dihydroquinoxaline-2-carboxylic acid (48c)

Purified by preparative HPLC, affording the compound as a yellow oil.

"H NMR (400 MHz, DMSO) § 12.1 (s, 1H), 8.11 (dd, J = 8.5, 1.2 Hz, 1H), 7.87 (ddd, J = 8.7, 7.1,
1.7 Hz, 1H), 7.58 — 7.47 (m, 2H), 7.36 (ddt, /= 8.1, 3.4, 0.9 Hz, 2H), 7.31 (ddt, J= 8.1, 2H), 5.35 (s,
2H).

Yield: 78%. MS-ESI: 298,27. HPLC tr: 17.78.
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4-(4-methoxybenzyl)-3-0x0-3,4-dihydroquinoxaline-2-carboxylic acid (48d)

Purified by preparative HPLC, affording the compound as a yellow oil.

'H NMR (400 MHz, DMSO) & 12.51 (s, 1H), 8.11 (dd, J = 8.5, 1.2 Hz, 1H), 7.87 (ddd, J = 8.5, 7.0,
1.6 Hz, 1H), 7.58 — 7.47 (m, 2H), 7.18 (dt, J = 8.6, 0.9 Hz, 2H), 6.86 — 6.78 (m, 2H), 5.35 (s, 2H),
3.78 (s, 3H).

Yield: 67%. MS-ESI: 310,31. HPLC tr: 21.52.

General procedures for synthesis of 49-55

To a solution of the appropriate 48a-d in DMF at 0 °C, DIPEA (1 equiv.) and HBTU (1 equiv.) were
added. Then, a solution of the appropriate aniline or benzylamine (1.1 equiv.) in DMF was added
dropwise. The reaction mixture was stirred at room temperature for 16 h. Afterwards, the solvent was
removed under reduced pressure, and the residue was diluted with DCM and washed sequentially
with 10 % aqueous citric acid, 5 % aqueous NaHCOs, and brine. The organic phase was collected,
dried over anhydrous sodium sulfate, filtered, and concentrated. The crude product was purified by

preparative HPLC.

4-benzyl-3-oxo-N-phenyl-3,4-dihydroquinoxaline-2-carboxamide (49)

The residue was purified by preparative HPLC, affording 49 as a yellow solid.

Yield: 43%. MS-ESI: 355.40. HPLC tr: 20.10.

"H NMR (400 MHz, CDCl3) § 11.98 (s, 1H), 8.26 — 8.21 (m, 1H), 7.83 (d, /= 7.8 Hz, 2H), 7.63 (t,J
=7.9 Hz, 1H), 7.53-7.21 (m, 9H), 7.18 (t, J = 32 Hz, 1H), 5.64 (s, 2H).

13C NMR (400 MHz, CDCls) § 159.38 (1C), 155.61 (1C), 137.60 (1C), 134.11 (1C), 133. 65 (1C),
133.22 (1C), 132.63 (1C), 129.15 (4C), 128.20 (2C), 125.08 (2C), 120.63 (2C), 114.90 (1C), 46.58
(10).

4-(4-chlorobenzyl)-3-oxo-N-phenyl-3,4-dihydroquinoxaline-2-carboxamide (50)

The residue was purified by preparative HPLC, affording 50 as a yellow solid.

Yield: 33%. MS-ESI: 389,84. HPLC tr: 20.56.

"H NMR (400 MHz, CDCl3) § 11.83 (s, 1H), 8.26 (s, 1H), 7.83 (d, J = 28 Hz, 2H), 7.64 (t, J = 24 Hz,
1H), 7.53-7.46 (m, 5H), 7.25 — 7.15 (m, 3H), 5.59 (s, 2H).

3C NMR (400 MHz, CDCls) § 144.19 (1C), 137.58 (1C), 133.97 (1C), 133.35 (1C), 132.98 (1C),
132.73 (1C), 132.50 (1C), 129.33 (1C), 129.13 (1C), 129.03 (1C), 128.81 (1C), 128.54 (1C), 128.13
(1C), 127.96 (1C), 127.77 (1C), 125.43 (1C), 125.33 (1C), 125.12 (1C), 125.08 (1C),124.73 (1C),
120.39 (1C), 45.68 (1C).
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4-(4-fluorobenzyl)-3-oxo-N-phenyl-3,4-dihydroquinoxaline-2-carboxamide (51)

The residue was purified by preparative HPLC, affording 51 as a brown-purple solid.

Yield: 33%. MS-ESI: 373,39. HPLC tr: 21.74.

"H NMR (500 MHz, CDCl3) § 11.85 (s, 1H), 10.90 (s, 1H), 8.28 (d, /= 8.0 Hz, 1H), 7.84 (d, J= 8.0
Hz, 2H), 7.66 (t,J="7.8 Hz, 1H), 7.52 — 7.46 (m, 2H), 7.43 —7.31 (m, 4H), 7.21 — 7.12 (m, 2H), 7.08-
7.03 (m, 2H), 5.60 (s, 2H).

3C NMR (400 MHz, CDCl3) § 144.15 (1C), 137.75 (1C), 133.55 (1C), 132.81 (3C), 129.52 (10),
129.32 (3C), 128.97 (2C), 128.35 (2C), 128.10 (1C), 125.18 (4C), 120.68 (3C), 46.13 (1C).

4-(4-methoxybenzyl)-3-oxo-N-phenyl-3,4-dihydroquinoxaline-2-carboxamide (52)

The residue was purified by preparative HPLC, affording 52 as a yellow solid.

Yield: 54%. MS-ESI: 385,42. HPLC tr: 22.37.

"H NMR (400 MHz, CDCl3) § 11.97 (s, 1H), 8.23 (s, 1H), 7.82 (s, 2H), 7.64 (t, J= 7.9 Hz, 1H), 7.48-
7.42 (m, 2H), 7.39 (t, J = 7.7 Hz, 2H), 7.20 (dd, J = 18.6, 7.8 Hz, 2H), 7.17 (t, J= 8.0 Hz, 1H), 6.88
(d, J=8.6 Hz, 2H), 5.57 (s, 2H), 3.78 (s, 3H).

3C NMR (400 MHz, CDCl3) § 159.19 (1C), 155.73 (1C), 143.52 (1C), 138.02 (1C), 133.52 (20),
132.66 (1C), 129.15 (2C), 128.16 (2C), 126.31 (1C), 125.14 (1C), 120.64 (2C), 114.46 (3C), 55.40
(1C), 46.03 (1C).

4-benzyl-N-(4-chlorophenyl)-3-0x0-3,4-dihydroquinoxaline-2-carboxamide (53)

The residue was purified by preparative HPLC, affording 53 as a yellow solid.

Yield: 63%. MS-ESI: 389.84. HPLC tr: 20.56.

'H NMR (400 MHz, CDCl3) § 11.99 (s, 1H), 8.26 (dd, J= 8.1, 1.5 Hz, 1H), 7.84 — 7.73 (m, 2H), 7.66
—7.56 (dt, J=8.6, 7.3, 1.5 Hz, 1H), 7.41 — 7.19 (m, 6H), 7. 26- 7.21 (m, 4H), 5.63 (s, 2H).

13C NMR (400 MHz, CDCl3) § 159.02 (1C), 155.65 (1C), 144.02 (1C), 136.56 (1C), 134.04 (1C),
133.68 (1C), 133.20 (1C), 132.84 (1C), 132.69 (1C), 129.85 (1C), 129.36 (2C), 129.02 (2C), 126.83
(10), 126.60 (1C), 125.38 (1C), 125.13 (1C), 121.73 (2C), 114.82 (1C), 46.43 (1C).

4-benzyl-N-(4-fluorophenyl)-3-0x0-3,4-dihydroquinoxaline-2-carboxamide (54)

The residue was purified by preparative HPLC, affording 54 as a yellow solid.

Yield: 63%. MS-ESI: 373.79. HPLC tr: 19.77.

'H NMR (400 MHz, CDCl3) & 11.96 (s, 1H), 8.26 (d, J= 8.1 Hz, 1H), 7.81 (dd, J = 8.8, 4.8 Hz, 2H),
7.64 (t, J=7.8 Hz, 1H), 7.49 (dd, J= 7.5 Hz, 1H), 7.43 — 7.27 (m, J= 17.6, 9.3 Hz, 4H), 7.24 (m,
5H), 7.08 (t, J = 8.5 Hz, 2H), 5.63 (s, 2H).
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13C NMR (400 MHz, CDCl3) § 155.47 (1C), 144.16 (1C), 134.19 (1C), 133.52 (1C), 133.02 (1C),
132.53 (1C), 129.41 (1C), 129.10 (1C), 128.21 (1C), 128.06 (1C), 126.79 (2C), 126.54 (1C), 125.16
(1C), 122.26 (3C), 115.95 (1C), 115.72 (1C), 114.93 (1C), 114.52 (1C), 47.08 (1C).

N,4-dibenzyl-3-0x0-3,4-dihydroquinoxaline-2-carboxamide (55)

The residue was purified by preparative HPLC, affording 55 as a red solid.

Yield: 67%. MS-ESI: 369.42. HPLC tr: 20.53.

"H NMR (400 MHz, CDCls) § 10.29 (s, 1H), 8.13 (d, J= 7.9 Hz, 1H), 7.61 (t, J = 7.8 Hz, 1H), 7.49
—7.23 (m, 10H), 7.20 (d, J = 8.0 Hz, 2H), 5.56 (s, 2H), 4.77 (d, 2H).

3C NMR (400 MHz, CDCl3) § 162.14 (1C), 155.53 (1C), 143.81 (1C), 137.65 (1C), 134.37 (1C),
133.53 (1C), 133.28 (1C), 133. 17 (1C), 132.87 (1C), 132.36 (1C), 129.27 (1C), 129.04 (1C), 128.92
(10), 128.81 (1C), 128.69 (1C), 128.21 (1C), 128.15 (1C), 127.98 (1C), 127.93 (1C), 127.64 (1C),
127.57 (1C), 126.93 (1C), 126.72 (1C), 126.48 (1C), 126.08 (1C), 125.22 (1C), 125.09 (1C), 114.37
(10), 46.90 (1C), 44.23 (1C).

General procedure of synthesis of ethyl 3-0x0-3,4-dihydroquinoxaline-2-carboxylate (56a)

To a solution of benzene-1,2-diamine (1 equiv., 2.86 mmol) in toluene, acetic acid (1.1 equiv., 3.14
mmol) and diethyl 2-oxomalonate (1.1 equiv., 3.14 mmol) were added dropwise in succession. The
reaction mixture was then refluxed at 130 °C for one hour. Upon completion, the solvent was removed
under reduced pressure, and the resulting residue was diluted with dichloromethane (DCM) and
washed sequentially with a 5% aqueous sodium bicarbonate solution and brine. The organic layer
was dried over anhydrous sodium sulfate, filtered, and concentrated under reduced pressure. The
crude product was not subjected to further purification and was used directly in the subsequent
reaction step.

"H NMR (400 MHz, DMSO) & 7.81 (ddd, J=7.9, 1.4, 0.7 Hz, 1H), 7.67 — 7.58 (m, 1H), 7.41 — 7.28
(m, 2H), 6.51 — 6.42 (m, 1H), 6.39 — 6.30 (m, 1H), 5.73 (s, 1H), 4.35 (q, /= 7.1 Hz, 2H), 1.30 (t, J =
7.2 Hz, 3H).

Yield: 81%. MS-ESI: 218.21. HPLC tr: 12.80.

General procedure of synthesis of 56b

To a solution of compound 1n (1.0 equiv, 0.33 mmol) in DMF, K>COs (1.2 equiv, 0.40 mmol) was
added. Subsequently, tert-butyl (3-bromopropyl)carbamate (1.6 equiv, 0.53 mmol) was added
dropwise, and the reaction mixture was stirred at room temperature for 16 hours. The solvent was

then removed under reduced pressure, and the resulting residue was diluted with a 10% aqueous

134



solution of citric acid until the pH reached 3. The mixture was extracted with ethyl acetate (3 %), and
the combined organic layers were washed with brine, dried over anhydrous sodium sulfate, filtered,
and concentrated under reduced pressure. The crude product was purified by column chromatography
using a gradient of ethyl acetate/petroleum ether from 20% to 50%, affording compound 2n as a
yellow oil.

'H NMR (400 MHz, CDCls3) § 7.98 (dd, J = 8.0 Hz, 1H), 7.67 (ddd, J = 8.0 Hz, 1H), 7.44 — 7.37 (m,
J=28.0 Hz, 2H), 5.41 (s, 1H), 4.51 (q, J = 5.3 Hz, 2H), 4.36 (t, J = 8.0 Hz, 2H), 3.42 (d, J = 8.0 Hz,
1H), 1.98 (t, J= 6.0 Hz, 2H), 1.44 (m, 14H).

Yield: 75%. MS-ESI: 375.43. HPLC tr: 23.97.

General procedure of synthesis of 5S6¢

To a solution of compound 2n (1.0 equiv, 1.06 mmol) in dichloromethane (DCM), trifluoroacetic
acid (2.8 mL) was added dropwise, and the reaction mixture was stirred at room temperature for 3
hours. The solvent was then removed under reduced pressure, and the crude residue was washed with

diethyl ether, affording compound 3n as a yellow oil without further purification.

General procedure of synthesis of 57

To a solution of 4-fluorobenzoic acid (1 equiv., 0.11 mmol) in DMF at 0 °C, DIPEA (1.1 equiv., 0.12
mmol) and HBTU (1.1 equiv., 12 mmol) were added. Then, a solution of compound 3n (1.1 equiv.,
0.12 mmol) in DMF was added dropwise. The reaction mixture was stirred at room temperature for
16 h. Afterwards, the solvent was removed under reduced pressure, and the residue was diluted with
DCM and washed sequentially with 10 % aqueous citric acid, 5 % aqueous NaHCOs3, and brine. The
organic phase was collected, dried over anhydrous sodium sulfate, filtered, and concentrated. The
crude product was purified by preparative HPLC, affording a yellow oil.

"H NMR (400 MHz, CDCI3) § 8.02 (dd, J= 4.0 Hz, 1H), 7.96- 7.89 (m, 2H)7.82-7.75 (m, 1H), 7.75-
7.68 (m, 1H), 7.50 — 7.41 (m, 2H), 7.15 (t, J=10.0 Hz, 2H), 4.53 (q, /= 6.0 Hz, 2H), 4.46 (t, J = 6.6
Hz, 2H), 3.45 (q, J = 5.5 Hz, 2H), 2.21 — 2.10 (m, 2H), 1.46 (t,J= 6.0 Hz, 1H).

13C NMR (400 MHz, CDCls) § 167.56 (1C), 166.22 (1C)163.96 (1C), 153.27 (1C), 148.13 1C),
132.50 (2C), 131.73 (1C), 129.68 (3C), 125.25 (1C), 115.95 (3C), 114.05 (2C), 62.66 (1C), 39.84
(10), 36.29 (1C), 27.05 (1C), 14.11 (1C).

Yield: 58%. MS-ESI: 397.41. HPLC tr: 21.03.
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5.6 BIOLOGICAL EXPERIMENTAL SECTION

5.6.1 Materials and Methods

For in vitro experiments, HeLa (human cervical carcinoma), MDA-MB-231 (human breast
adenocarcinoma), HCT116 (human colorectal carcinoma), and HaCaT (immortalized human
keratinocyte) cell lines were employed. Cells were maintained in Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 10% fetal bovine serum (FBS), 100 U/mL penicillin, and 100 pg/mL
streptomycin to support optimal growth and prevent bacterial contamination. Cultures were routinely
washed with phosphate-buffered saline (PBS), and cell viability and counting were assessed using
Trypan Blue exclusion in conjunction with a Biirker counting chamber. All cell lines were cultured
under standard conditions at 37 °C in a humidified atmosphere containing 5% COs.

Plasticware employed included filter-cap flasks for cell culture and growth, Eppendorf tubes and
micropipettes of various volumes for cell transfer, and multiwell plates for biological testing.
As reference compounds, MG132, Pimozide, and DMSO were used. Fluorogenic diagnostic probes
Bl and B2, synthesized in-house, were employed to assess proteasome activity.

Fluorescence analysis was carried out using a BD FACSCanto II flow cytometer.

5.6.2 Calculation of Activity Values

Each compound was tested in triplicate. The activity percentages were calculated as the arithmetic
mean of the three values obtained for each experiment and each compound. The activity of the
proteasome in the presence of DMSO was considered as 100%, and all other values were normalized

relative to this reference.

Compounds | Fluorescence values measured in the presence | Fluorescence values measured in the presence
of the vinyl-sulfonic probe of the sulfonic probe.
First Second Third First Second Third
experiment experiment experiment experiment experiment experiment
DMSO 163 139 120 70 55 64
MG132 107 122 111 56 70 76
Pimozide 302 277 234 90 57 86
47a 128 111 151 40 30 65
47b 144 153 113 89 101 56
47¢ 348 388 316 352 415 289
47d 128 118 111 64 66 58
48a 112 132 177 60 53 137
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48b 151 133 135 56 58 47
48¢ 88 200 99 60 70 59
48d 96 97 90 54 60 46
49 140 145 150 66 71 70
50 175 150 141 117 100 104
51 95 195 90 59 72 59
52 130 129 144 78 73 86
53 119 130 147 67 80 67
54 110 144 113 57 86 47
55 140 136 146 77 81 112
57 142 151 184 68 56 136

Table 5. Fluorescence measurements obtained for the first class of compounds in all experimental runs on HeLa cells.

Compounds | Fluorescence values measured in the presence | Fluorescence values measured in the presence
of the vinyl-sulfonic probe of the sulfonic probe.
First Second Third First Second Third
experiment experiment experiment experiment experiment experiment
DMSO 10527 23169 21101 6122 11319 13361
MG132 7756 11093 9676 6195 10521 8826
Pimozide 56599 8954 18762 23923 8227 8237
50 6409 13846 9723 6499 12461 8324
55 56599 8954 8624 32676 8227 7946
47c 6467 14811 7654 6221 10968 7650

Table 6. Fluorescence measurements obtained for the first class of compounds in all experimental runs on MDA cells.

Compounds | Fluorescence values measured in the presence | Fluorescence values measured in the presence
of the vinyl-sulfonic probe of the sulfonic probe.
First Second Third First Second Third
experiment experiment experiment experiment experiment experiment
DMSO 9079 8640 8534 5699 2561 3300
MG132 5359 5131 4682 5034 2960 3796
Pimozide 17571 17800 18904 11129 14820 15088
50 9079 9798 8543 6006 3784 3522
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55

9774 11003 8922

6370 4985 3877

47¢

7592 8754 9647

5159 7256 5984

Table 7. Fluorescence measurements obtained for the first class of compounds in all experimental runs on HCT cells.

Compounds | Fluorescence values measured in the presence | Fluorescence values measured in the presence
of the vinyl-sulfonic probe of the sulfonic probe.
First Second Third First Second Third
experiment experiment experiment experiment experiment experiment
DMSO 47686 36545 15563 27183 17888 10243
MG132 32285 27162 13426 31105 19632 9587
Pimozide 88598 59344 18965 52462 36888 10532
50 39776 31245 14325 23032 15574 9591
55 49404 28612 14356 33453 12754 9728
47¢ 34114 48677 18976 20187 36924 14348

Table 8. Fluorescence measurements obtained for the first class of compounds in all experimental runs on HaCat cells.

138




6 PROJECT 2b. Targeting Proteasome Activation: A New Therapeutic Avenue for
Neurodegeneration

As previously noted, the proteasome represents the cell’s primary defence against the accumulation
of proteotoxic stress resulting from oxidative damage. In particular, the 20S proteasome complex can
directly recognize and degrade oxidatively modified proteins, thereby contributing to cellular
detoxification. 192194

During aging, multiple intracellular mechanisms contribute to the progressive accumulation of
oxidative damage. In response to such insults, proteins often unfold and expose hydrophobic regions,
making them particularly susceptible to aggregation. To counter the increasing burden of oxidatively
modified proteins, cells enhance the abundance of the 20S proteasome, predominantly through
disassembly of the 26S complex. 1?1

However, when the accumulation of damaged proteins exceeds the degradative capacity of the
proteasome, proteostasis becomes dysregulated and proteotoxic stress ensues. These events constitute
key pathological features of several neurodegenerative disorders, including Parkinson’s disease (PD),
Alzheimer’s disease (AD), Huntington’s disease (HD), and amyotrophic lateral sclerosis (ALS, also

known as Lou Gehrig’s disease).

Genetic manipulation of proteasomal proteolytic systems in animal models of various
neurodegenerative disorders has shown that enhancing these systems can mitigate disease-associated
pathology, suggesting that stimulation of proteasomal activity may represent an effective therapeutic

strategy. 77198

Consequently, the search for novel molecules capable of activating the proteasome has gained
considerable interest. Such compounds could offer a new therapeutic avenue by promoting the
clearance of protein aggregates and thereby preventing the downstream signaling events that

ultimately lead to neuronal death.

As already outlined in the previous section, the molecular basis underlying positive proteasome
modulation remains largely unresolved. What is known to date, however, is that several clinically
approved drugs—originally developed for unrelated pathological conditions—have unexpectedly
demonstrated the ability to enhance proteasome activity.

Consequently, research in this pharmacological domain is currently oriented primarily toward the
biological screening of drug libraries and structurally diverse small-molecule collections, with the

aim of identifying novel proteasome-activating agents.
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6.1 AIM OF THE PROJECT

The investigation of proteasome modulation has emerged as a promising avenue for the development
of innovative therapeutic strategies for neurodegenerative disorders, many of which are characterized
by impaired proteostasis and the accumulation of misfolded or damaged proteins. Enhancing
proteasome activity, in particular, represents a potentially transformative approach, thereby

motivating the search for small molecules capable of restoring or augmenting proteolytic function.

As previously discussed, the rational design of novel proteasome activators remains a considerable
challenge. This difficulty stems primarily from the fact that the precise binding sites and modes of
interaction of small-molecule activators within the 26S proteasome have not yet been conclusively
defined. Consequently, direct targeting of the proteasomal subunits or regulatory interfaces
responsible for functional modulation is highly complex, and empirical screening strategies continue

to represent a crucial component of discovery efforts in this field.

In accordance with current methodologies, an in vitro cellular assay was developed to enable the
systematic screening of an internal compound library. The assay was specifically selected for its
capacity to identify both inhibitors and activators of proteasome activity within a physiologically
relevant cellular environment. This feature was essential not only for capturing direct modulatory
interactions with the proteasome itself, but also for detecting indirect mechanisms of action—such as
allosteric regulation or transcriptional modulation of proteasome-related genes—that would be

undetectable using purified proteasome complexes.

The initial preliminary screening performed in HeLa cells allowed the identification of nine
molecules exhibiting pronounced proteasome-activating properties. Importantly, these compounds
were not intermediates arising from synthetic sequences but rather fully elaborated molecules
previously designed for unrelated pharmacological targets. Several structural analogues of these
compounds were also evaluated but failed to display notable proteasome modulation, suggesting that
the specific substitution patterns present in the active molecules may play a crucial role in conferring

biological activity.
Following this initial selection, the nine hit compounds were subjected to a broader evaluation across

three distinct cell lines: MDA-MB-231 (human breast adenocarcinoma), HCT-116 (human

colorectal carcinoma), and HaCat (immortalized human keratinocytes).
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The decision to expand the screening across multiple cellular backgrounds was motivated by the need
to determine whether modulatory activity was cell-line dependent. This consideration is particularly
relevant given the heterogeneity in proteasome composition, regulation, and activity across different
tissues and cancer types, as well as the intrinsic variability of the ubiquitin—proteasome system
between transformed and non-transformed cells.

Together, these investigations laid the foundation for a more comprehensive assessment of structure—
activity relationships and provided valuable insight into the context-dependent nature of proteasome

modulation.

6.2 Biological Screening and Evaluation of Proteasome Modulatory Activity

As previously detailed in Paragraph 4, the biological assay required the use of fluorescent probes
which, through their interaction with the proteasome, enabled quantification of proteasome activity

expressed as a percentage.

To this end, three reference compounds were employed: DMSO, representing basal activity (100%);
MG132, a well-established proteasome inhibitor; and Pimozide, a proteasome activator first reported

by Leestemaker et al.!?

The inclusion of both an inhibitor and an activator was essential for assay validation. As expected,
MG132 decreased proteasome activity, as indicated by reduced fluorescence detected with the vinyl
sulfone probe, whereas Pimozide induced an increase in fluorescence, corresponding to enhanced
proteasome activity.

A comprehensive description of the assay workflow and its underlying mechanisms is provided in

Paragraph 3.4.

As illustrated in Graph 8, the screening of the nine molecules displaying measurable proteasome-
activating properties demonstrated that each compound maintained activation levels exceeding 120%.
Among these, compound MF3053 emerged as particularly remarkable, exhibiting a 288% increase
in proteasome activity, thereby surpassing the performance of the reference activator Pimozide by

a substantial margin.

141



Screening on MDA cells
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Graph 8. Results of the biological screening conducted in MDA cells.

Accordingly, all aforementioned molecules were subsequently assessed in the remaining two cellular

lines: results are shown in Graph 9 and 10.
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Graph 9. Results of the biological screening conducted in HCT cells.
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Screening on HaCat cells
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Graph 10. Results of the biological screening conducted in HaCat cells.

As evidenced in the two graphs, the majority of the compounds exhibited a marked reduction in
activity. In HCT-116 cells, all tested molecules showed a pronounced loss of potency, with mean
proteasome-activity values approaching basal levels. Only compound MF3053 retained substantial
activity, displaying an average value of 213%, which remained consistently higher than that of the
reference activator.

Conversely, in the HaCat cell line, compounds GMRS and GMR86 preserved a modest degree of
positive modulatory activity, although their effects were markedly weaker than those observed during
the initial screening in HeLa cells. The only molecule that consistently maintained robust activity was
MF3053, which reached 217% proteasome activity, again exceeding the performance of Pimozide.
Structurally, compounds MF1024 and MF3053 share a common dispiropiperidinic core, bearing
variable substituents at positions 9 and 13. Specifically, MF1024 features a methyl group at position
9 and a para-fluorobenzyl substituent at position 13. In contrast, MF3053 incorporates a more
elaborated architecture, with a (5-chlorothiophen-2-yl)sulfonyl group at position 9 and a benzyl

moiety at position 13. The general structures of both compounds are depicted in Figure 28.
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MF1024 MF3053
Figure 28. Chemical structure of compounds MF1024 and MF3053.

In recent work, Tepe and colleagues reported that fluspirilene and a series of its derivatives,
characterized by a spiropiperidinic scaffold, exhibit significant proteasome-activating properties.

In particular, they identified fluspirilene as a molecule capable of enhancing the activity of all three
catalytic subunits of the 20S proteasome, without activating the 26S complex. Subsequent structure—
activity relationship (SAR) optimization, achieved through the introduction of an acyl substituent on
the fluspirilene scaffold, led to the development of two derivatives that facilitated the clearance of a-
synuclein—an important finding given the pathological accumulation of this protein observed in

Alzheimer’s disease (Figure 29).'%

F F
Fluspirilene N-acylated Fluspirilene

Figure 29. Chemical structure of fluspirilene and its N-acylated derivative obtained through SAR studies.

In view of the structural similarity between their central scaffolds and that of fluspirilene, these
compounds may share recurring structural features with the reference ligand. During the biological
screening campaign, additional molecules bearing the same core scaffold—differentially substituted

at positions 9 and 13—were evaluated. Notably, the introduction of either a benzyl or a methyl group
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at position 9 resulted in a marked loss of modulatory activity. This observation suggests that the 2-
chloro-5-(methylsulfonyl)thiophene substituent at position 9 may play a pivotal role in defining the
biological activity of the series.

By contrast, position 13 appears to be a more promising site for further structural exploration.
Modifying the benzyl substituent at this position while retaining the crucial 2-chloro-5-
(methylsulfonyl)thiophene group at position 9 could enable a deeper investigation into the

contribution of position 13 to the overall activity profile.

Compound MF3053 was originally conceived and synthesized by our research group within the
framework of a broader effort to identify novel modulators of the mitochondrial permeability
transition pore, with the ultimate aim of developing therapeutic agents for ischaemia—reperfusion
injury (IRI). Although its structural features were rationally designed to confer inhibitory potential in
this context, the compound did not exhibit the anticipated biological activity. Nevertheless, its
unexpectedly favorable profile in proteasome activation renders it an intriguing scaffold, meriting

further exploration beyond its initial therapeutic rationale.'”

This compound may therefore constitute an excellent model for elucidating the mechanisms

underlying proteasome activation, particularly given the absence of any other known molecular

targets that could confound its biological profile.
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6.3 SYNTHESIS

The synthetic approach to the obtainment of the target compounds involves a known microwave-
assisted strategy realized in a short time and with an excellent control of the diastereoselectivity. The
1,3-dipolar cycloaddition reaction was performed starting from different carbonyl compounds,
piperidine (Scheme 32). Especially, N-benzyl-4-piperidone was commercially available. Carbonyl
compound was initially reacted with N-methylhydrazine to realize the corresponding hydrazone
intermediate.

In addition, for all the synthesized derivatives we employed the same diazo compound, synthesized
through a standard liquid-phase reaction between dimedone, a 1,3-diketone, and the p-toluenesulfonyl

azide in the presence of potassium carbonate (K>CO3).
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MF3053 (64)

Experimental conditions.

i. TsN3, K2CO3, MeCN, 0°C to rt 2h;

ii. Toluene, microwave 140°C 15 min;

iii. Toluene, microwave 140°C 15 min;

iv. Hz, 10% C/Pd, EtOH, AcOH,;

v. 5-Cl-thiophen-2-yl-SO2Cl, DIPEA, THF, rt 2h.

Scheme 32. Overview of the general synthetic approach employed for the synthesis of compound MF3053.
146



6.4 CONCLUSIONS

Proteasome activation has emerged as one of the most promising and innovative strategies for the
prevention of neurodegenerative disorders. These pathologies are frequently characterized by the
accumulation of misfolded or aggregated proteins, which initiates a cascade of pathogenic events
ultimately culminating in neuronal death. A substantial body of evidence suggests that such
accumulation is, at least in part, attributable to impaired proteasomal function—an essential cellular
machinery responsible for the selective degradation of intracellular proteins. Accordingly, enhancing
proteasomal activity represents a compelling therapeutic avenue for mitigating, or potentially

preventing, neurodegeneration.

To date, only a limited number of small molecules—primarily drugs already approved for other
therapeutic indications—have been identified as capable of increasing proteasome activity. Such

discoveries typically arise from high-throughput screening of pharmacological libraries.

In the context of the present project, which focuses on positive modulation of proteasomal function,
we conducted a biological screening of an internal library comprising one hundred compounds. The
evaluation employed a fluorogenic assay capable of quantifying proteasomal activity within a cellular
environment, thereby integrating all cellular processes that might contribute to enhanced proteasome

function.

A preliminary screen in HeLa cells enabled the identification of ten compounds exhibiting
appreciable activatory properties.

Among these, two stood out owing to their shared dispiropiperidinic central scaffold, reminiscent of
the core structure of fluspirilene—a compound previously reported to activate all three catalytic
subunits of the proteasome. These structural considerations prompted further investigation of the two

candidates across three additional cellular lines.

The ensuing biological results revealed that compound MF3053 displayed particularly marked
proteasome-activating activity, in several cases surpassing that of the reference agent Pimozide.

Interestingly, MF3053 had originally been designed as a potential therapeutic agent for ischaemia—
reperfusion injury but proved inactive in that context. This lack of activity against its intended target
renders the compound especially valuable for mechanistic studies of proteasome activation, as it

reduces the likelihood of confounding off-target effects.
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MF3053 is currently being evaluated on purified 20S proteasome preparations to determine whether
its activatory effect arises from a direct interaction with the proteasome and to assess its potential

selectivity toward specific catalytic subunits.
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7  Future perspective

7.1 Biological Evaluation of Proteasome Modulators

The compounds emerging from Projects 1 and 2 that demonstrated modulatory activity toward the
proteasome will be subjected to an extensive series of biological investigations. These studies aim to
elucidate the mechanism of action, the specificity of modulation, the cytotoxic profile, and the
molecular consequences of proteasome perturbation. The combination of biochemical, cellular, and
molecular techniques will provide a comprehensive evaluation of both inhibitory and activating

behaviours of the newly synthesized molecules.

Evaluation on Purified 20S Proteasome ''#

In the first stage, the selected compounds will be assessed using purified 20S proteasomes in order to
determine their direct modulatory effects on the catalytic core particle. This assay enables precise
characterization of both the temporal profile of modulation (with particular interest in sustained
negative modulation) and the selectivity toward the three principal catalytic activities—

chymotrypsin-like, trypsin-like, and caspase-like.

Proteasomal activities will be quantified using fluorogenic substrates specific for each catalytic site:
Suc-LLVY-AMC for the chymotrypsin-like activity, Boc-LRR-AMC for the trypsin-like activity,
and Z-LLE-AMC for the caspase-like activity. Upon cleavage, these substrates release AMC, whose
fluorescence intensity directly correlates with proteasome activity. Increased fluorescence indicates

the presence of an activator, whereas decreased fluorescence denotes an inhibitory effect.

Purified proteasomes will be incubated with increasing concentrations of each compound (0.01-100
uM), and the extent of inhibition will be expressed as ICso values. A lower ICso is indicative of a
more potent inhibitor. Moreover, activity will be monitored over extended incubation times (up to 72
h) to determine the reversibility of binding: a decrease in inhibitory effect over time suggests

reversible interaction.

Control references—including DMSO, MG132, and Pimozide—will be employed to contextualize

the activity of the new compounds.
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Apoptosis Assay !4

To investigate the potential cytotoxicity associated with proteasome modulation, the compounds will
be evaluated through an Amnnexin V/Propidium lodide apoptosis assay. Annexin V binds
phosphatidylserine, which becomes exposed on the outer leaflet of the plasma membrane during early
apoptosis (Annexin V*/PI"), whereas PI stains cells that have lost membrane integrity, identifying late

apoptotic or necrotic cells (Annexin V*/PI*).

Assays will be carried out at 48 h and 72 h, allowing assessment of both the onset and progression of
cytotoxic effects. This analysis will provide insight into whether proteasome modulation translates

into pro-apoptotic signaling in cancer cells.
Western Blot Analysis 2%

Western blotting will be employed to characterize how proteasome modulators influence the
expression, abundance, and post-translational modification of proteasome-related proteins. This

technique enables:

e Quantification of protein levels, allowing assessment of up- or down-regulation of specific
substrates or regulatory components.

e Detection of post-translational modifications, such as ubiquitination, which reflects
proteostatic stress and impaired proteasomal degradation.

o Assessment of expression changes, for example in proteasome subunits or regulatory proteins.

e Analysis of protein stability, revealing whether modulation alters the half-life of proteasome

substrates.

Collectively, these data will contribute to a molecular understanding of the cellular response to

proteasome modulation.
Quantitative PCR Analysis 2!

Quantitative PCR will be used to assess transcriptional responses triggered by proteasome
modulation. This technique is particularly informative because the proteasome plays a fundamental
role in maintaining proteostasis; therefore, its inhibition or activation leads to predictable

transcriptional adjustments.
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e Proteasome inhibition results in accumulation of ubiquitinated proteins, activating stress-
response pathways—most notably the unfolded protein response (UPR). Upregulated
transcripts typically include:

o ATF4,DDIT3/CHOP, XBP1s (UPR markers)

o HSPAS5 (BiP/GRP78), HSP70, HSP90, ERdj4, HERPUD (proteostasis-related genes)

o Proteasome subunit genes (PSMA, PSMB, PSMC, PSMD), reflecting compensatory
upregulation.

o Proteasome activation, conversely, reduces proteotoxic stress and is associated with

decreased expression of these transcripts.

Thus, qPCR will allow precise quantification of transcriptional signatures characteristic of either

inhibitory or activating modulation.

Photoaffinity Labeling for Mechanistic Elucidation of Proteasome Modulation >

Photoaffinity labeling (PAL) is a validated chemoproteomic strategy widely used in drug discovery
for target identification and for mapping ligand—protein interactions. First introduced in the early
1960s by Westheimer’s group 2%, PAL has been revitalized through modern proteomic workflows
that enable comprehensive identification of photolabeled targets. Traditionally employed to profile
proteins bound by a given probe, PAL is now increasingly applied to pinpoint binding sites and to
characterize structural or conformational features of proteins. As a photocrosslinking-based approach,
it offers a unique means to identify unknown targets, elucidate protein function, and reveal alternative

or cryptic binding pockets.

PAL employs multifunctional ligands capable of covalently attaching to their protein targets upon UV
irradiation®**. The ligand contains an affinity or specificity motif responsible for reversible binding,
coupled to a photoreactive “warhead” that forms a covalent adduct upon activation.?’> Probes may
also incorporate a reporter or purification tag to facilitate detection and enrichment of the PAL—
protein complexes, allowing applications both with isolated proteins and in live-cell contexts. As
illustrated in Figure 30, photoaffinity probes (PAPs) typically consist of three modules: a bioactive

ligand, a photoreactive group, and a tag. 2%
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Figure 30. General structure of PAPs.

/'

Rational PAP design generally requires extensive structure—activity relationship (SAR) studies to
ensure that the photoreactive group is positioned without compromising affinity. The length and
composition of linker elements are also critical: overly short linkers can promote intramolecular
crosslinking, whereas excessively long ones may reduce photolabeling efficiency. Because
conventional reporter tags often reduce cell permeability, a common strategy is to introduce the tag
post-labeling via click chemistry. 2%’ In such designs, the probe contains only the pharmacophore, the
photogroup, and a bioorthogonal handle (usually an alkyne or azide), enabling cell entry. Following
lysis, the complementary azide- or alkyne-modified reporter is attached through copper-catalyzed

azide—alkyne cycloaddition.

Developing an optimal PAP requires balancing multiple features, including chemical stability in the
dark, minimal perturbation of the parent compound’s activity, and synthetic accessibility. Selection
of the photoreactive group is likewise guided by considerations such as activation wavelength (ideally
avoiding protein-damaging UV ranges at 200 and 280 nm), reactivity, and structural compactness.
The principal groups employed are phenylazides, phenyldiazirines, and benzophenones, which

generate nitrenes, carbenes, and diradicals, respectively, upon irradiation. 2%

For downstream analysis, reporter tags are incorporated directly or indirectly into PAPs. Biotin is
widely used due to its exceptionally high affinity for avidin, enabling efficient enrichment of labeled
proteins and facilitating target or binding-site identification. Fluorophores, which offer a broad range

of spectral properties, are commonly used for visualization by in-gel fluorescence or imaging. 2%

In light of these considerations, for the compounds identified as modulators of the proteasome—
namely 47¢ as an inhibitor and MF3053 as an activator—specific molecular designs were developed
to enable their application in PAL experiments (Figure 31). These structures incorporate an alkyne
and an azide functional group, which together provide suitable handles for photocrosslinking and
subsequent tagging following UV irradiation. Once synthesized, the compounds will be evaluated to

confirm both their modulatory activity and their suitability for PAL studies.
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Figure 31. General structure of molecules designed for the application of photoaffinity labeling.
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7.2 EXPERIMENTAL SECTION

7.2.1 Materials and Methods

Reagents and solvents were purchased by BLD, Fluorochem and Sigma Aldrich. Microwave-assisted
three-component reactions were conducted with a Biotage® Initiator+. Reaction progress and product
mixture were monitored by thin-layer chromatography (TLC) on pre-coated F254 Macherey-Nagel
plates of silica gel, visualized with a UV lamp (254 nm light source), and/or by ESI MICROMASS
ZMD 2000 electrospray mass spectrometer, after dissolution of compounds in a solution composed
by 40:60:0.1 of H20:CH3CN:TFA. Derivatives were purified by, flash chromatography or via
reverse-phase purification using a Waters Delta 600 high-performance liquid chromatography
(HPLC) system with a Jupiter column C18 (250 x 30 mm, 300 A, 15 pum spherical particle size),
using a binary mobile

phase consisting of solution A (100% H20, 0. 1% v/v TFA) and solution B (40% H20, 60% CH3CN,
0.1% v/v TFA) at a flow rate of 20 mL/min. Gradient was established individually considering the
analytical HPLC profile of the crude product. Analytical HPLC was performed with a Beckman 126
liquid chromatograph furnished of a UV detector Beckman

168 and equipped with KARAT32 software. The purity of all the derivatives was assessed with an
Agilent Zorbax C18 column (4.6 x 150 mm, 3.5 um particle size) at a flow rate of 0.7 mL/min using
a linear gradient from 100% of A (water + 0.1% TFA) to 100% of B (acetonitrile + 0.1% TFA) over
a period of 25 min. All final compounds were monitored at

220 nm showing > 96% purity. lH NMR and 13C NMR spectra were performed on a Varian Mercury
Plus 400 MHz spectrometer. The signals were referenced to residual 1H shift of the deuterated
solvents (respectively 6 H 7.26 for CDCI3;6 H 2.50 for DMSO-d6). Chemical shifts (0) are expressed
in parts per million (ppm) using the peak of deuterated solvents as an internal standard, while values
of coupling constants (J) are reported in Hertz (Hz). Splitting patterns are designed as s, singlet; d,
doublet; dd, double doublet; t, triplet; m, multiplet; and bs, broad signal. Melting points for purified

products were determined in a glass capillary on a Stuart Scientific electrothermal apparatus SMP30.

Preparation of 2-diazo-5,5-dimethylcyclohexane-1,3-dione 59.

To a solution of dimedone 58 (1 equiv., 7.13 mmol) in MeCN (15 mL) were added tosyl azide (1
equiv.) and K2CO3 (1.1 equiv.) at 0°C. The mixture was stirred at 0°C for 1h and then at room
temperature for 3h. Upon completion, as indicated by TLC, the volatile fraction was evaporated under
reduced pressure. The resulting crude material was directly purified by flash chromatography

(EtOAC/PE as the eluent) to yield derivative 17 as pale white solid (stored at -25°C).
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Pale yellow solid (yield 97%).
1H NMR (400 MHz, DMSO-d6) 6 2.42 (s, 2H), 1.01 (s, 3H).
13C NMR (101 MHz, DMSO-d6) 6 189.91, 49.50, 30.64, 27.57. MS (ESI) [M+H]+ 167.08.

General procedure for the preparation of 9-benzyl-3,3-dimethyl-13-phenyl-9,12,13-
triazadispiro[4.0.56.35]tetradecane-1,14-dione (63).

To a solution of 1-benzylpiperidin-4-one 60 (1 equiv., 0.80 mmol) in toluene (3 mL), in a specific
vial, was added benzylhydrazine 61 (2 equiv.). The reaction mixture was sealed and irradiate with
microwaves (400 W) at 140 °C for 15 min and then cooled down to 50°C by airflow. When the
hydrazone intermediate was achieved, as indicated by MS(ESI), the diazo compound (2.5 equiv.) was
added to the resulting mixture, which was sealed again, irradiate with microwaves (400 W) at 140 °C
for 15 min and then cooled down to 50°C by airflow. Upon completion, as indicated by MS (ESI),
the solvent was evaporated and the obtained crude material was directly purified by semi-preparative
HPLC, to yield derivative 5 as white solid.

White solid (yield 43%). mp 68-70°C.

"H NMR (400 MHz, DMSO-d6) § 9.76 (bs, 1H), 7.82 (dd, J] = 8.6, 0.9 Hz, 2H), 7.56-7.46 (m, 5H),
7.44-7.36 (m, 2H), 7.16 (t, J = 7.4 Hz, 1H), 6.24 (s, 1H), 4.41 (s, 2H), 3.46-3.06 (m, 4H), 2.39 (d, J =
17.0 Hz, 1H), 2.24-1.98 (m, 3H), 1.87-1.71 (m, 2H), 1.73 (d, J = 14.0 Hz, 1H), 1.48 (d, ] = 15.0 Hz,
1H), 1.20 (s, 3H), 1.08 (s, 3H).

3C NMR (101 MHz, DMSO0-d6) § 212.66, 169.44, 138.90, 131.06, 129.80, 129.53, 128.81, 128.55,
124.27, 118.39, 67.41, 60.79, 58.81, 53.75, 47.60, 47.34, 39.54, 32.89, 29.33, 28.05, 26.33, 25.03.
MS (ESI) [M+H]+ 418.2489; HPLC: tr = 18.26 min.

General procedure for the  preparation of  3,3-dimethyl-13-phenyl-9,12,13-
triazadispiro[4.0.56.35]tetradecane-1,14-dione (63a)

A solution of dispiro-piperidine derivative 63 (1 eq, 0.45 mmol) in EtOH (5 mL) and glacial AcOH
(1 mL) was treated with a catalytic amount (0.045 mmol) of palladium on activated charcoal (10%
Pd basis) in an atmosphere of hydrogen. Upon completion, as indicated by TLC and MS (ESI), the
mixture was filtered through celite, washed with fresh EtOH and then concentrated under reduced
pressure. The resulting solid residue was directly purified by semi-preparative HPLC to yield the final
derivative 63c as a white solid.

White solid (vield 40%). mp 52-53°C.
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IH NMR (400 MHz, DMSO-d6) & 8.70 (bs, 1H), 8.49 (bs, 1H), 7.83-7.77 (m, 2H), 7.44-7.35 (m,
2H), 7.17-7.12 (m, 1H), 6.21 (s, 1H), 3.29-3.19 (m, 3H), 3.12-2.99 (m, 1H), 2.41 (d,J =17.0 Hz, 1H),
2.22-1.98 (m, 3H), 1.83-1.72 (m, 3H), 1.41 (d, J = 15.2 Hz, 1H), 1.22 (s, 3H), 1.09 (s, 3H).

13C NMR (101 MHz, DMSO-d6) & 212.74, 169.45, 138.88, 128.57, 124.17, 118.18, 67.83, 61.01,
53.79, 39.56, 39.54, 39.14, 32.89, 29.35, 28.05, 25.64, 24.48. MS (ESI) [M+H]+ 328.2020; HPLC:
tR =15.31 min.

General procedure for the preparation of (S)-9-((5-chlorothiophen-2-yl)sulfonyl)-3,3-dimethyl-
13-phenyl-9,12,13-triazadispiro[4.0.56.35]tetradecane-1,14-dione (64)

To a solution of dispiro-piperidine derivative 7 (1 equiv., 0.60 mmol) in THF (8 mL) were added
DIPEA (1 equiv.) and the appropriate sulfonyl chloride (1.2 equiv.). The resulting mixture was stirred
at room temperature 2-3h. Upon completion, as indicated by TLC and MS (ESI), the solvent was
evaporated under reduce pressure. The resulting solid residue was extracted with EtOAc (3x15 mL)
and the combined organic layers were washed with water (1x15 mL), brine (1x10 mL), and then dried
over Na2SO4. The volatile fraction was then evaporated and the crude solid was purified by semi-
preparative HPLC to yield derivative 8 as a white solid.

White solid (yield 51%). mp 166-168°C.

'H NMR (400 MHz, DMSO-d6) § 7.70-7.65 (m, 2H), 7.61 (d, J = 4.0 Hz, 1H), 7.42 (d, J = 4.0 Hz,
1H), 7.38-7.31 (m, 2H), 7.14-7.08 (m, 1H), 5.99 (s, 1H), 3.59-3.54 (m, 2H), 2.90-2.81 (m, 1H), 2.74-
2.63 (m, 1H), 2.38 (d, J = 16.6 Hz, 1H), 2.13-1.94 (m, 3H), 1.86 (d, J = 13.9 Hz, 1H), 1.70-1.58 (m,
2H), 1.34 (d, J =13.7 Hz, 1H), 1.22 (s, 3H), 1.05 (s, 3H).

3C NMR (101 MHz, DMSO-d6) § 212.85, 169.89, 138.93, 135.42, 134.26, 132.83, 128.73, 128.51,
124.05, 118.15, 67.78, 61.87, 53.75, 42.03, 41.48, 39.26, 32.94, 28.93, 28.06, 27.97, 26.78.

MS (ESI) [M+H]+ 508,1126. HPLC: tr = 26.16 min.
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7.3 BIOLOGICAL EXPERIMENTAL SECTION

7.3.1 Materials and Methods

For in vitro experiments, HeLa (human cervical carcinoma), MDA-MB-231 (human breast
adenocarcinoma), HCT116 (human colorectal carcinoma), and HaCat (immortalized human
keratinocyte) cell lines were employed. Cells were maintained in Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 10% fetal bovine serum (FBS), 100 U/mL penicillin, and 100 pg/mL
streptomycin to support optimal growth and prevent bacterial contamination. Cultures were routinely
washed with phosphate-buffered saline (PBS), and cell viability and counting were assessed using
Trypan Blue exclusion in conjunction with a Biirker counting chamber. All cell lines were cultured
under standard conditions at 37 °C in a humidified atmosphere containing 5% COs.

Plasticware employed included filter-cap flasks for cell culture and growth, Eppendorf tubes and
micropipettes of various volumes for cell transfer, and multiwell plates for biological testing.
As reference compounds, MG132, Pimozide, and DMSO were used. Fluorogenic diagnostic probes
Bl and B2, synthesized in-house, were employed to assess proteasome activity.

Fluorescence analysis was carried out using a BD FACSCanto II flow cytometer.

7.3.2 Calculation of Activity Values

Each compound was tested in triplicate. The activity percentages were calculated as the arithmetic
mean of the three values obtained for each experiment and each compound. The activity of the
proteasome in the presence of DMSO was considered as 100%, and all other values were normalized
relative to this reference. In this case, the percentage values obtained from the runs are reported

directly in the tables, as they were originally provided in this format.

Compounds % proteasome activity calculated for every experiment
First Second Third Dev. ST
experiment experiment experiment

GMRS 144 125 110 17,03917
GMRS 159 107 140 26,31223
GMR9 186 117 132 36,29049
GMR71 128 116 130 7,571878
GMRS86 110 133 146 18,23001
TRAP6 129 162 117 23,30236
TRAP10 140 111 120 14,84363
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MF1024

190

185

117

40,7799

MF3053

139

146

148

4,7258

Table 9. % proteasome activity obtained for the first class of compounds in all experimental runs on HeLa cells.

Compounds % proteasome activity calculated for every experiment
First Second Third Dev. ST
experiment experiment experiment

GMRS 122 102 96 13,61372
GMRS 124 161 117 23,64318
GMR9 142 127 108 17,03917
GNR71 137 112 132 13,22876
GMRS86 154 153 143 6,082763
TRAP6 190 182 133 30,8599
TRAP10 147 131 146 8,962886
MF1024 122 152 120 17,92577
MF3053 395 288 228 84,59511

Compounds % proteasome activity calculated for every experiment
First Second Third Dev. ST
experiment experiment experiment

GMRS 88 95 120 16,8226
GMRS 113 &9 136 23,50177
GMR9 142 137 104 20,64784
GMR71 123 77 80 25,73584
GMRS6 111 109 104 3,605551
TRAP6 124 136 155 15,63117
TRAP10 104 138 199 48,13523
MF1024 125 120 119 3,21455
MF3053 183 217 238 27,75488

Table 11. % proteasome activity obtained for the first class of compounds in all experimental runs on HCT cells.

Table 10. % proteasome activity obtained for the first class of compounds in all experimental runs on MDA cells.
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Compounds

% proteasome activity calculated for every experiment

First Second Third Dev. ST
experiment experiment experiment

GMRS5 160 116 150 31,3529

GMRS 80 96 143 10,93034

GMR9 68 101 86 23,64832

GMR71 106 100 142 4,77064
GMR86 104 151 123 69,42268
TRAP6 142 88 110 38,1259
TRAP10 90 109 163 13,19779
MF1024 93 101 122 14,97776
MF3053 226 208 455 137,7038

Table 12. % proteasome activity obtained for the first class of compounds in all experimental runs on HaCat cells.
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8 PROJECT 3: SYNTHESIS OF MULTIVALENT MOLECULE FOR A NEW
THERAPEUTICAL APPROCH OF NEURODEGENERATIVE DISEASES

During the second year of the doctoral program, a research stay was carried out at the laboratory of
the Universidad de Alcala, where it was possible to investigate a novel potential therapeutic approach
for the treatment of neurodegenerative diseases.

Although Alzheimer’s disease (AD) and Parkinson’s disease (PD) have different origins and
characteristics, both are neurodegenerative disorders that affect cognitive and motor functions,
leading to the progressive loss of cholinergic and dopaminergic neurons.**® These diseases involve
the abnormal accumulation of proteins in the brain and are influenced by both genetic and
environmental factors.?'° They also share a multifactorial nature,?!' which makes multitarget drug
strategies a promising therapeutic approach. However, most importantly, no cure is currently

available; existing treatments can only alleviate symptoms.>!2

PHARMACOLOGICAL THERAPIES OF NEURODEGENERATIVE DISEASES %13

Current therapeutic strategies for Alzheimer’s disease (AD) and Parkinson’s disease (PD) primarily
aim to manage symptoms rather than modify the underlying disease processes.

In AD, two main classes of drugs have received regulatory approval: cholinesterase inhibitors—
which include naturally derived, synthetic, and hybrid analogues—and N-methyl-D-aspartate
(NMDA) receptor antagonists.”'*

Specifically, the first class is designed to inhibit the degradation of acetylcholine (ACh), a crucial
neurotransmitter in the central nervous system, whose transmission is markedly reduced under
pathological conditions, including the progression of Alzheimer’s disease.?'” Indeed, the cholinergic
system—which encompasses nicotinic and muscarinic ACh receptors, the vesicular ACh transporter,
butyrylcholinesterase (BuChE), acetylcholinesterase (AChE), and choline acetyltransferase—
undergoes significant alterations during aging and in various age-related disorders, particularly
AD.216

Among these drugs are Rivastigmine, a dual cholinesterase inhibitor, and Neostigmine, a longer-

acting anticholinesterase (Figure 32).217:21%

Q | 9
0
N
/\TJJ\O ~ \N)J\O llr/
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Rivastigmine Neostigmine
Figure 32. General chemical structure of Rivastigmine and Neostigmine.
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Conversely, excessive activation of N-methyl-D-aspartate receptors (NMDARSs) results in elevated
calcium (Ca*") influx, which contributes to neuronal death and synaptic dysfunction. NMDAR
antagonists counteract this process by preventing receptor overactivation and the subsequent Ca**
overload, thereby helping to restore normal receptor function.?!

Within this latter class, Memantine represents the primary therapeutic agent, often administered in
combination with acetylcholinesterase inhibitors. It acts by blocking the NMDA receptor subtype of
glutamate receptors, thereby preventing their overactivation and supporting the restoration of normal

glutamatergic signaling (Figure 33).22°

NH,

CHs

CH4
Memantine

Figure 33. General structure of Memantine.

Despite their therapeutic effects, these two classes of drugs are effective only in treating AD

symptoms, but do not cure or prevent the disease.??!

Similarly, therapies for Parkinson’s disease (PD) are primarily aimed at restoring dopaminergic
function. The main pharmacological treatments currently employed include Levodopa, a dopamine
precursor typically administered in combination with peripheral dopa-decarboxylase inhibitors (such
as Carbidopa or Benserazide), as well as dopamine agonists, including Pramipexole and Ropinirole
(Figure 34).2222%3

They effectively alleviate motor symptoms, yet they fail to address the fundamental
neurodegenerative mechanisms. Prolonged administration of these drugs may also lead to adverse
outcomes, including dyskinesias—characterized by abnormal involuntary movements—and

fluctuations in symptom control. 2>

0 (0]
HO ¥
OH >N S HN N
NH, C[ 7Nk, T
HO N
L-DOPA Pramipexole Ropinirole

Figure 34. General structure of pharmaceutical drugs now on therapy.
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Consequently, research efforts have increasingly focused on identifying novel therapeutic strategies
to enhance the management and slow the progression of these neurodegenerative disorders, which
share overlapping pathophysiological mechanisms.?*>%6

Recently, epigenetic therapy has emerged as a promising therapeutic approach, showing great
potential through the use of histone deacetylase (HDAC) inhibitors and other epigenetic enzyme

modulators >’

8.1 EPIGENETIC MECHANISM

Epigenetic mechanisms encompass processes that modulate gene expression without altering the
underlying DNA sequence. By regulating chromatin accessibility, these mechanisms can either
promote or suppress transcriptional activity. When chromatin adopts a compacted configuration
(heterochromatin), transcription is impeded, whereas a more relaxed structure (euchromatin)
facilitates access of the transcriptional machinery to DNA.??® Chromatin dynamics, in turn, are
influenced both by intrinsic features of the DNA sequence and by post-translational modifications
(PTMs) of histone proteins within the nucleosome.?*

Consequently, epigenetic modifications encompass three principal mechanisms: DNA methylation,
histone modifications, and noncoding ribonucleic acids (ncRNAs).?*® These modifications are
enzymatically reversible and play diverse roles in both normal human physiology and disease

pathophysiology.

8.2 HDAC INHIBITORS
Reversible histone acetylation and deacetylation play a central role in the regulation of gene
expression. These processes are catalyzed by histone acetyltransferases (HATs) and histone

231232 Small-molecule HDAC inhibitors are important

deacetylases (HDACs), respectively
modulators of transcription, as they shift the cellular equilibrium towards a state of hyperacetylation.
In neurodegenerative diseases, the homeostasis of histone acetylation is markedly disrupted, resulting
in hypoacetylation. 2*3 The hyperacetylation induced by direct HDAC inhibition has been shown to
exert neuroprotective effects.?**

Histone deacetylases (HDACs) remove acetyl groups from histones, thereby promoting a more
compact chromatin structure. They function as components of co-repressor complexes and are known
to regulate multiple essential biological processes, including cell proliferation, differentiation, and
development, through their interactions with various transcription factors and transcriptional co-

regulators.’*
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HDAC:s are well characterized and grouped into four major classes based upon their homology to
yeast histone deacetylases. The first class is made by HDACs /,2,3 and 8, that are predominantly
localized in the nucleus and share homology with the yeast transcriptional regulator Rpd3 (reduced
potassium deficiency 3) 2*®. HDACs 1,2 and 3 are involved in cell proliferation and death 237, while

HDAC 8 is found to be expressed in smooth muscle and plays a key role in muscle contractility.

The Class I HDACs share similarity with yeast Histone Deacetylase 1 (HD1) proteins and are further
grouped into class Ila and Class IIb based on their structural features. The Class I1a includes HDACs
4,5, 7, and 9, while Class IIb includes HDAC 6 and /0. These HDACs have been found to travel back
and forth between the nucleus and cytoplasm and seem to have a role in tissue specific developmental
activities.?*

Class IV includes only one atypical HDAC isoform 11: it is well expressed in the kidneys, testis and
brain. HDACI11 has been identified to deacetylate histones along with some non-histone proteins,
namely a nuclear hormone receptor, transcription factors and cytoskeletal elements.?*

The Class I, II, and, IV HDACSs are zinc-dependent and known as “classical” HDACs. In contrast,
class II HDACs, commonly called sirtuins (SIRT 1-7), function as NAD-dependent HDACs and are
similar to yeast SIR 2 (Silent Information Regulators 2). 2*° Sirtuins are involved in regulation of
metabolism, stress responses and aging.?*!

As shown in Figure 35, a general classification of HDAC enzymes is presented.

HDAC1 I Mainly nucleus
E HDAC2 Nucleus
g HDAC3 Mainly nucleus/cytoplasm
HDACS8 Mainly cytoplasm

- =

5 HDAC4 Cytoplasm/nucleus

'E % HDACS Cytoplasm/nucleus

8, é HDAC7 Cytoplasm/mitochondria/nucleus
g HDAC9 | Cytoplasm/nucleus

I .

~N f HDAC 6 Cytoplasm ‘

i HDAC 10 | Cytoplasm/nucleus
E AEE _p Mainly nucleus

- - J - e —
'E Sirt1 Cytoplasm

§ Sirt 2 Cytoplasm/nucleus ‘
g_ = Sirt3 Mitochondria

2 é sita T \iondria

5 Sirt5 Mitochondria

é Sirt6 Nucleus

Sirt7 Nucleus

Figure 35. General classification of HDACs enzymes.

In recent years, histone deacetylase inhibitors (HDACi) have attracted considerable therapeutic

interest. Initially, research focused primarily on the development of HDACi as anticancer agents.**?
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Several HDAC inhibitors, including butyrate, trichostatin A (TSA), suberoylanilide hydroxamic
acid (SAHA), and MS-275, have been shown to inhibit cell proliferation and promote differentiation
in various in vitro cancer models, including leukemia.

Notably, SAHA (vorinostat, brand name Zolinza) became the first HDACi approved by the FDA
for the treatment of cutaneous T-cell [ymphoma.

Currently, multiple HDACi are currently undergoing Phase I and Phase II clinical trials for cancer
therapy,?* and a summary of HDACi have been used in clinical trials for both neurological and
oncological therapeties.

More recently, interest in HDACi has expanded to non-malignant disorders affecting the nervous

system 24245,

Targeting HDACs with HDACi holds therapeutic potential for a range of neurological disorders,
including Huntington’s disease, Alzheimer’s disease, amyotrophic lateral sclerosis, seizure disorders,
spinal muscular atrophy, Rett syndrome, stroke, Fragile X syndrome, and Rubinstein-Taybi

syndrome. 246

Histone deacetylase inhibitors (HDACi) have also shown considerable promise in the treatment of
various psychiatric disorders, such as depression, drug addiction, schizophrenia, and anxiety

disorders 247243,

Under physiological conditions, the activities of histone acetyltransferases (HATs) and histone
deacetylases (HDACsS) are finely regulated within neuronal cells to maintain acetylation homeostasis.
249

In neurodegenerative disorders, this delicate equilibrium is disrupted, leading to histone
hypoacetylation. Pharmacological inhibition of HDACs restores hyperacetylation and has been
associated with neuroprotective outcomes.

Beyond their ability to induce histone hyperacetylation, the neuroprotective properties of HDAC
inhibitors are likely mediated through multiple mechanisms, including the activation of kinase

230 suppression of pro-apoptotic factors,*' and

signaling pathways in response to extracellular stimuli,
attenuation of microglia-driven neuroinflammation,?> as exemplified by the effects of valproic acid.
Accordingly, HDACs have emerged as compelling therapeutic targets for both neurological and
psychiatric conditions. In preclinical studies, HDAC inhibition has been associated with a range of

beneficial outcomes, such as enhanced neuroprotection and neurogenesis following traumatic brain
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2 253

injury and ischemia, ?°! restoration of learning and memory in neurodegeneration models,

promotion of neuronal differentiation and synaptic plasticity,?*

like behaviors.?>

and the induction of antidepressant-

8.3 HDAGs INHIBITORS IN NEURODEGENERATIVE DISEASES

Recent evidence suggests that histone deacetylase inhibitors (HDACis) may offer promising
therapeutic opportunities for the treatment of neurodegenerative disorders. Indeed, HDACs play a
crucial role in neuronal survival, and alterations in their normal activity have been associated with

cellular dysfunction and neurodegeneration.

8.3.1 HDACs INHIBITORS IN PARKINSON’S DISEASE

Although the pathogenesis of Parkinson’s disease (PD) has not yet been fully elucidated, substantial

256-258

evidence indicates that dopaminergic neuronal loss, o-synuclein aggregation 2°°, metal ion

I are key contributors to its development (Figure 36) 262,

accumulation 2®°, and oxidative stress 2°
Moreover, transcriptional dysregulation is frequently observed during the onset and progression of
various neurodegenerative disorders of the central nervous system (CNS), including PD?®. In this
context, histone deacetylases (HDACs)—a major class of epigenetic regulators involved in
transcriptional control—play a pivotal role in chromatin remodeling and gene expression by
modulating histone acetylation status, and are therefore likely to participate in the pathogenic

mechanisms underlying PD.?64

For instance, HDACs and their associated epigenetic regulatory mechanisms have been proposed as
potential therapeutic targets in PD 29267 Notably, a significant upregulation of HDAC2 expression
has been observed in the microglial cells of the substantia nigra in individuals with PD. 28

Among the 18 mammalian HDACs identified, individual isoforms exhibit distinct functional roles,
exerting either neuroprotective or neurotoxic effects 2°. For example, activation of HDAC1 promotes
neuroprotective activity in human neuronal models of neurodegeneration, but its interaction with
HDAC3 looks like to contribute to a neurotoxic effect’’%; on the other hand, several Class Il HDACs

have been reported to exerto 27!

In particular, HDAC6 have been widely involved in neurodegeneration. Indeed, a transcriptome study

of clinical PD samples gave a 1.6-fold higher level of HDAC6 expression in models of PD and a

272,273

1.65-fold higher level of histone acetyltransferasel (HAT1) expression , consistent with elevated

H3 histone acetylation levels reported in the above studies. 274273
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In conclusion, current evidence indicates that HDAC1-3 and HDAC6 exert predominantly neurotoxic

effects, whereas HDAC7, HDAC9, and HDACI10 appear to play neuroprotective roles based on their

expression patterns in the brain.

Figure 36 provides a general summary of the HDACs involved in Parkinson’s disease.

Cytoplasm

HDACE |
SIRT2
"/'-3 C\\‘

/ HOAC 1,2.8,9,11] 9 '\Nu‘ﬂeus
SIRT 1,6, 7
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Figure 36. PD pathology and localizations of
histone deacetylases. Current knowledge about the
PD pathology mainly includes dopamine (DA)
decrease, a-synuclein aggregation, oxidative
stress, and mitochondrial dysfunction; whether
histone deacetylases are linked with this

pathogenesis in PD still remains to be explored

) 8,

every histone deacetylase.

In a mouse model of PD induced by the dopaminergic toxin MPTP, treatment with the histone
deacetylase (HDAC) inhibitor phenylbutyrate significantly attenuated dopamine loss and the

276 Mutations in

degeneration of tyrosine hydroxylase—positive neurons in the substantia nigra.
presynaptic a-synuclein are associated with familial forms of PD,?”” and a-synuclein has been shown
to mediate neurotoxicity, with its cytoplasmic sequestration exerting protective effects in both cell
culture and transgenic Drosophila models. Notably, HDAC inhibitors such as Vorinostat and sodium

butyrate mitigate a-synuclein—induced toxicity and neuronal death in these models. 27

Since an imbalance in lysine acetylation of both histone and non-histone proteins, together with the
dysregulation of various histone deacetylase (HDAC) isoforms, may contribute to PD pathogenesis,
considerable research efforts have been directed toward developing HDAC inhibitors for PD therapy
(Figure 2) 2728 Valproic acid, a broad-spectrum (pan-) HDAC inhibitor, was among the first
compounds shown to protect dopaminergic neurons and to mitigate lipopolysaccharide (LPS)-
induced dopaminergic neurotoxicity in cellular models. 234283

Similarly, sodium butyrate, another pan-HDAC inhibitor structurally related to valproic acid, has
been shown to exert beneficial effects against 6-OHDA-induced neurotoxicity and associated
behavioral abnormalities. 286287

Suberoylanilide hydroxamic acid (SAHA), an HDAC inhibitor approved for cancer therapy, has been
investigated for potential application in Parkinson’s disease. In vitro PD models have shown that

SAHA protects dopaminergic neurons from neurotoxin-induced damage. 2%
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Collectively, these findings suggest that pan-HDAC inhibitors may exert a neuroprotective effect in
PD. 289

In parallel, selective HDAC inhibitors have been explored as potential therapeutic agents,
highlighting the importance of targeting specific isoforms for improved efficacy and safety.
Selective HDAC inhibitors have shown promising neuroprotective effects in Parkinson’s disease
models. For example, RGFP109, which targets HDAC1 and HDAC3, alleviated L-DOPA—induced
dyskinesia in MPTP-lesioned marmosets.?”® Similarly, the HDAC1/2 dual inhibitor K560 and its
derivative K-856 demonstrated protective effects in both cellular and animal models of PD. 2°1:22
Comparisons between Class I and Class II inhibitors indicated that inhibition of Class | HDACs, such
as with MS-2785, can prevent neuronal cell death by blocking HDAC3 binding, whereas Class Ila
inhibition with LMK235, which selectively targets HDAC4 and HDACS, protected dopaminergic
neurons and prevented axonal degeneration caused by wild-type or A53T-mutant o-synuclein. 2924
These findings highlight the potential of isoform-selective HDAC inhibition as a therapeutic strategy
in PD.

As illustrated in Figure 37, the HDAC inhibitors are presented.
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Figure 37. The structures of representative inhibitors of histone deacetylases used in PD study.

8.3.2 HDACs INHIBITORS IN ALZHEIMER’S DISEASE

Alzheimer’s disease (AD) is the most common neurodegenerative disorder, accounting for 60—-70%
of dementia cases worldwide. 2°> This progressive and irreversible condition is marked by gradually
worsening memory loss, cognitive decline, and mood disturbances, which collectively lead to a
profound deterioration in daily functioning. >

Alzheimer’s disease (AD), a highly complex neurodegenerative disorder, is primarily characterized
by two histopathological hallmarks: extracellular senile plaques composed of amyloid-beta (AB)
aggregates and intraneuronal neurofibrillary tangles (NFTs) formed by hyperphosphorylated tau

protein, 297-2%8

The accumulation of these proteins disrupts neuronal connectivity, ultimately leading to cell death
and brain atrophy. As the disease progresses, these pathological changes trigger additional cellular
and molecular disturbances, including neuroinflammation, oxidative stress, excitotoxicity, blood—
brain barrier dysfunction, and deficits in neurotransmitters such as acetylcholine. Collectively, these
processes drive synaptic dysfunction and neuronal injury, underpinning the cognitive decline and

clinical symptoms observed in AD patients. 2%

Several hypotheses have been proposed to explain the aetiology of Alzheimer’s disease (AD) (Figure
la—c). The most prominent include the amyloid cascade hypothesis, tau protein post-translational

modifications (PTMs), chronic neuroinflammation, and dysfunction of cholinergic and glutamatergic
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neurotransmission. Individually or in combination, these mechanisms contribute to the extensive

neurodegeneration characteristic of AD.

While much research has focused on genetic factors in AD, growing evidence suggests that epigenetic
dysregulation also contributes to its pathogenesis and progression. 2*°*°! Among epigenetic
regulators, histone deacetylases (HDACSs), which modulate gene transcription through chromatin
remodeling, have been frequently implicated. The following discussion examines their potential role

and impact in AD. 30

Altered acetylation of non-histone proteins, such as a-tubulin, Hsp90, cortactin, c-fos, tau, and BDNF,
is strongly linked to Alzheimer’s disease, affecting processes like cell morphology, oxidative stress
response, migration, and autophagy. 3*3%4

Imbalances in HDAC levels and acetylation dynamics negatively impact learning and memory. 3%
Moreover, reduced histone acetylation in AD and other neurodegenerative disorders is associated

with decreased transcription of genes essential for cognitive function. 3%6-3%

The expression and distribution of HDACs vary across different regions of the human brain, directly
influencing neuronal plasticity, memory, and behaviour. The first assessment of neuroepigenetic
regulation in healthy individuals revealed that class [ HDAC expression is higher in cortical grey
matter than in white matter. Within grey matter, HDAC expression levels are lower in the
hippocampus and amygdala, but higher in the putamen and cerebellum. Moreover, the expression
profile of HDAC isozymes is altered in Alzheimer’s disease.

For instance, in a study conducted on postmortem hippocampal samples from human brains, Graff et
al. reported that while the expression levels of HDAC1 and HDAC3 remained unchanged, HDAC2

expression was significantly elevated, particularly during the early stages of the disease. 3

Conversely, a study by Mahady et al. reported significantly increased expression of HDACI,
HDAC3, HDAC4, and HDAC6 across most stages of Alzheimer’s disease in postmortem human
frontal cortex samples. In contrast, HDAC2 expression showed no significant change, while SIRT1
expression was consistently reduced at all disease stages. 2%°

These findings contrast with those reported by Anderson et al., who investigated the same brain region
in human subjects. In their study, HDAC1 and HDAC2 expression levels were reduced by
approximately 32%, whereas HDACS5 and HDAC6 expression increased by 47% and 31%,

respectively, compared with control samples. 3!°
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Given the implication of epigenetic dysregulation in various neurological and psychiatric disorders,
including Alzheimer’s disease, HDACs have emerged as potential therapeutic targets. 2% As
previously noted, histone acetylation is reduced in AD, contributing to several deleterious cellular
mechanisms. Consequently, increasing research efforts are focusing on the use of HDAC inhibitors
(HDACI) to restore acetylation levels and improve cognitive function, generating considerable

scientific interest. 3%

HDAC inhibitors (HDACi) differ in their chemical structure, selectivity, and biological activity. Most
currently available HDACi act as nonspecific, or pan-HDAC, inhibitors targeting all HDAC
isozymes. In contrast, selective HDACi may inhibit multiple isozymes within a single class or act on
a specific HDAC isoform only.

However, despite their promising potential, no HDACi have yet reached the market for central
nervous system (CNS) disorders, with valproic acid representing the only exception. 2%°

Figure 38 presents the HDAC inhibitors along with their selectivity.
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Figure 38. The structures of representative inhibitors of histone deacetylases used in AD study.

As previously reported, HDACi exhibit significant neuroprotective properties, positioning them as

promising candidates for CNS disease therapy, due to the fact in preclinical studies, HDACi have

311,312

been shown to exert neuroprotective effects, restore learning and memory functions, promote

neurogenesis and synaptic plasticity, enhance neuronal differentiation, and reduce oxidative stress.
313

Several of these HDAC inhibitors (HDACi) have shown promising neuroprotective effects in

Alzheimer’s disease (AD) models. The selective HDACG6 inhibitors Tubastatin A and ricolinostat
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(ACY-1215) improved behavioural deficits in AD mouse models, while the novel HDAC6 inhibitor
PB118 enhanced microtubule stability, prevented neurofibrillary tangle formation, reduced AP
production, and suppressed neuroinflammatory cytokines and chemokines in microglial and 3D
human neural culture models. !4

Valproic acid, a class I and II HDACi, demonstrated neuroprotective properties by promoting cell
proliferation, increasing immature neuron density in the hippocampal dentate gyrus, and improving
learning and memory in 3xTg-AD mice. 3! Similarly, sodium butyrate reduced amyloid-p plaque
formation, while chronic administration of trichostatin A, another class I and II HDACI, decreased
AP plaques and oligomers and ameliorated both short- and long-term cognitive deficits in APP/PS1
mice. 31

On the other hand, the class I inhibitors Entinostat and Apicidin reduced A accumulation, improved
cellular function, and alleviated memory deficits through anti-inflammatory, antioxidant, and
neuroprotective mechanisms. *!"3!° Likewise, the class III inhibitor nicotinamide restored cognitive

performance in 3xTg-AD mice by reducing tau phosphorylation and enhancing microtubule stability.
320
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84 NEW THERAPEUTICAL STRATEGY FOR NEURODEGENERATIVE DISEASES:
MULTIVALENT DRUGS

Currently, research is highly active in the design and synthesis of novel molecules that may offer
innovative strategies for the treatment of neurodegenerative diseases. Among these emerging
approaches, the concept of multivalent drugs is emerging as particularly promising.
A multivalent drug is a therapeutic agent that can simultaneously bind to multiple sites or receptors
on a cell surface, leading to stronger interactions and more potent effects than its single-binding
counterparts.>?!
This strategy represents a highly promising approach in drug development, as it facilitates the design
of a single therapeutic agent capable of simultaneously engaging multiple biological targets. Such an
agent may provide both symptomatic relief and disease-modifying effects, thereby consolidating the
benefits typically achieved through the administration of multiple medications into a single, more
effective intervention.
This approach has the potential to enhance patient adherence, reduce the complexities associated with
polypharmacy, and enable a more comprehensive management of multifactorial neurodegenerative

disorders.

Drugs developed through this approach offer several notable advantages, including enhanced
therapeutic efficacy, a reduced risk of toxicity, the avoidance of excessive suppression or
overactivation of specific biological pathways, and improved patient adherence, ultimately

contributing to a better overall quality of life. 3223

However, this approach is not without limitations. Multivalent ligands often exhibit larger molecular
sizes, which can reduce bioavailability, and may display increased lipophilicity, leading to higher
clearance rates. Additionally, the identification of suitable biological targets remains challenging. 324
Although no rationally designed multi-target-directed ligand (MTDL) has yet obtained clinical
approval, several hybrid molecules have demonstrated promising results in in vitro studies. 32°

In the last years, different multivalent molecules have been synthesized presenting the combination
of different activities, as Cholinesterase and AP aggregation inhibition ***, AChE/BuChE inhibition,
AP aggregation inhibition and anti-neuroinflammatory activity 3*’, ChE inhibitors, AP aggregation

inhibitors and antioxidant 32832,

Un example of drug that is actually on clinical phases, is Vafidemstat, produced by the Spanish
company ORYZON: it (ORY-2001) is an oral small molecule that has been optimized for CNS
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indications and that acts as a covalent inhibitor of the epigenetic enzyme Lysine Specific
Demethylase-1, LSD1 (KDM1A).

The mechanism of action of this drug operates on multiple levels. It mitigates cognitive impairment,
attenuates neuroinflammation, and exerts neuroprotective effects. 3

In animal models, Vafidemstat not only restores memory function but also normalizes the heightened
aggressiveness observed in SAMPS8 mice, a model of accelerated aging and Alzheimer’s disease
(AD), while reducing social avoidance and enhancing sociability in rodents. Additionally, it
demonstrates rapid, robust, and sustained efficacy in several preclinical models of multiple sclerosis
(MS), where it diminishes neuroinflammation, modulates glial activity, provides neuroprotection, and
preserves axonal integrity. 3*!

The principal target of this drug is enzyme Lysine Specific Demethylase-1 (also called KDM1A):
LSD1 plays a fundamental role in neurogenesis, neuronal differentiation and axonal navigation.
LSD1 is the most abundant Lysine Demethylase in the prefontal cortex.

KDMI1A plays multiple crucial roles in the brain: in fact, its activity is related to regulation of

transcription, and its modulation can alleviate neuroinflammation and cognitive impairment. 332-33

On the other hand, this compound exhibited strong inhibitory activity toward MAO-B. These
enzymes catalyze the oxidative deamination of various monoamines and regulate key
neurotransmitters such as dopamine, serotonin, and norepinephrine in the brain. Under physiological
conditions, dopamine is mainly metabolized by MAO-A; however, with aging, MAO-B becomes the
predominant enzyme responsible for this process. Indeed, several MAO-B inhibitors, such as
rasagiline and selegiline, are currently used in the symptomatic treatment of Parkinson’s disease. >33

Vafidemstat is actually on III phase for treatment for psychiatric conditions like Borderline

Personality Disorder (BDS), representing one of the first multivalent drugs.

Another particularly interesting therapeutic target is the inhibition of HDAC6, which appears to be
overexpressed under pathological conditions, as previously mentioned in paragraph 8.3.1 and 8.3.2.
One compound that has shown effective HDACG6 inhibition is Tubastatin A, which has demonstrated

promising potential in reducing neuroinflammation.*’

Concurrently, Pawet Zajdel and colleagues demonstrated that combining 5-HT6 receptor antagonism
with D3 dopamine receptor (D3R) blockade in a single compound holds significant potential for the
treatment of neurodegenerative diseases such as Alzheimer’s and Parkinson’s. This dual action

confers neuroprotective effects, modulates neurotransmission, and improves cognitive function.?333
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The 5-HT6 receptor, predominantly localized in brain regions associated with memory and learning,
when blocked by antagonists, enhances the release of neurotransmitters such as acetylcholine and
glutamate. This leads to improved synaptic signaling and neuronal plasticity, which may help

counteract the cognitive deficits associated with Alzheimer’s disease.>*°

On the other side, the D3 dopamine receptor (D3R) is primarily expressed in limbic brain regions
associated with cognition and emotional behaviour. **' D3R antagonists enhance dopaminergic
signaling, which is particularly relevant in Parkinson’s disease, where the loss of dopaminergic
neurons contributes to both motor and cognitive symptoms. **? Furthermore, these antagonists can
activate intracellular signaling pathways that promote neuronal survival and neurogenesis, including

the cyclin-dependent kinase 5 (Cdk5) and mammalian target of rapamycin (mTOR) pathways 3434

The design of multivalent drug candidates represents a promising and increasingly influential frontier
in the therapeutic landscape of neurodegenerative diseases. By engineering a single molecular entity
capable of engaging multiple pharmacological targets implicated in disease onset and progression, it
becomes possible to integrate symptomatic relief with a preventive therapeutic strategy. Such an
approach holds particular promise when these targets converge on epigenetic mechanisms that govern
neuronal resilience and vulnerability. Through the simultaneous modulation of complementary
pathways, a multivalent compound may not only attenuate clinical manifestations but also intervene
upstream in the molecular cascade that initiates and perpetuates neurodegeneration, thereby offering

a more holistic and potentially transformative therapeutic paradigm.
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8.5 AIM OF THE THESIS

Neurodegenerative diseases are currently among the most prevalent pathologies worldwide. These
multifactorial disorders pose significant challenges for therapeutic intervention. At present, available
treatments are primarily symptomatic, aiming to alleviate or manage clinical manifestations without

halting disease progression or providing a preventive effect against neurodegeneration.

One strategy that has garnered increasing attention is the modulation of epigenetic mechanisms to
prevent neurodegenerative processes. In particular, inhibitors of histone deacetylases (HDACs) have
emerged as promising candidates in this context.

Another innovative therapeutic approach involves the design of multivalent molecules, which
incorporate multiple pharmacophores to target different biological pathways simultaneously. Such
molecules offer a unique opportunity to integrate symptomatic treatment with epigenetic modulation

within a single compound, potentially applicable to both Alzheimer’s and Parkinson’s diseases.

During my thesis, I had the opportunity to conduct a research period in the laboratory of Professor
Isabel Iriepa Canalda at the Universidad de Alcald, collaborating on the development of a multivalent
molecule as an innovative approach for neurodegenerative disorders.

The work aimed to develop and evaluate a new therapeutic approach for these pathologies, which

currently lack treatments capable of substantially improving patients’ quality of life.

The group with which I conducted my research collaboration at the University of Alcald (Madrid)
had published an article describing a novel molecule, Contilisant. This compound demonstrated
strong multivalent activity, combining monoamine oxidase B (MAO-B) inhibition with histamine H3
receptor (H3R) antagonism, resulting in beneficial effects on dopamine regulation, representing a

new opportunity for the treatment of Parkinson’s disease (Figure 39). 34% 34

MAO-motif

O“ 0 HsC\N///
\> /
NbH3

CONTILISANT

H3 antagonist and
ChE motifs

Figure 39. General structure of pharmacophoric points in Contilisant.
Contilisant has been shown to possess neuroprotective, non-toxic, antioxidant, and cell-permeable

properties, exhibiting satisfactory in vitro pharmacological activity on selected biological targets
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and effectively restoring LPS-induced cognitive impairment in an in vivo NRO test, an established
animal model of Alzheimer’s disease. These findings suggest the potential utility of H3R
antagonists/inverse agonists for addressing AD-related cognitive deficits. However, despite their
promise, clinical trials targeting H3R as a single target have (so far) been unsuccessful. **’

The (piperidinopropyloxy)phenyl motif, present in compounds such as I (Figure 1), has been
reported to confer antagonist properties at the Sigma 1 receptor (S1R). *** SIR is involved in a wide
range of biological processes, including Ca** signaling at the endoplasmic reticulum (ER),
regulation of K*, Ca?*, Cl-, and Na" ion channels at plasma and organelle membranes, maintenance
of ER—mitochondria communication, and modulation of transcription factors. **° Its role in learning
and memory is well established, and S1R agonists have demonstrated antiamnesic effects across
diverse pharmacological and pathological models, likely through enhancement of glutamatergic and
cholinergic synapses and trophic factor activity, which are critical for memory processes. *>°
Several ligands with varying S1/2R affinities and agonist/antagonist profiles have been described in

351-353

the past decade, including donepezil, 3>*

although clear structure—activity relationship trends
remain limited. SIR is also expressed in CNS structures involved in central sensitization
mechanisms implicated in neuropathic pain. 3%

Contilisant has been confirmed as a permeable antioxidant with significant neuroprotective activity
against multiple AD-relevant insults. As a novel tetratarget indole, it combines inhibitory activity
against neurotransmitter-catabolizing enzymes (ChE, MAO) and H3R with high-affinity, selective
agonism at S1R. This compound significantly restored APi—s-induced cognitive deficits in the
radial arm-maze assay in an in vivo AD model, performing comparably or favorably relative to

donepezil .34

Starting from the considerable pharmacological potential of Contilisant, the research group focused
on elucidating the structural features of the molecule that could be optimized to enhance its biological
activity. Through structure—activity relationship (SAR) studies on both Tubastatin A and Contilisant,
correlations were established between target-specific activity and the presence as well as the spatial
arrangement of distinct functional groups. For example, Tubastatin A exhibited pronounced
inhibitory activity against HDAC6, an enzyme of significant interest in the modulation of epigenetic
mechanisms. In contrast, Contilisant showed antagonistic activity at the H3 receptor, which could be
attributed to the piperidine ring connected via a propylene linker to the central aromatic scaffold.

Building on these insights, two novel compounds were designed and synthesized, both derived from
a common central scaffold while incorporating functional groups intended to engage distinct

biological targets. As illustrated in Figure 40, MTP100 and MTP109 share the same pharmacophoric
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groups—highlighted in blue and pink—designed to enhance interactions with the 5-HT6 receptor and
to confer HDACG6 inhibitory activity, respectively. The primary distinction between the two
molecules lies in the moiety intended to inhibit cholinesterases (ChE), depicted in red.

Both compounds were subsequently evaluated in vitro and in vivo, demonstrating promising activity
against the intended biological targets and supporting their potential for further pharmacological

development.

G‘ \/\/O\CE\;_S/QN/
N

CH,
CONTILISANT
NV
(HDACG6) ICsy = 12.2 nM; (HDACG6) IC59 = 35.2 nM;
(HDAC1) ICsy = 734 nM % (HDACT) IC59 = 4000 nM
MTP100
MTP109

Figure 40. General structures of compounds MTP100 and MTP109, together with their respective ICso values for
HDACI and HDACE® inhibition.

Starting from the therapeutic potential suggested by the biological activity of previously synthesized
molecules, a modelling-based investigation was conducted to design a more structurally
sophisticated derivative. This was achieved through the introduction of a more complex spacer,
intended to broaden the molecule’s biological profile and enable interaction with a wider range of
targets. In particular, the design sought to incorporate pharmacophoric elements capable of
engaging the D3 receptor, which is believed to play a pivotal role in restoring cognitive functions
impaired in patients with Alzheimer’s and Parkinson’s diseases. Figure 41 depicts a general
schematic of the multivalent molecule. Since the corresponding article has not yet been published,

the structure is presented solely in a schematic format.
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Figure 41. General structure of designed compound to obtain a multivalent drug.

The molecule depicted in Figure 41 is built around a central core (white), serving as a privileged
scaffold to which various pharmacophoric moieties have been strategically attached. These structural
elements were carefully selected to engage multiple biological targets involved in both typical and
atypical symptoms of Alzheimer’s and Parkinson’s diseases.

The red group is well established for its ability to inhibit ChE, thereby reducing the enzymatic
degradation of acetylcholine. This leads to an increase in synaptic acetylcholine levels, which is
associated with measurable improvements in cognitive function and contributes to the symptomatic
relief characteristic of this class of agents.

A spacer (blue) was introduced, a feature previously shown to confer antagonistic activity toward the
5-HT6 receptor. This interaction enhances synaptic signaling and neuronal plasticity, ultimately
helping to alleviate cognitive deficits in Alzheimer’s disease. 3+

The most notable structural innovation is the incorporation of an additional core (green), which
molecular docking studies suggest facilitates interaction with the D3 receptor. Antagonism at this
receptor promotes dopaminergic signaling, a mechanism particularly relevant to Parkinson’s
disease.>*? Furthermore, such antagonists are known to activate intracellular pathways supporting
neuronal survival and neurogenesis, including those regulated by cyclin-dependent kinase 5 (CdkS5)
and the mammalian target of rapamycin (mTOR). 34334

Finally, the pharmacophore (pink) was added to ensure HDAC6 inhibition, adding another layer to

the molecule’s multifunctional pharmacological profile.

Taken together, this designed molecule represents a highly promising multivalent candidate for a
therapeutic strategy aimed not only at symptomatic relief but also at preventing neurodegeneration in
Parkinson’s and Alzheimer’s diseases. A dedicated synthetic approach, specifically conceived to
accommodate its structural complexity and multifaceted pharmacological properties, has been

developed and is detailed in the following section.
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8.6 SYNTHETIC STRATEGY

The synthetic route developed for the preparation of the final compound 78 was conceived according
to a convergent design, selected to maximize overall efficiency and modularity. In line with this
strategy, the two key fragments—70 and 76—were synthesized independently through distinct three-
step sequences, and subsequently united through an amide-bond-forming reaction to afford

intermediate 77, which was finally converted into the target hydroxamic acid derivative 78.

The preparation of fragment 70 was accomplished through three consecutive synthetic
transformations. The sequence commenced with a nucleophilic substitution reaction between the
commercially available alkyl chloride (65) and phenolic derivate (66). This reaction, proceeding
under standard conditions, furnished the O-alkylated derivative 67.

Subsequently, compound 67 was subjected to an acyl nucleophilic substitution under basic conditions
with the commercial reagent 68. This step introduced the molecular spacer designed to ensure optimal
interaction with the S-HT6 receptor, progressively leading to the formation of intermediate 69.

In the final step, the ester function of 69 was hydrolyzed under strongly basic conditions employing
2N KOH, allowing the release of the corresponding carboxylic acid and thereby affording fragment
70 in good overall yield.

In parallel, fragment 76 was prepared through an alternative three-step sequence. The initial
transformation consisted of a nucleophilic substitution between the primary amine 71 and the alkyl
bromide 72 in DMF, using triethylamine as a base. This reaction selectively provided the
monoalkylated product 73.

The subsequent step involved the acidic removal of the Boc protecting group from compound 73,
achieved by treatment with trifluoroacetic acid, thus generating amine 74 as its salt. This intermediate
was then employed in a reductive amination with aldehyde 75. Because compound 74 was present in
its protonated form, the reaction was performed under basic conditions using TEA to regenerate the
free amine. The reducing agent NaBHa4 was added to complete the transformation, giving rise to

fragment 76.

With both fragments in hand, the convergent phase of the strategy was implemented. Fragment 70
and fragment 76 were coupled through an amide-bond-forming reaction using HATU as the coupling
reagent and DIPEA as the base. Due to the relatively low acidity of the carboxylic group in fragment
70, an excess of DIPEA (5 equivalents) was required to ensure efficient activation and coupling. This

key transformation delivered intermediate 77.
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In the final step, compound 77 was treated with an acqueous solution of commercially available
compound 78 to introduce the last pharmacophoric group.

While the final step toward the synthesis of the designed multivalent molecule remains to be
optimized, the work conducted during this PhD has validated the overall strategy and afforded the
crucial intermediates needed for its completion. Future efforts will focus on refining the final

transformation to obtain the fully functionalized target structure.
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Experimental conditions:
i. K»CO3, CHCI3/H>0 (5:1), reflux 80°C, 24 hours. iv.TEA, anhydrous DMF, reflux 120°C, two
ii., NaH 90%, anhydrous DMF, rt, 48 hours. v., TFA, anhydrous DCM, rt, 16 hours.
iii. KOH 2N, THF/EtOH (1:1), rt, 4 hours. vi. 75, NaBH4, anhydrous MeOH, rt, 1 hour.
vii. HATU, DIPEA, anhydrous DMF, rt, 72 hours.

viii. 78, KOH, THF, 35°C, 24 hours.

Scheme 33. General synthetic strategy optimized for the synthesis of the designed compound 79.
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8.7 CONCLUSIONS

During my PhD at the University of Alcald with Professor Isabel Iriepa Canalda’s research group, it
was possible to explore a novel and promising therapeutic approach for neurodegenerative diseases.
These disorders, which are highly prevalent worldwide, are currently managed primarily with
symptomatic therapies aimed at alleviating clinical manifestations and improving patients’ quality of
life. Existing drugs, however, neither halt disease progression nor prevent the underlying

neurodegenerative processes.

One strategy that has attracted considerable attention is the modulation of epigenetic mechanisms.
Epigenetic processes regulate gene expression without altering the underlying DNA sequence,
primarily by controlling chromatin accessibility to either promote or suppress transcriptional activity.
Among these, reversible histone acetylation and deacetylation play a central role and are catalyzed
by histone acetyltransferases (HATs) and histone deacetylases (HDACs), respectively. 231232
Small-molecule HDAC inhibitors are important modulators of transcription, shifting the cellular
equilibrium toward a hyperacetylated state. In neurodegenerative diseases, the balance of histone
acetylation is often disrupted, resulting in hypoacetylation. 2** HDAC inhibition-induced
hyperacetylation has been shown to exert neuroprotective effects. 23

Notably, the inhibition of specific HDACs, such as HDAC6—which is overexpressed in Alzheimer’s

and Parkinson’s diseases—represents a promising therapeutic strategy to prevent the activation of

signaling cascades that lead to neurodegeneration.

An emerging approach to simultaneously address symptomatic relief and epigenetic modulation is
the design of multivalent molecules. These compounds incorporate multiple pharmacophoric groups
to engage different biological pathways concurrently, offering the possibility of integrating both
symptomatic and disease-modifying effects within a single molecule for the treatment of Alzheimer’s

and Parkinson’s diseases.

A novel synthetic strategy guided by molecular modeling studies was developed to generate such a
multivalent molecule. This design allowed the incorporation of multiple pharmacophores into a single
scaffold, including antagonistic activity toward the 5-HT6 receptor, D3 receptor antagonism,

cholinesterases (ChE) inhibition, and HDACG6 inhibition as an epigenetic mechanism.
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The synthetic approach employed was convergent: two key fragments (70 and 76) were independently
synthesized and then coupled via an amide bond, followed by a final transformation to introduce the

HDAC6-inhibitory group.
The resulting compound will be evaluated in biological assays to determine its affinity for the

intended targets. In addition, its antioxidant and neuroprotective activities will be tested in vivo to

assess its overall biological relevance and therapeutic potential.
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8.8 EXPERIMENTAL PROCEDURE

8.8.1 Methods and materials

The progress of the reactions was monitored by Thin Layer Chromatography (TLC) using Macherey-
Nagel Poligram SIL/UV 254 silica gel plates (0.25 mm thickness) and reversed-phase plates featuring
an amino-modified silica stationary phase compatible with ultraviolet detection at 254 nm, and
visualized by staining with an aqueous solution of potassium permanganate (KMnO4, 2%).

The reactions were carried out using commercially available anhydrous solvents (DMF, THF, MeOH,
EtOAc, DCM).

The progress of the reactions was monitored by '"H NMR spectroscopy (300 MHz) after dissolving
the crude reaction mixture in a deuterated solvent (DMSO-ds, MeOD-d4, or CDCls).

The molecular weights of the reaction products were verified using High-resolution mass
spectrometry (HRMS).

Samples for mass spectrometric analysis were prepared by diluting the residue in non-halogenated
organic solvents.

Purification of intermediate compounds was carried out via conventional column chromatography
using Merck silica gel (230-240 mesh). The eluent phase consisted of mixtures of ethyl acetate and
cyclohexane, dichloromethane and methanol/ methanol and ammonium hydroxide with proportions
adjusted according to the polarity of the compound to be purified.

'"H NMR and '3C NMR (DEPT) spectra were recorded on a VARIAN 400 MHz spectrometer.
Samples for NMR analysis were prepared in CDCls, DMSO-ds or MeOD-da.

General procedure for synthesis of derivative 67

A mixture of commercially available compound 65 (1.5 equiv., 26.9 mmol), compound 66 (1 equiv.,
17.9 mmol), and K>COs (3 equiv., 53.4 mmol) in chloroform/water (50:10 mL) was heated to reflux
at 80 °C for 24 hours.

Upon cooling to room temperature, the reaction mixture was filtered under pressure, and the resulting
solid was washed with dichloromethane (DCM). The combined filtrates were diluted with DCM and
extracted three times with water. The organic layers were then pooled, washed with brine, dried over
anhydrous Na>SOs, filtered, and concentrated under reduced pressure.

The crude product was purified by flash chromatography, eluting from ethyl acetate/hexane (1:4) to
dichloromethane/methanol containing 10% NH4OH (3%), affording compound 67 as a white solid.
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General procedure for synthesis of derivative 69

To a solution of compound 67 (1 equiv., 4.16 mmol) in anhydrous DMF, cooled to 0 °C, NaH (90%
oil dispersion) (2 equiv., 8.32 mmol) was added, and the mixture was allowed to warm to room
temperature and stirred for one hour. Subsequently, commercially available compound 68 (1.5 equiv.,
6.24 mmol), dissolved in DMF, was added, and the reaction mixture was stirred at room temperature
for 48 hours.

The solvent was then removed under reduced pressure, and the resulting residue was extracted three
times with dichloromethane/water. The combined organic layers were washed with brine, dried over
anhydrous Na>SOs, filtered, and concentrated under reduced pressure.

Purification by flash chromatography, eluting from DCM to DCM/MeOH containing 10% NHsOH
(2.5%), afforded compound 69 as a white solid.

General procedure for synthesis of derivative 70

To a solution of compound 69 (1 equiv., 0.54 mmol) in THF/EtOH (1:1, 2 mL: 2 mL), a 2 N KOH
solution (4 equiv., 2.16 mmol) was added dropwise, and the reaction mixture was stirred at room
temperature for 4 hours. The progress of the reaction was monitored by NMR in DMSO until
complete disappearance of the starting material.

The reaction mixture was then acidified with 5 N HCI to pH 2-3 and concentrated under reduced
pressure. The resulting residue was crystallized from ethanol by heating to reflux for one hour and

subsequently filtered. The solid obtained after drying afforded compound 70 as a pink solid.

General procedure for synthesis of derivative 73

Under an argon atmosphere, a solution of commercially available compound 71 (1 equiv., 2.68 mmol)
in DMF (5 mL) was treated with TEA (1.2 equiv., 3.22 mmol) and alkyl bromide 72 (1 equiv., 2.68
mmol). The mixture was heated to reflux (120 °C) for two hours. After cooling to room temperature,
the solvent was removed under reduced pressure, and the residue was diluted with an aqueous
NaHCO:s solution and adjusted to pH 8—9. The mixture was extracted three times with DCM.

The combined organic layers were washed with brine, dried over anhydrous Na.SOs, filtered, and
concentrated under reduced pressure. Purification of the crude product by flash chromatography,
eluting from hexane/ethyl acetate (9:1) to hexane/ethyl acetate (8:2), afforded compound 73 as a

yellow oil.

General procedure for synthesis of derivative 74
Under an argon atmosphere, a solution of compound 73 (0.413 mmol, 1 equiv.) in DCM (2 mL)
was treated dropwise with trifluoroacetic acid (10 equiv., 4.13 mmol) and stirred at room
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temperature for 16 hours. The progress of the reaction was monitored by NMR, confirming the
complete disappearance of the Boc protecting group. The solvent was removed under reduced
pressure, and the residue was washed five times with DCM to remove any excess acid. Compound

74 was used directly in the subsequent step without further purification.

General procedure for synthesis of derivative 76

Under a nitrogen atmosphere, a solution of compound 74 (1 equiv., 0.63 mmol) in MeOH (2 mL) was
treated dropwise with TEA (1 equiv., 0.63 mmol), followed by the addition of commercially available
compound 75 (1.2 equiv., 0.72 mmol, 124.9 mg) dissolved in MeOH (2 mL). The reaction mixture
was stirred at room temperature for 90 minutes.

At 0 °C, NaBH« was added gradually over 30 minutes, and the mixture was then stirred at room
temperature for an additional 30 minutes. Any excess NaBH4 was quenched with a few drops of
distilled water, and the reaction mixture was concentrated under reduced pressure. The residue was
diluted with ethyl acetate and extracted three times with water. The combined organic layers were
washed with brine, dried over anhydrous Na>SOs, filtered, and concentrated under reduced pressure.
Purification of the crude product by flash chromatography, eluting from ethyl acetate/hexane (1:4) to
MeOH/DCM (0.5:9.5), afforded compound 76 as a fluorescent oil.

General procedure for synthesis of derivative 77

Under an argon atmosphere, a solution of compound 70 (50 mg, 0.104 mmol, 1 equiv.) in DMF (1
mL) was treated with HATU and DIPEA, and the mixture was stirred at room temperature for 25
minutes. Subsequently, compound 76, dissolved in DMF (1 mL), was added dropwise, and the
reaction mixture was stirred at room temperature for 3 days.

The solvent was removed under reduced pressure, and the residue was diluted with DCM and
extracted three times with water. The combined organic layers were washed with brine, dried over
anhydrous Na.SOs, filtered, and concentrated under reduced pressure. Purification of the crude
product by flash chromatography, eluting from DCM to DCM/MeOH containing 10% NH«OH
(1.5%), afforded compound 77 as a yellow solid.

General procedure for synthesis of derivative 79

To a solution of aqueous compound 78 (28 equiv.) at 0°C, KOH (4 equiv.) was dissolved and
compound 77 (1 equiv.) dissolved in THF was added. The reaction was stirred at room temperature
for 16 hours. After that time, other 28 equiv. of 78 were added and the mixture was put at 35°C for
16 hours.
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The final step of the synthetic route has not yet been completed and requires further optimization to
achieve the desired transformation. Nonetheless, the work carried out established the feasibility of

the convergent strategy and provided a solid foundation for the completion of the target molecule.
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