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1 Introduction

1.1 Epigenetics and histone deacetylases

Epigenetics, firstly introduced by Conrad Waddington in 1942' to explain how environmental
conditions during development influence gene expression and phenotype,’ refers nowadays
more narrowly to heritable changes in gene expression that occur without alterations in the
underlying DNA sequence.’ These modifications are critical for regulating chromatin structure
and gene accessibility, thereby influencing a broad spectrum of biological processes such as
development, differentiation, genome stability, and cellular responses to environmental
stimuli.* Major epigenetic mechanisms include DNA methylation, post-translational histone
modifications (such as acetylation, methylation, phosphorylation, and ubiquitination),

chromatin remodeling, and regulation by non-coding RNAs.*”

Among these mechanisms, histone acetylation is one of the most thoroughly studied and
reversible epigenetic marks. It is governed by the opposing activities of two enzyme families:
histone acetyltransferases (HATs), which catalyze the addition of acetyl groups to lysine
residues on histone tails, and histone deacetylases (HDACs), which remove these acetyl groups
(Figure 1).° Acetylation neutralizes the positive charge of lysines, loosening the interaction
between histones and DNA, thereby leading to a more relaxed chromatin conformation that
favors transcriptional activation. In contrast, HDACs restore the positive charge on lysines,
promoting chromatin condensation and transcriptional repression by reducing the accessibility
of DNA to transcriptional machinery.® HDACs thus serve as key transcriptional repressors and
epigenetic regulators, helping to silence genes by compacting chromatin structure. Importantly,
their activity extends beyond histones. HDACs also deacetylate numerous non-histone

13

proteins,” including transcription factors,® chaperones,’”!! signaling molecules,'* and

1416 which allows them to influence a wide range of cellular processes, such

structural proteins
as cell cycle regulation, apoptosis, DNA repair, metabolism, differentiation, and immune
responses.' " The dynamic equilibrium between acetylation and deacetylation is essential for

gene regulation and cellular homeostasis.
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Open Chromatin Condensed Chromatin

Acetylation Deacetylation

D

Acetylated lysine Lysine

Figure 1. HATs and HDACs regulate gene transcription by adding or removing acetyl groups
from lysine residues on histone N-terminal tails. Acetylation by HATs relaxes chromatin
structure, while deacetylation by HDACs condenses it, thereby modulating transcriptional

activity. Figure was created with Biorender.com.

1.2 Classification, localization and the biological roles of HDACs

Mammalian HDACs are classified into four major classes based on sequence similarity,
subcellular localization, and cofactor dependency (Table 1). Among them, classes I (HDACI,
2, 3, and 8), I (HDACH4, 5, 6, 7, 9, and 10), and IV (HDACI11) are Zn**-dependent, whereas

class IIl HDACs (SIRT1-7) utilize NAD* as cofactor?" %

(1) Class I HDACs (HDACI, 2, 3, 8) are mainly nuclear and ubiquitously expressed. They
play essential roles in transcriptional repression through histone deacetylation, thereby

regulating chromatin structure and gene expression.” These enzymes, normally acting via
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2)

3)

“4)

multi-protein complexes, are critical for cell cycle progression, DNA damage repair, cell

survival, and proliferation, and their dysregulation is often linked to tumorigenesis.*****

Class I HDAC:s are further divided into class Ila (HDAC4, 5, 7, 9) and class IIb (HDACS6,
10). Class Ila (HDACA4, 5, 7, 9) primarily act as transcriptional corepressors by recruiting
other enzymatic partners rather than directly deacetylating histones. They are key
regulators of muscle differentiation, cardiac hypertrophy, neuronal survival, and immune
cell development, and their activity is often modulated by phosphorylation-dependent
nuclear—cytoplasmic shuttling."® Class IIb (HDAC6, 10) possess unique structural features,
including two catalytic deacetylase domains, and act mainly in the cytoplasm on non-
histone substrates.”* HDAC6 deacetylates a-tubulin, cortactin, and HSP90, thereby
regulating cell motility, aggresome-mediated clearance of misfolded proteins, stress
granule formation, and immune synapse function.”’ HDACI10, having acetylated
polyamines as the main substrates,”® is involved in lysosome-mediated autophagy, DNA
damage repair, polyamine metabolism, cell survival under stress, and the development of

chemotherapy resistance.”*'

Class III HDAC:s, also known as sirtuins (SIRT1-7), are NAD*-dependent enzymes that
regulate a broad spectrum of biological processes, including energy metabolism, genomic

stability, stress responses, circadian rhythm, and aging.***

Class 1V is represented solely by HDAC11, which shares structural features with class |
and II HDACs. Although less studied, emerging evidence suggests that HDACI11
modulates immune responses by regulating interleukin-10 expression®* and controls
metabolic homeostasis through fatty acid deacetylation.” It has been implicated in cancer
progression, immune evasion, and inflammatory diseases, making it a potential target for

therapeutic intervention.***’
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Table 1. Classification and localization of histone deacetylases.

Class Members Cofactor Localization
HDACI1 nucleus
HDAC2 nucleus
I Zn?
HDAC3 nucleus, cytoplasm
HDACS8 nucleus, cytoplasm
HDAC4 nucleus, cytoplasm
HDACS nucleus, cytoplasm
Ila Zn*
HDAC7 nucleus, cytoplasm
HDACY9 nucleus, cytoplasm
HDAC6 cytoplasm
IIb Zn?
HDACI0 cytoplasm
11 SIRT1-7 NAD* nucleus, mitochondria,
cytoplasm
v HDACI11 Zn** nucleus, cytoplasm

1.3 Zn?*"-dependent HDACs and cancer

Aberrant HDAC expression or activity has been associated with various pathological conditions,
such as neurodegenerative disorders® like Alzheimer's disease (AD)*"*, Parkinson's disease

45, 46

(PD)*" **, and Huntington's disease (HD)* *, cardiovascular diseases , inflammatory

conditions*” *

, as well as cancers.'”*’ In cancer, HDACs can silence tumor suppressor genes,
enhance oncogene expression, support tumor growth®’, and immune evasion®'. Given their
significant roles in tumor initiation and progression, HDACs have emerged as important targets
in the past decades for cancer treatment. To better understand the roles of individual HDACs

in specific cancer types, the following sections outline the cancer associations and functional

implications of HDAC:s, categorized by their respective classes.
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1.3.1 Class I HDACSs in cancer

In cancer biology, class I HDACs are the most intensively studied group, with strong
associations reported across a broad range of malignancies, including both solid tumors and

hematological cancers.

HDACI is among the most frequently studied isoforms. It is implicated in breast cancer,
leukemia, lung cancer, and liver cancer (Figure 2). In these malignancies, HDACI is often
overexpressed and contributes to tumorigenesis by promoting cell proliferation, inhibiting
apoptosis, and immunosuppression.’*>* For example, in breast cancer, HDACI has been
associated with poor prognosis.” In the initial stages of liver cancer development, the regulation
of C/EBPB-HDACI! complexes is crucial for sustaining normal levels of p53, SIRT1, and
PGCla.* HDAC2 is prominently implicated in breast cancer, leukemia, and colorectal cancer
(Figure 2). It plays a key oncogenic role by driving tumor cell proliferation, promoting cell
cycle progression, and inhibiting apoptosis.”” For instance, HDAC2 promotes cancer
progression by enhancing lipid catabolism via YAP1 K280 deacetylation in colorectal cancer.’®
HDACS3 is highly expressed in several cancers, including breast cancer, leukemia, liver cancer,
and colorectal cancer (Figure 2). It is a core component of the NCoR/SMRT co-repressor
complex and is involved in the epigenetic silencing of tumor suppressors.”’ In leukemia,
HDAC3 promotes chemotherapy resistance in acute myeloid leukemia by activating protein
kinase B signaling, and its inhibition sensitizes leukemia cells to chemotherapy.®® HDACS,
although less widely studied, is also of particular interest in breast cancer and leukemia (Figure
2). HDACS is involved in both histone and non-histone deacetylation (e.g., SMC3), thereby
contributing to chromosomal stability and mitotic control.®" © Notably, a recent study showed
its overexpression has also been associated with advanced tumor stage and reduced

differentiation in neuroblastoma.®

1.3.2 Class IIa HDAC:Ss in cancer

Class IIa HDAC: shuttle between the nucleus and cytoplasm. Unlike class I HDACs, they have

a low catalytic activity but influence transcription through interactions with transcription

-5-
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factors and corepressors. Importantly, they are often tissue-specific and associated with certain

cancers.**%°

HDAC4 has been studied in lung cancer, leukemia and breast cancers (Figure 2). In these
tumors, HDAC4 modulates differentiation, apoptosis, and cell motility.®” In non-small cell lung
cancer, HDAC4 promotes tumor progression by deacetylating glutaminase at lysine 311,
maintaining glutaminase activity and supporting cancer cell metabolism and growth.®® HDAC5
is mainly implicated in breast cancer (Figure 2) and contributes to oncogenesis through
promotion of epithelial-mesenchymal transition (EMT), inhibition of apoptosis, and
enhancement of metastatic behavior.® In breast cancer, overexpression of HDACS can stabilize
lysine-specific demethylase 1 (LSD1) protein through upregulation of USP28. Furthermore, the
HDACS-LSD1 axis promotes breast cancer development and progression.”” HDAC7 plays a
regulatory role in hematologic malignancies, particularly leukemia (Figure 2), and it can
modulate T-cell survival and apoptosis by regulating the orphan receptor Nur77.”" In infants
with t(4;11) acute lymphoblastic leukemia, HDAC7 is markedly downregulated, and its
reduced expression correlates with significantly worse clinical outcomes’*; HDACY is mainly
studied in breast, lung cancers, and leukemia (Figure 2) by playing an important role in
regulating cellular proliferation, migration, and immune modulation.” In breast and lung

cancers, high HDAC9 levels are associated with aggressive phenotypes and poor survival.”* "

1.3.3 Class IIb HDAC:Ss in cancer

Class IIb HDAC:s differ from other HDAC subclasses in both structure and function. HDAC6
and HDACI10 are primarily localized in the cytoplasm and are involved in non-histone protein
deacetylation, affecting processes such as protein trafficking, autophagy, and cellular stress
responses.’? "® 7" Their cancer-related activities often extend beyond chromatin remodeling and

787 and chemoresistance.®*

include modulation of cytoskeletal dynamics'®, immune signaling
S HDACS6 is one of the best-characterized isoforms. It is mainly associated with leukemia,
breast and lung cancers (Figure 2). Beyond histone protein deacetylation, HDAC6 deacetylates

o-tubulin, HSP90, and other proteins to promote cell motility®?, protein aggregation clearance

-6-
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(via the aggresome-autophagy pathway)®, and immune checkpoint escape.® It also modulates
STAT3 signaling and contributes to resistance to chemotherapeutics and proteasome
inhibitors.® For example, in triple-negative breast cancer, HDAC6 is involved in its immune
evasion via the HDAC6/STAT3/PD-L1 pathway*. In contrast, HDAC10 is comparatively
understudied but has increasingly recognized roles in lung cancer, leukemia, and neuroblastoma
(Figure 2). It influences autophagy and DNA repair, with recent evidence showing that
HDACI10 inhibition enhances sensitivity to DNA-damaging agents.’' Its immunosuppressive

roles and regulation of lysosomal function are areas of growing interest.®" %

1.3.4 Class IV HDACS in cancer

HDACI1 is the only member of class IV and has been implicated in breast and liver cancers
(Figure 2). Its role in suppressing IL-10 production and modulating T-cell activation suggests
an immunoregulatory function that may aid tumor immune escape.’® Although mechanistic
studies are still limited, HDACI11 is gaining attention as a potential target in cancer

immunotherapy.®’
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Figure 2. HDAC isoforms and related cancer types. Data (accessed on 15.12.2025) are derived
from PubMed (https://pubmed.ncbi.nlm.nih.gov) using Python-based text mining, and the
heatmap was generated with seaborn to visualize the frequency of HDAC-cancer associations.

The scripts used for data extraction and visualization is provided in the Appendix I.
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1.4 HDAC inhibitors in cancer therapy: progress and challenges

The recognition of HDACs as key players in cancer and other diseases has driven the
development of histone deacetylase inhibitors (HDACis) in the past decades. HDAC:is are small
molecules that block the enzymatic activity of HDACs, leading to increased acetylation of
histones and reactivation of gene expression programs that are often silenced in cancer cells. In
addition to modulating chromatin structure, HDACis can also affect numerous non-histone
proteins, such as p53, a-tubulin, and HSP90, influencing diverse cellular processes including

cell cycle progression, DNA repair, protein degradation, and immune signaling.?® %!

Trichostatin A, an antifungal compound originally isolated by Tsuji et al. from Streptomyces
hygroscopicus in the 1970s,”* was later identified in the 1990s as the first molecule exhibiting
potent HDAC inhibitory activity.” In 1997, Jung et al.”* designed a series of analogs by
integrating pharmacophoric features from trichostatin A and trapoxin B, thereby proposing the
first pharmacophore model for HDACis. This model, comprising three fundamental
components, remains the basis for the structural design of most HDACis developed to date: a
zinc-binding group (ZBG), which chelates the catalytic Zn** ion in the HDAC active site; a
linker, which fits into the hydrophobic channel; and a surface recognition domain (cap group)
that interacts with residues at the rim of the catalytic pocket (Figure 3).** Based on their
chemical scaffolds, HDAC:s are roughly categorized into several classes, including hydroxamic
acids (e.g., vorinostat, panobinostat), benzamides (e.g., tucidinostat, entinostat), cyclic peptides
(e.g., romidepsin), aliphatic acids (e.g., valproic acid), and more recent hydrazide-based

91,95

compounds (e.g., DS-103).

To date, several HDACis have gained clinical approval (Figure 3), primarily for the treatment
of hematological malignancies. These agents are largely classified as pan-HDAC inhibitors that
target multiple HDAC isoforms and have demonstrated antitumor activity through the induction
of cell cycle arrest, apoptosis, and immune modulation.’® The first HDACi approved by the U.S.
Food and Drug Administration (FDA) was vorinostat (SAHA), a hydroxamic acid-based non-

selective HDAC inhibitor, for the treatment of cutaneous T-cell lymphoma (CTCL) in 2006.

-9.-
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Vorinostat exerts its effects by increasing acetylation of histone and non-histone proteins,
thereby restoring the expression of tumor suppressor genes and inducing apoptosis in malignant
T cells.”” Following vorinostat, several other HDACis have been approved’: Romidepsin, a
cyclic peptide natural product and preferential inhibitor of class I HDACS, is approved for
CTCL in 2009.” Belinostat, another non-selective HDAC inhibitor, has been approved for
relapsed or refractory peripheral T-cell lymphoma (PTCL).'” Tucidinostat, a benzamide-type
HDAC:i with selective activity against HDACI, 2, and 3, has been approved in China for PTCL
in 2014.'°! Panobinostat, a potent pan-HDAC inhibitor with strong class I activity, is approved
in combination with bortezomib and dexamethasone for the treatment of multiple myeloma in
2015."2 Recently, in March 2024, the FDA approved givinostat as the first nonsteroidal, first-

in-class therapy for all genetic variants of Duchenne muscular dystrophy.'®

Cap Linker ZBG )O]\K
o o " o Oﬁo HN._O
WN/OH ONW”DH o s
N

Trichostatin A Vorinostat Romidepsin

Y o Q HN
N.° N NH, \
S N _OH \ H H N
q N Pz N H H
: : : L “ptor
o
F o

Belinostat Tucidinostat Panobinostat

Figure 3. Structure of Trichostatin A and the approved HDAC:is for cancer treatment.

These agents have shown clinical benefits, particularly in T-cell lymphomas and multiple
myeloma. However, their use is often limited by dose-limiting toxicities, such as fatigue,
thrombocytopenia, and gastrointestinal effects, which are largely attributable to their non-
selective inhibition of multiple HDAC isoforms.'™ Moreover, their efficacy in solid tumors
remains modest, likely due to poor tumor penetration, resistance mechanisms, and context-

dependent HDAC function.'® In response to these limitations, researchers have developed

-10 -
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isoform-selective HDAC inhibitors to improve target specificity and reduce off-target
effects.'” While these selective agents have advanced our understanding of HDAC biology and
offered modest improvements in safety profiles, they still rely on reversible inhibition and often
fail to achieve complete and sustained silencing of respective HDAC subtypes. To overcome
the intrinsic limitations of traditional HDAC inhibitors, targeted protein degradation
technologies have emerged as a promising alternative. Among them, PROTACs (proteolysis-
targeting chimeras) represent a novel therapeutic modality that leverages the ubiquitin-
proteasome system to induce selective degradation of disease-relevant proteins, including

HDACs.'”

1.5 Targeted protein degradation: PROTACSs and emerging strategies

1.5.1 Origins and evolution of PROTAC technology

Targeted protein degradation (TPD) has emerged as an innovative therapeutic strategy that
addresses the limitations of traditional small-molecule inhibitors. The concept of PROTACs
was first introduced by Sakamoto et al. in 2001, using a bifunctional peptide-based molecule
that brought a target protein into proximity with an E3 ubiquitin ligase, leading to its
polyubiquitination and proteasomal degradation.'® Although these early constructs proved the
feasibility of induced proximity—mediated degradation, they were limited by poor cell

permeability, metabolic instability, and unfavorable pharmacokinetics.'®

A major breakthrough came with the development of small molecule PROTACs, which
overcame the shortcomings of peptide-based designs and greatly expanded the scope of
druggable targets, enabling their widespread application in chemical biology and drug
discovery. In 2008, Schneekloth A. R. et al. reported the first fully small-molecule PROTAC
targeting the androgen receptor (AR), in which a hydroxyflutamide-derived AR ligand was
conjugated to the MDM2 recruiter (nutlin-3''"), enabling the degradation of AR in HeLa
cells."'! To date, PROTACs generally consist of three functional components (Figure 4): (1) a
ligand that binds to the protein of interest (POI); (2) a ligand that recruits an E3 ubiquitin ligase;

and (3) a linker that connects the two moieties and facilitates the formation of a productive

-11 -
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ternary complex. This modular design enables rational optimization of binding affinity, linker
flexibility, and spatial orientation to promote efficient ubiquitination and degradation of the

target proteins.''?

Notably, beyond their modular architecture, PROTACs are fundamentally different from
conventional inhibitors in how they exert their effects. Traditional small molecules follow an
“occupancy-driven” model, where sustained binding to the target is required to maintain
inhibition. In contrast, PROTACsS act through an “event-driven” pharmacology (Figure 4): once
a target protein is ubiquitinated and degraded, the PROTAC molecule can dissociate and engage
additional targets in a catalytic manner. This distinction not only enables the removal of both
catalytic and non-catalytic functions of the protein but also reduces the need for continuous
target engagement, offering the potential to overcome resistance caused by overexpression or

mutation.''> '3

Occupancy-driven pharmacology
via inhibition

Event-driven pharmacology
via degradation
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Figure 4. Mode of action for inhibitors and PROTAC:S, as well as PROTAC-mediated protein
ubiquitination and subsequent proteasomal degradation. The figure was created with

Biorender.com.
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1.5.2 Current landscape and therapeutic targets

Since the introduction of small-molecule PROTAC:S, the field of targeted protein degradation
has undergone rapid expansion. The scope of degradable proteins has extended far beyond
enzymes with active sites to include non-enzymatic proteins such as scaffolding molecules,
transcription factors, and chromatin regulators.'"® This broadened target space reflects a
fundamental advantage of PROTACs over traditional inhibitors, enabling access to proteins

that were previously considered "undruggable".

Currently, a wide variety of intracellular proteins have been successfully targeted for
degradation in preclinical studies, including kinases (e.g., BTK, CDK4/6, BCR-ABL, LRRK?2),
transcription factors (e.g., STAT3, ER, AR, IKZF1/3), scaffold/signaling proteins (e.g., BCL-
Xi, BCL-2), and epigenetic regulators (e.g., BRD4, EZH2, p300/CBP, HDACs).'"* Notably,
several PROTAC candidates have progressed into clinical trials, underscoring their
translational potential. Among these, degraders of the androgen receptor (ARV-110) and
estrogen receptor (ARV-471) have shown promising results in early-phase studies, including
favorable pharmacokinetics, efficient target knockdown, and preliminary antitumor activity in
hormone-dependent cancers.''>''® Of note, after more than two decades of development, ARV-
471 has become the first PROTAC to reach new drug application (NDA) submission, marking

a milestone of the PROTAC technology maturation and clinical promise.'!” (Figure 5)

The first small The first CRBN- ARV-110 ARV-471
molecule PROTAC based and VHL- entered Phase entered Phase

(MDM2-based) based PROTACs Il clinical trial Il clinical trial

(2001) (2010) : (2019) : (2021) : (2025)
° @ ° ® ° ® ® ® °
: (2008) (2015) (2020) (2023) :

The first peptide- The first clAP- ARV-471 New drug
based PROTAC based PROTAC entered Phase application (NDA)

Il clinical trial of ARV-471

CRBN-based
PROTACs
ARV-110 (AR
degrader) and
ARV-471 (ER
degrader)
entered Phase |
clinical trial

The first CRBN-
based PROTAC
KT-474 (IRAK4

degrader) beyond
oncology entered
Phase | clinical trial

Figure 5. Timeline of PROTAC technology and the clinical progress. Figure reprinted from
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Ma, Z.; Zhou, J. NDA Submission of Vepdegestrant (ARV-471) to U.S. FDA: The Beginning
of a New Era of PROTAC Degraders. J. Med. Chem. 2025, 68, 14, 14129-14136.,""" with the
permission of American Chemical Society (License number 6083260478395). Copyright 2025
American Chemical Society.

Beyond oncology, PROTACs are also being explored in immunology''®, neurodegenerative

119, 120 121, 122

diseases , and infectious diseases , with the aim of modulating abnormal signaling
pathways, reducing toxic protein accumulation, or silencing host factors hijacked by pathogens.
This expanding therapeutic landscape demonstrates the platform’s broad application. Despite
ongoing challenges in drug design and optimization, the current state of PROTAC development
underscores its growing potential as a refined platform for both mechanistic studies and
therapeutic intervention in a wide range of diseases. Continued innovation in target selection,

linker chemistry, and E3 ligase engagement is expected to further expand the utility of this

technology in the years to come.

1.5.3 E3 ligases utilized in PROTAC design and their ligands

A key component of PROTAC function is the recruitment of an E3 ubiquitin ligase to facilitate
the ubiquitination and subsequently proteasomal degradation of the target protein. The human
genome encodes over 600 E3 ligases, yet only a limited subset has been successfully exploited
in PROTAC design. The choice of E3 ligase is a key determinant of degradation efficiency,
tissue selectivity, and cellular activity, making it a critical consideration in rational degrader

development.'?

To date, the most widely used E3 ligases in PROTACS are cereblon (CRBN) and von Hippel—
Lindau (VHL). These ligases have been favored due to the availability of well-characterized
small-molecule ligands, broad tissue expression, and robust structural data that support ternary
complex formation.'” CRBN-based PROTACs often utilize thalidomide analogs as ligase-
recruiting elements, whereas VHL-based PROTACs employ hydroxyproline derivatives that
mimic native substrates. Both have demonstrated successful degradation across a wide range

of targets and are featured prominently in clinical-stage degraders.''® Notably, progress on the
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simplified CRBN ligands has been made in recent years, such as phenylglutarimides'?. In
addition to CRBN and VHL, other E3 ligases have been explored, though with more limited
success. For example, MDM2, which primarily regulates p53 turnover, has been employed in
some early PROTACS but is constrained by oncogenic potential and context-specific activity.'*®
Inhibitor of apoptosis proteins (IAPs) have also been investigated, particularly in SNIPER-type
degraders, offering an alternative E3 ligase strategy but with less robust degradation profiles.'*’
Moreover, an expanding numbers of recruited E3 ligases has been recently reported, including
the arylhydrocarbon receptor (AhR)'®, DCAF11'®, DCAF16', FEMIB"', RNF4'*
RNF114'3, KEAP1'**, as well as the melanoma antigen (MAGE) family'*>. A selection of

representative ligands for the recruited E3 ligases is summarized in Figure 6.
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Figure 6. Representative ligands to recruit E3 ligases in the context of PROTACS.

The selection of an appropriate E3 ligase for PROTAC construction depends on multiple factors,
including: (1) tissue distribution of the ligase, which influences degradation selectivity; (2)

expression level and stability in target cells; (3) ability to form a productive ternary complex
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with the target protein; (4) compatibility of the ligand with linker design; and (5) drug-like
properties.''> ''* Despite the theoretical abundance of > 600 E3 ligases, the field is currently
constrained by the limited diversity of available ligase-binding ligands.'*® This bottleneck has
sparked significant interest in ligand discovery for underexplored E3 ligases, including tissue-
specific or inducible ligases that could offer more selective or conditional degradation.
Moreover, advances in structural biology and computational modeling are accelerating the

identification of novel E3 ligase—ligand pairs that may further expand the PROTAC toolbox.''®

1.5.4 Limitations and design challenges of PROTACs

Despite their conceptual elegance and therapeutic promise, PROTACS face several significant
limitations that currently restrict their broad clinical application. These challenges arise from
both the physicochemical properties of PROTAC molecules themselves and the biological

complexity of targeted protein degradation mechanisms.

One of the foremost issues lies in the large molecular size and structural complexity of
PROTAC:S. Unlike traditional small molecule inhibitors, which typically adhere to Lipinski's
rule of five (Ro5)"*7, PROTACs are heterobifunctional and generally higher than 500 Da in
molecular weight. This characteristic can lead to poor membrane permeability, low oral
bioavailability, and unfavorable pharmacokinetics, limiting their in vivo efficacy."*® While
some orally bioavailable PROTACSs have entered clinical trials, achieving favorable drug-like

properties remains a central focus in PROTAC design optimization.

Another major challenge is the requirement for productive ternary complex formation between
the target protein, PROTAC molecule, and E3 ligase. This process is highly dependent on the
spatial and geometric compatibility of the three components.''* ** Even with strong binary
affinities, an inefficient or unstable ternary complex can lead to poor degradation efficiency.'*’
Factors such as linker length, flexibility, and composition profoundly influence complex
stability, yet optimal configurations are often difficult to predict and must be determined

experimentally.
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Moreover, the limited pool of E3 ligases usable in PROTAC design presents a biological
bottleneck, with most current PROTAC:S relying on CRBN or VHL. Despite that they are often
successful in achieving potent target degradation, both ligases are ubiquitously expressed.
While this broad distribution can be advantageous, it may also lead to lack of tissue selectivity
and undesired off-target degradation in non-diseased cells.'** '** Thus, the discovery of tissue-
or disease-specific E3 ligase and their recruiters remain a key, but underdeveloped, area of the

field.

Furthermore, resistance mechanisms have also begun to emerge. In preclinical studies,
prolonged PROTAC exposure has been shown to induce mutations or downregulation in the

141142 as well as mutations in the target protein itself'®, thereby

E3 ligase components
compromising degradation efficiency. Additionally, prolonged target depletion can trigger
adaptive reprogramming of cellular protein homeostasis or activation of compensatory

144

signaling pathways, " thereby diminishing the overall therapeutic efficacy.

In summary, although PROTACs represent a powerful new therapeutic modality, they are
accompanied by a distinct set of design, delivery, and biological challenges. Addressing these
limitations will require advances in chemical synthesis, predictive modeling, and mechanistic
understanding of the ubiquitin—proteasome system. Continued progress in these areas will be

crucial for fully realizing the clinical potential of targeted protein degradation.

1.5.5 Beyond PROTAC:S: alternative degradation technologies

To address the limitations of PROTACs and further expand the scope of targeted protein
degradation, researchers have developed complementary strategies, including molecular glues
(MGs), multitargeted PROTACs, antibody-based PROTACs (AbTACs), oligonucleotide-
based PROTACs, bioPROTACs, pre-PROTACs, lysosome-mediated TPD and other novel

concepts.'* These concepts and applications are summarized in Table 2.
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Table 2. Selected key emerging strategies in targeted protein degradation.

Technology Key Idea Main Targets/Notes
Monovalent molecules induce target—E3 Proven drugs in MM:
MGs'* ligase proximity for UPS-dependent
degradation., rapid pipeline growth
Improved potency and
Multitargeted Deerade multiol . PKp . pl Y
egrade multiple proteins at once S vs single-target
PROTACs'" ¢ pep BeE

versions

Bispecific antibodies recruit E3 ligase to Membrane proteins

AbTACs'*® .
cell-surface proteins (e.g., PD-L1)
Oligonucleotide- RNA-binding proteins,
Oligonucleotide motif as warhead
PROTACs'" TFs
Engineered E3 ligases with new bindin
BioPROTACs"’ s s s c-Myc'!, KRAS'?

domains

153 . , ) . Light'**, ROS triggers'>,
Pre-PROTAC:s prodrug-like, activated by specific triggers o
radiation'*

Lysosome- Extracellular,
] s Use lysosomal degradation instead of UPS
mediated TPD membrane proteins

Among the growing range of targeted protein degradation strategies, molecular glues (MGs)
are small molecules that promote the interaction between an E3 ligase and a so-called
neosubstrate, thereby triggering ubiquitin—proteasome—mediated degradation. Unlike
bifunctional PROTACs, MGs generally have a lower molecular weight, more favorable
pharmacokinetics, and superior tissue penetration. Well-known examples include thalidomide
analogs such as lenalidomide and pomalidomide, which recruit CRBN to degrade IKZFI,
IKZF3, and GSPT1."*® Advances in structural biology and screening technologies have shifted
MG discovery from serendipity to rational design, enabling the targeting of transcription
factors'”’, signaling proteins'>®, and oncogenic drivers' once considered undruggable. With
high cell permeability, oral bioavailability, broad tissue distribution, and the ability to cross the
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blood-brain barrier, MGs can reach therapeutic sites that are challenging for PROTACs.'®

While identifying the optimal E3—target combinations remains a challenge, expanding the
available ligase repertoire and combining MGs with other therapeutic modalities offer exciting
opportunities.'® Thanks to their unique mechanism and favorable drug-like properties, MGs

are emerging as one of the most promising frontiers in the future of targeted protein degradation.

Taken together, these emerging platforms expand the capabilities of PROTACS by enabling the
degradation of proteins located in diverse cellular compartments, thereby broadening the
druggable proteome. Sustained innovation in this area will be essential for addressing current
technological and biological challenges, and for realizing more precise, effective, and versatile

protein modulation in both experimental research and clinical applications.

1.6 HDAC PROTAC:S: a next-generation approach to HDAC modulation

In light of the clinical challenges of conventional HDAC inhibitors, including limited isoform
selectivity, systemic toxicity, and acquired resistance, the development of HDAC PROTACs
has accelerated in recent years and offers significant advantages in overcoming these
limitations.'®' By coupling an HDAC-binding ligand to an E3 ubiquitin ligase recruiter via a
linker, these bifunctional molecules bring the targeted HDACs into polyubiquitination and
trigger the subsequent degradation by 26S proteasome, which allows to eliminate all functions
of the HDAC:s, including non-catalytic roles that are not inhibited by classical inhibitors. Over
the past eight years, numerous HDAC-targeting PROTACs have been reported, demonstrating
the degradation of HDAC1-4, HDAC6-8, and HDAC10, as confirmed by Western blotting. **
107.162. 163 Among these cases, selective degradation of specific isoforms such as HDAC3,
HDAC4, HDAC6, HDAC7, and HDACS has also been achieved (Figure 7-11). These findings
underscore the feasibility of isoform-selective degradation within the HDAC family. The
following sections highlight representative PROTACSs that demonstrate selective degradation

of HDAC isoforms.
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1.6.1 Selective HDAC3 PROTACs

Selective degradation of HDAC3 has been demonstrated in two studies.'** '*> Notably, both
studies employed unconventional ligand ZBGs, hydrazides or o-aminoanilides, rather than the
commonly used hydroxamic acid warhead (Figure 7). Compound XZ9002, which incorporates
a hydrazide-based HDAC3 ligand and recruits VHL as the E3 ligase, demonstrated potent and
selective degradation of HDAC3 in MDA-MB-468 cells, with a DCso, 141 value of 42 nM.'** In
contrast, compound HD-TAC?7, utilizing an o-aminoanilide scaffold and a CRBN recruiter,
achieved moderate degradation efficiency in RAW 264.7 macrophages, with a DCso, 241 value
of 0.32 pM. These two studies indicate how variations in HDAC-binding moieties, E3 ligase
recruitment, and cellular context collectively influence the degradation potency of HDAC3-

targeting PROTACs.'®
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Compound XZ9002, 2020 Compound HD-TAC7, 2020
DCs0, 14 h = 42 NM; Doy, 88% DCs0, 24 h = 0.32 UM; Dpax, Not given
MDA-MB-468 cells RAW 264.7 macrophages

Figure 7. Reported selective HDAC3 PROTACS and their potencies.

1.6.2 Selective HDAC4 PROTACs

Selective degradation of HDAC4 has been achieved for the first time by Macabuag et al..**
Notably, the two most potent degraders, compounds 7 and 11 (Figure 8), were derived from
distinct inhibitor classes, hydroxamic acid (HA) and 1,2,4-trifluoromethyloxadiazole (TFMO),
respectively, that linked to a VHL ligand via PEG linkers. Compound 11, originating from the
TFMO scaffold, exhibited superior potency in Jurkat E6-1 cells, with a DCso, 241 value of 4 nM,
while compound 7, from the HA series, achieved a DCso, 241 value of 37 nM. Both degraders
demonstrated remarkable isoform selectivity, degrading HDAC4 without affecting other
isoforms (HDACI, 3, 5, 7, 9), despite different HDAC4 inhibition profiles. These findings

reveal that chemically diverse HDAC4 ligands, when conjugated to a VHL-recruiting element,
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can both drive efficient and selective degradation of HDAC4, emphasizing the flexibility of

ligand choice in PROTAC design.
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Figure 8. Reported selective HDAC4 PROTAC:s and their potencies.

1.6.3 Selective HDAC6 PROTACs

Among all HDAC isoforms, HDAC6 remains the most extensively studied subtype in the
context of PROTAC development, mirroring its prominence in inhibitor research. To date,
numerous HDAC6-targeting PROTACS have been reported (Figure 9), many of which exhibit
high selectivity and potent degradation activity, with DCso values frequently reaching the low
nanomolar range. The majority of these degraders employ hydroxamic acid-based HDAC6
ligands as warheads and recruit either cereblon (CRBN)'*'"or von Hippel-Lindau (VHL)'™

as E3 ubiquitin ligases.

The reported HDAC6 PROTACSs have been constructed using a variety of HDAC ligands,
including HDAC6-selective inhibitors such as Nexturastat A (in compounds NP8'¢7, NH2'®,
12d'®, 3j'7*), indirubin-based inhibitors (in compound 14a'""), and TO-317 (in compound TO-

1187'7); nonselective HDAC inhibitors such as crebinostat (in compound 9¢'%

) and vorinostat
(in compound A6'7%). In addition to the conventional hydroxamic acid—based designs, the first
non-hydroxamate HDAC6 degraders were reported in 2022. These compounds featured a
difluoromethyl-1,3,4-oxadiazole (DFMO) zinc-binding moiety (in compound 1) and achieved
selective HDAC6 degradation via recruitment of either CRBN or VHL.'”> More recently, in

2025, a CRBN-recruiting HDAC6 degrader (compound 17¢) incorporating an ethyl hydrazide

warhead was also disclosed.!”®

While most HDAC6 PROTACSs have been developed for anticancer purposes, emerging studies

suggest potential in non-oncological settings as well. A nexturastat A—based degrader has
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demonstrated efficacy in a model of renal ischemia—reperfusion injury (RIRI),'”” while
indirubin- and vorinostat-derived PROTACs have shown anti-inflammatory effects in
preclinical studies.'”" '’ These findings expand the therapeutic scope of HDAC6 degraders and

highlight their versatility across disease models.
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Figure 9. Reported selective HDAC6 PROTACS and their potencies.
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1.6.4 Selective HDAC7 PROTACs

Although HDAC7 remains relatively underexplored compared to other isoforms, recent studies
have shown that HDAC7 can be selectively and effectively targeted by PROTACs, with
selective degraders showing promising results in cellular models (Figure 10). Utilizing a
previously discovered class Ila HDAC inhibitor, TMP269'”, two independent studies
demonstrated the selective degradation of HDAC7 in RAW264.7 cells and NB4 cells.'®* '*! In
both cases, TMP269 served as the HDAC-binding moiety, structurally modified by replacing
its tetrahydropyran group with a piperidine ring to enable linker installation. Compound B4,
incorporating a VHL ligand and a flexible polyethylene glycol (PEG) linker, displayed
relatively low degradation potency in RAW264.7 cells, with a DCsp, 121 value of 5 uM.'® In
contrast, compound B14, which utilizes a CRBN ligand and a more rigid linker structure,
achieved markedly enhanced degradation efficiency in NB4 cells, yielding a DCso, 12 value of
25 nM."®! The markedly enhanced activity of B14 suggests that CRBN recruitment, in
conjunction with increased linker rigidity, may better support the formation of a stable ternary

complex with HDAC?7 in this specific cellular context.
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Compound B4, 2024 Compound B14, 2025
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RAW264.7 cells NB4 cells

Figure 10. Reported selective HDAC7 PROTACs and their potencies.

1.6.5 Selective HDAC8 PROTACs

Selective degradation of HDACS via PROTAC technology has gained increasing attention in
recent years (Figure 11), offering a promising strategy to overcome the limitations of traditional
HDACS inhibitors. The first selective HDAC8 PROTAC was reported by Chotitumnavee et al.
in 2022,"® in which a selective HDACS inhibitor was conjugated with pomalidomide to recruit

CRBN, leading to efficient HDACS degradation in Jurkat cells with a DCso, 241 of 0.70 uM.
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Since then, multiple selective HDACS degraders have been developed using diverse chemical

scaffolds and E3 ligase ligands, primarily targeting CRBN or VHL.

Among hydroxamic acid-based PROTACSs, compounds such as ZQ-23" and 16e'* have
demonstrated sub-micromolar degradation potencies in various cancer cell lines. Additionally,
CRBN_1e'® has been reported as another selective HDACS-targeting degrader. Notably,
across the currently reported hydroxamate-based HDAC8 PROTAC:s, the observed degradation
efficiency tends to fall within a moderate range. In contrast, hydrazide-based HDACS
PROTACSs have shown superior potency. This enhanced performance can be partly attributed
to the stronger binding affinity of hydrazide-based ligands toward HDACS, which facilitates
more efficient recruitment and stabilization of the ternary complex. For example, YX862'*¢, a
VHL-recruiting degrader, achieved >95% HDACS degradation in MDA-MB-231 cells and
MCF-7 cells, with DCso, s values of 2.6 nM and 18 nM, respectively. Similarly, compound
716", which incorporates a phenylglutarimide-based CRBN ligand, exhibited robust

degradation across four cancer cell lines, with a minimum DCsg 61 0f 0.27 nM in A549 cells.

Collectively, these studies highlight the growing success of selective HDAC8 PROTACSs and
emphasize the importance of ligand binding potency, warhead scaffold design, and E3 ligase
pairing in achieving potent and selective degradation. Beyond their therapeutic potential, such
molecules can also be used as valuable tools for probing HDACS8-specific biology in diverse

disease models.
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Figure 11. Reported selective HDAC8 PROTACs and their potencies.

1.7 Scope of Thesis

In recent years, the development of PROTAC:S targeting HDAC has attracted growing attention
as a strategy for achieving more precise epigenetic modulation beyond conventional inhibition
by small molecules. Many HDAC-targeting PROTACS have been reported, primarily focusing
on class I and II HDACs using well-characterized E3 ligases such as CRBN or VHL. These
molecules have shown promising activity in degrading either multiple HDAC subtypes or
specific isoforms, offering advantages such as sustained protein knockdown and a catalytic
mechanism of action. However, challenges remain. Many existing HDAC PROTAC: lack clear
isoform selectivity, raising concerns about potential off-target effects and broad-spectrum

HDAC depletion. Furthermore, the limited range of E3 ligases employed in HDAC PROTACs
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may constrain their effectiveness in certain cellular contexts. In contrast, exploring alternative
E3 ligases offers an opportunity to diversify degradation strategies and potentially enhance
selectivity and/or efficiency. In this context, efforts to refine degradation selectivity and to
explore new E3 ligase recruitment strategies represent promising directions for advancing the
field. This thesis comprises three distinct yet related research projects aimed at developing
PROTAC: for selective degradation of HDACs, with particular focus on isoform or class

selectivity and the use of novel E3 ligase complex recruitment strategies.

Chapter 2 focuses on the development and characterization of selective class IIb histone
deacetylase (HDAC) degraders. Class IIb HDACs, comprising HDAC6 and HDACI10, share
high structural homology and overlapping domain architectures. While HDAC6 has been
extensively investigated as a therapeutic target, HDACI0 remains comparatively
underexplored. This project aims to demonstrate that PROTACSs designed to degrade HDAC6
can also concurrently target HDAC10 without affecting other HDAC subtypes. To verify this
hypothesis, a previously reported selective HDAC6 inhibitor, Tubastatin A, and a ring-opened
analog were used as warheads, while CRBN ligands served as E3 recruiters. The PROTAC
design was guided by molecular docking analysis. After synthesis and characterization of the
target compounds, the PROTACs were evaluated for target engagement, physicochemical
properties, stability in human plasma, and cytotoxicity. Target degradation was assessed using
Western blot analysis to examine HDAC6 and HDAC10 degradation, determine DCso values,
monitor time-dependent protein recovery, assess selectivity over other HDAC subtypes,
evaluate effects on downstream substrates, elucidate the degradation mechanism, and to
identify neosubstrate degradation. In addition, proteomics experiments were conducted to
further confirm the degradation selectivity profiles. Finally, the effects of the lead compound

on cell cycle arrest, autophagy, and cell migration were investigated.

Chapter 3 describes the discovery of HDACS-specific PROTACs. As a member of class |
HDACs, HDACS exhibits distinct biological roles and less homology with other class | HDACs
and is known to play a crucial role in diverse biological processes, particularly in oncology.

These features highlight the need for new PROTACS to achieve HDAC8-selective degradation.
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This project aimed to develop selective HDACS degraders, addressing the moderate potency
and limited selectivity observed in previously reported HDAC8 PROTACs. To achieve this
goal, the selective HDACS ligand PCI-34051 was employed as the warhead, CRBN ligands
were used as E3 recruiters, and flexible linkers were incorporated into the design. The
PROTACSs were synthesized and characterized, followed by evaluation of target engagement,
physicochemical properties, and cytotoxicity. Additionally, degradation properties were
examined using Western blot analysis, assessing HDACS degradation efficiency, DCs values,
selectivity over other HDAC subtypes, effects on downstream substrates, degradation
mechanism, neosubstrates degradation, and long-term degradation stability. Proteomics
experiments were further performed to confirm target degradation. Moreover, hit compounds

were subsequently selected for further investigation of their anti-cancer potential.

Chapter 4 explores the development of HDAC degraders by the recruitment of the damage-
specific DNA binding protein 1 (DDB1), a substrate adaptor within the CUL4-DDB1-RBX1
E3 ubiquitin ligase complex. In contrast to most reported HDAC PROTACs that employ well-
established E3 ligases such as CRBN or VHL, this project investigates DDB1 as a novel ligase
complex-recruitment element. By designing and synthesizing molecules that merge the
pharmacophores of DDB1 recruiters and HDAC ligands, this work aims to expand the E3 ligase
complex used in HDAC degraders, potentially improving degradation efficiency and isoform
selectivity within the HDAC family. In this project, both reported covalent and non-covalent
DDBI recruiters were employed, together with vorinostat as the HDAC-binding moiety, to
generate the HDAC degraders. Subsequently, HDAC subtype degradation was investigated for
the synthesized compounds, followed by cell viability and HDAC enzyme inhibition assays.
Additionally, nanoDSF DDB1 binding assays were also performed. Furthermore, the lead
compound was investigated to determine its DCso value, assess its effects on downstream

substrates, elucidate its degradation mechanism, and evaluate its ability to induce apoptosis.
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Refer to Appendix I for the full text of the publication and supplementary information.

2.1 Publication Summary

Histone deacetylases (HDACs) regulate the acetylation status of histone and non-histone
proteins, thereby influencing diverse processes such as gene transcription, protein stability,
autophagy, and cell motility.'*® Within this family, the class IIb isoforms HDAC6 and HDAC10
share a highly similar structural organization, each containing two deacetylase domains and
both are predominantly localized in the cytoplasm, where they act on non-histone substrates.”*
'8 HDAC6 is best known for deacetylating a-tubulin, regulating aggresome-mediated
clearance of misfolded proteins, facilitating stress granule formation, and modulating cell
migration and immune responses.?’ In contrast, HDAC10 is associated with autophagic flux,
particularly lysosome-mediated autophagy, DNA damage repair, cell survival under stress, and
the development of resistance to chemotherapy.’™ ' Despite their structural similarity, these
enzymes play distinct yet complementary roles in cancer-related pathways, making them both
attractive therapeutic targets. In recent years, various potent and selective HDAC6 degraders
have been developed using the PROTAC technology.'” However, these efforts have focused
solely on HDACS6, ignoring the potential impact on HDAC10 and failing to exploit the high
degree of structural homology between the two enzymes to design dual-target degraders. The

lack of chemical tools capable of simultaneously and selectively degrading both proteins,
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together with this combination of structural and functional relationships, motivated the
development of the first dual HDAC6/10 degraders to enable a comprehensive exploration of

class IIb HDAC biology.

To achieve this, the design strategy began with the dual HDAC6/10 inhibitor tubastatin A,
chosen due to its potency, available crystal structures, and ability to bind to both proteins.
Molecular docking indicated that the tertiary amine in the tricyclic cap could serve as an optimal
linker attachment point. Consequently, two warhead types, tubastatin A and a bicyclic
derivative with higher HDACI10 selectivity, were coupled to cereblon (CRBN) ligands (either
pomalidomide or a phenylglutarimide) via flexible alkyl linkers. A set of six initial degraders
(AP1-AP6) was synthesized, along with follow-up analogs featuring rigid linkers or a

fluorinated warhead (AP7-AP10) to explore structure—degradation relationships.

Subsequently, in biochemical assays, AP1-AP6 inhibited HDAC6 and HDACI10 at low
nanomolar ICso values and showed micromolar-range CRBN engagement in NanoBRET assays.
Physicochemical profiling revealed moderate lipophilicity, high polar surface area, and strong
plasma protein binding, which is typical for PROTACs. Importantly, plasma stability studies

identified AP1 as the most stable compound, comparable to tubastatin A’s stability.

In the next phase, Western blot analyses of MM.1S cell lysates demonstrated that AP1, AP3,
AP4, and AP6 robustly degraded both HDAC6 and HDAC10, with AP1 achieving DCs values
of 13 nM and 29 nM respectively, no observable “hook effect,” and no degradation of other
HDAC isoforms (HDACI1, HDAC4, HDAC7, and HDACS). Cellular target engagement
studies showed that AP1 treatment led to a marked increase in acetylated a-tubulin, a direct
substrate of HDACG6, while levels of acetylated histone H3, primarily deacetylated by class I
HDAC:Ss, remained unchanged. These results confirm the selectivity at the functional level.
Furthermore, mechanistic rescue experiments with competing ligands (tubastatin A and
pomalidomide), the non-degrading control AP1-N, the NEDDS8-activating enzyme inhibitor
MLN4924, and the proteasome inhibitor MG132, confirmed that AP1 acts through CRBN
binding and HDAC6/10 target engagement, as well as via neddylation- and proteasome-
dependent degradation. Wash-out experiments showed sustained degradation for at least eight
hours after compound removal.
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To deepen the SAR understanding, analogs AP7-AP10 were examined. AP7 and APS8
incorporated rigid linkers, which maintained potent HDAC6/10 degradation but also caused
notable off-target HDACS depletion, indicating reduced selectivity. In the case of AP9 and
AP10, the basic nitrogen in the cap group was replaced by an amide linkage. This modification
reduced the HDAC10 degradation while retaining HDACG6 activity, and also prevented the
degradation of HDACS. Moreover, fluorination of the warhead in AP10 emerged as a
potentially effective strategy for achieving HDAC6 preference. This comparison identified a
flexible linker with a basic nitrogen anchor, as realized in AP1, as the best combination for

balancing potency and selectivity for both class IIb enzymes.

To confirm the selectivity on a proteome-wide scale, quantitative proteomics in MM.1S and
MOLT-4 cells revealed that AP1 did not affect the protein levels of the other identified isoforms
((HDAC1-4, HDAC7, 8), but caused degradation of known CRBN neosubstrates (IKZF1,
IKZF3, ZFP91, RAB28), consistent with the subsequent Western blot experiments
investigating the degradation of IKZF1, IKZF3, and GSPT1. In contrast, phenylglutarimide-
based analogs did not affect these neosubstrates in Western blot analyses. Moreover, additional
immunoblot analyses verified that AP1-mediated neosubstrate degradation occurs via CRBN

engagement rather than HDAC binding.

In terms of functional assays in MM.1S cells, AP1 and related degraders produced minimal
effects on proliferation despite maintaining HDAC6/10 knockdown for 72 hours, indicating
that the absence of antiproliferative activity is not a result of instability of the degraders.
Furthermore, additional studies revealed that AP1 treatment significantly prolonged the G1-
phase of the cell cycle, but had no measurable impact on the autophagy markers LC3-I/II or
p62. In wound-healing assays using MDA-MB-231 breast cancer cells, AP1 significantly

impaired cell migration, whereas tubastatin A had no such effect.

In parallel, AP1-AP6 were tested in MCF-7 breast cancer cells. Western blot analysis showed
that AP1, AP3, AP4, and AP6 effectively degraded both HDAC6 and HDAC10, whereas AP2
and AP5 were less active. Consistent with results in MM. 1S cells, all six compounds exhibited
low or negligible cytotoxicity, indicating that dual HDAC6/10 degradation does not affect cell

viability in this solid tumor model.
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In conclusion, by exploring different warhead, linker, and E3 ligand combinations, AP1 was
established as the first-in-class, highly selective, dual HDAC6/10 degrader. It combines
nanomolar potency and strong class IIb selectivity with high plasma stability and an absence of
off-target HDAC degradation. In addition, AP1 demonstrated cellular effects on cell cycle and
migration. Overall, AP1 is a valuable chemical biology tool for investigating the function of
class IIb HDACsS, and represents a promising starting point for developing new therapeutic

modalities that target HDAC6 and HDACI10.

2.2 Author Contribution

All numbers refer to the figure and table numbering within the publication. In this project, the
conceptualization was carried out jointly by my supervisor and me. During the project, I
performed the molecular docking analyses (Figure 2), and was responsible for the design,
synthesis, and structural characterization of all the compounds (Figures 3, Schemes 1-2 and S1).
In addition, I conducted all immunoblot experiments and data analyses presented in the paper
(Figures 5-9, 10C, S1, S3, S5-S6, S8, and Table 2). Furthermore, I carried out the cell viability
assays (Table S1 and Figure S4) and proteomics data analyses (Figure 10A-10B and S2).
Finally, I prepared the original draft of both the main manuscript and the supplementary

information.
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3.1 Publication Summary

Histone deacetylase 8 (HDACS) is a class I zinc-dependent HDAC localized in both the nucleus
and cytoplasm. It plays critical roles in regulating non-histone proteins such as SMC3."" '
Beyond its enzymatic activity, HDACS8 functions as a scaffolding protein and interacts with
transcription factors like STAT3, thereby influencing diverse cellular processes.'”> HDACS is
implicated in hematological malignancies and solid tumors, with overexpression linked to
leukemic stem cell maintenance and cancer progression.'*> '** Existing HDACS inhibitors

primarily target the catalytic function with limited selectivity,'*> highlighting the need for new

strategies that eliminate both enzymatic and scaffolding functions.

This project aimed at the development of two series of CRBN-recruiting PROTACS to achieve
selective HDACS8 degradation, using the selective inhibitor PCI-34051 as the warhead.
Structural analysis identified the 4-methoxybenzyl group of PCI-34051 as solvent-exposed.
Consequently, the para-position on the phenyl ring was selected for the linker attachment. Two
classes of CRBN ligands — IMiD-based (pomalidomide or thalidomide) and phenylglutarimide
(PG)-based — were connected to PCI-34051 via flexible alkyl and PEG linkers. Ten PROTACs
(BP1-BP5, IMiD-based; BP6-BP10, PG-based) were synthesized utilizing either Cu(])-

catalyzed azide-alkyne cycloadditions or amide coupling reactions, followed by removing the
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respective protecting groups to release the final compounds bearing a hydroxamic acid warhead

as ZBG.

In vitro assays confirmed sub-micromolar HDACS inhibition for most compounds and verified
CRBN engagement and cell permeability. Physicochemical profiling indicated generally higher
lipophilicity for the IMiD-based PROTACs, compared to the PG-derived analogs. Plasma
protein binding was generally high, with BP1 and BP6 slightly lower, presumably due to the

incorporation of PEG linkers.

The subsequent functional evaluation in MM.1S cells identified BP1 and BP6 as the most
potent HDACS degraders, achieving DCsp values of 20 nM and 81 nM, respectively, combined
with high maximal degradation values. Further investigations showed that the IMiD-based
PROTAC BP1 induced degradation of CRBN neosubstrates such as IKZF1 and IKZF3, leading
to potent cytotoxicity in MM.1S and HL60 cells, while the PG-based analog BP6 displayed
minimal cytotoxicity and no neosubstrate degradation. Rescue experiments confirmed that
HDACS degradation was depended on HDAC8 and CRBN binding, as well as an active
ubiquitin-proteasome system. Ternary complex modeling and TR-FRET assays validated the

formation of productive HDACS-PROTAC-CRBN complexes.

Selectivity profiling by quantitative proteomics and immunoblotting confirmed selective
HDACS degradation without affecting other HDAC isoforms, including HDAC3. Both BP1
and BP6 increased the acetylation of the HDACS substrate SMC3 without affecting histone H3
or o-tubulin, confirming selective inactivation of HDACS8 enzymatic activity. Additional
studies demonstrated durable HDACS degradation over 72 hours and effective activity in

MDA-MB-231 breast cancer cells.

Furthermore, high-throughput screening of drug combinations revealed that pretreatment with
BP6 enhanced the sensitivity of leukemia cells to the mitogen-activated protein kinase (MEK)
inhibitor cobimetinib. This treatment also stabilized p53 and significantly increased apoptosis

when combined with the MDM?2 antagonist idasanutlin.

In conclusion, two sets of selective HDAC8 PROTACs were developed. The IMiD-based BP1

functions as a cytotoxic degrader that induces neosubstrate degradation, whereas the PG-based
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BP6 acts as a selective and chemically stable degrader capable of modulating p53-dependent

pathways, underscoring its potential for combinatorial therapeutic applications in leukemia.

3.2 Author Contribution

All numbers are referred to the numeration within the publication. In this project, the
conceptualization was carried out jointly by my supervisor and me. During the project, |
performed the molecular modeling analyses (Figures 2, 6A, S1, and S7A), and was responsible
for the design, synthesis, and structural characterization of all compounds (Schemes 1-2, S1,
and Figure 3). In addition, I conducted the immunoblot experiments and data analyses presented
in Figures 4C-4D, Figure 5, and Figure S3. Furthermore, I carried out the proteomics data
analyses (Figures 4E-4F). Finally, I prepared the original draft of both the main manuscript and

the supplementary information.
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4.1 Publication Summary

Histone deacetylases (HDACsS) are key epigenetic regulators that remove acetyl groups from
histone and non-histone proteins, thereby controlling transcription, DNA repair, cell cycle,
apoptosis, and immunity. Aberrant HDAC activity is associated with cancer progression, which
has motivated the development of HDAC inhibitors for treating cancer.> '*® Although several
inhibitors are FDA-approved, their use is limited by toxicity, narrow indications, and lack of

first-line approval.'”’

Recently, targeted protein degradation has emerged as an alternative
approach, mostly relying on PROTAC: that recruit CRBN or VHL. In contrast, DDBI, a core
adaptor of the CUL4 E3 ligase complex, has been less explored despite its central role in
ubiquitination. This study aims to develop HDAC degraders that induce HDAC degradation

through direct recruitment of DDBI, thereby representing an alternative approach to classical

E3 ligase recruitment strategies.

To realize this concept, a molecular hybridization approach was used by merging the
pharmacophores of a reported, non-covalent DDB1 ligand,'*® the covalent DDB1 binder MM-
02-57,"° and the HDAC inhibitor vorinostat to generate three compounds: SZ-1, SZ-2, and

SZ-3. Synthetic efforts yielded both noncovalent (SZ-1) and covalent (SZ-2, SZ-3) degraders.

The biological evaluations revealed that SZ-1 retained strong HDAC inhibition but lacked
degradation and antiproliferative effects, likely due to poor cell penetration. In contrast, SZ-2

-35-



Chapter 4

emerged as a potent degrader and treatment of MM.1S multiple myeloma cells with 10 uM of
SZ-2 almost completely eliminated HDAC1 (Dmax, 241 = 99%). The subsequent analysis of the
concentration-dependent degradation of HDACI1 provided a DCso 241 value of 2.55 pM. In
addition, SZ-2 treatment (10 uM) strongly reduced the HDAC?2 level (Dmax, 24 n = 90%) in
MM.1S cells with minimal effect on other isoforms, while compound SZ-3 showed weaker
degradation potency. In MCF-7 cells, SZ-2 selectively degraded HDAC1 with moderate
efficiency (Dmax, 24 n = 38%). In parallel, viability assays revealed that SZ-2 inhibited both
MM.1S and MCF-7 cell growth with low 1Csy values (3.28 and 3.46 uM), outperforming its
covalent warhead and achieving comparable antiproliferative activity as ricolinostat.
Biochemical enzyme inhibition assays revealed moderate direct inhibition of HDAC1/6 by SZ-
2. However, cellular assays showed increased acetylation of histone H3 and a-tubulin, which

is consistent with the results of dual HDAC1/2 degradation and HDACS6 inhibition.

Mechanistic experiments were performed to further characterize the mode of action of SZ-2.
NanoDSF assays were carried out to investigate the thermal stability of DDB1AB in the
presence and absence of SZ-2. These assays demonstrated thermal shifts of DDB1AB upon SZ-
2 treatment, indicating direct binding. A negative control (SZ-2-N), lacking the electrophilic
chloroacetyl warhead, which is required for covalent binding, failed to induce HDACI
degradation, confirming the importance of covalent DDB1 engagement. Functional assays
demonstrated that SZ-2 induced apoptosis in MM.1S cells at levels similar to ricolinostat and
greater than its covalent warhead control, though less potent than vorinostat. Altogether, SZ-2
acts as a bifunctional degrader that binds to DDBI1, achieves selective degradation of HDAC1/2,
promotes acetylation of histone and tubulin substrates, suppresses cancer cell proliferation, and

induces cell apoptosis.

In conclusion, SZ-2 represents the first example of a DDB1-recruiting HDAC degrader and
highlights direct DDBI1 recruitment as a viable alternative to CRBN/VHL-mediated
degradation. By demonstrating selective knockdown of HDAC1/2 and potent anti-multiple
myeloma activity, SZ-2 expands the toolbox for HDAC degradation and offers a starting point

for further optimization toward new anticancer agents.
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4.2 Author Contribution

All numbers refer to the figure and table numbering within the publication. In this project, the
conceptualization was carried out jointly by my supervisor and me. During the project, I
designed, synthesized, and structurally characterized all compounds (Schemes 1-2 and S1-S2).
In addition, I conducted all immunoblot experiments and data analyses presented in the paper
(Figures 2, 4, S1-2, and the replicates provided in the supplementary information). Furthermore,
I carried out the cell viability assays (Table 1 and Figure S3) and apoptosis induction analysis
(Figure 5). Finally, 1 prepared the original draft of both the main manuscript and the

supplementary information.
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Selective degradation of individual HDAC isoforms has become an important strategy for
improving therapeutic specificity and reducing unwanted side effects associated with
unselective HDAC inhibition. Unlike selective inhibitors, isoform-targeted PROTACs enable
more precise control of the enzymatic and/or non-enzymatic functions of HDACs, enabling
targeted intervention in disease-relevant pathways while minimizing side effects. This
selectivity can be achieved by using isoform-preferential warheads, the careful selection of E3
ligase recruiters, and the optimization of linker length, composition, and flexibility. In some
cases, switching from traditional hydroxamic acid scaffolds to alkyl hydrazide or o-
aminoanilide groups has markedly improved selectivity. Additionally, engaging DDB1 within
the CUL4-DDB1 complex, rather than relying on conventional E3 ligases such as CRBN or
VHL, may further improve degradation efficiency and target selectivity. As our understanding
of the biology of HDAC isoforms and the design principles of PROTACSs continues to expand,
selective HDAC degraders show great promise as therapeutic agents and chemical biology tools

for dissecting HDAC-specific functions in complex diseases.

The first project (chapter 2) focused on the design and characterization of the first selective
dual HDAC6/10-selective degraders (Figure 12). Although the class IIb isoforms HDAC6 and
HDACI10 share high structural homology, they have distinct roles in cancer biology. All
existing PROTACs target HDAC6 exclusively, leaving the biology of HDAC10 unexplored.
This work aimed to bridge the gap by creating degraders capable of simultaneously and

selectively targeting both enzymes.

Starting from the dual HDAC6/10 inhibitor tubastatin A, two warhead types were coupled with
CRBN ligands via alkyl linkers, resulting in the generation of AP1-AP6. In addition, AP7—
AP10 were designed to explore the effects of rigid linkers and warhead modifications. In
biochemical assays, AP1 inhibited HDAC6 and HDAC10 with low nanomolar I1Cso values,
demonstrated micromolar-range CRBN binding affinity in NanoBRET assays, and exhibited
the highest plasma stability among all candidates. In MM. 1S cells, AP1 degraded HDAC6 and
HDACI10 with DCsp, 241 values of 13 nM and 29 nM, respectively, showed no “hook effect”,

and avoided degradation of other HDAC isoforms including HDAC1, HDAC4, HDAC?7, and
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HDACS. Functionally, AP1 increased the levels of acetylated a-tubulin without altering histone
H3 acetylation, thereby confirming the absence of class I inhibition or degradation. Mechanistic
rescue experiments with competitive ligands, a negative control analog, the NEDD8-activating
enzyme inhibitor MLN4924, and the proteasome inhibitor MG132 demonstrated that
degradation required CRBN engagement, target binding, neddylation, and proteasome function.
Wash-out experiments showed sustained HDAC6/10 depletion for at least 8 h after compound
removal. Quantitative proteomics confirmed that AP1 has a narrow target profile, limited to
HDACG6/10 and several known CRBN neosubstrates, including IKZF1, IKZF3, ZFP91, and
RAB28. In contrast, phenylglutarimide-based analogs lack these effects on neosubstrates, as
evidenced by immunoblot analysis. In functional assays, AP1 induced G1l-phase cell cycle
arrest in MM. 1S cells and significantly impaired the migration of MDA-MB-231 breast cancer
cells. However, it caused minimal effects on proliferation in MM.1S and MCF-7 cells, despite
sustained target degradation. Moreover, AP1 had no measurable impact on the autophagy

markers LC3-I/II or p62.

In conclusion, by varying warhead, linker, and E3 ligand combinations, this work identified
AP1 as the first-in-class, highly selective dual HDAC6/10 degrader. It combines nanomolar
potency, durable and class IIb-selective target removal, and measurable phenotypic effects
without intrinsic cytotoxicity. These attributes make AP1 a valuable probe for studying class

IIb HDAC biology and a promising starting point for the development of new therapeutic

modalities.
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Figure 12. Design and characterization of the first dual HDAC6/10-selective degrader. Figure
reprinted with the permission of American Chemical Society (License number:

6134121485864). Copyright © 2025, American Chemical Society.

The second project (chapter 3) aimed at the development of potent and selective HDACS
degraders (Figure 13). HDACS is a member of class I and is localized in both the nucleus and
the cytoplasm. It regulates non-histone substrates and functions as a scaffolding protein. Its
overexpression in hematological and solid malignancies contributes to cancer progression,
while current inhibitors offer limited selectivity and target only the catalytic activity of HDACS.
To overcome these limitations, two series of CRBN-recruiting PROTACSs were designed using
PCI-34051 as the HDACS ligand. Molecular modeling studies suggested that the para-position
of the phenyl ring could serve as a suitable linker attachment point. This led to the design and
synthesis of IMiD-based (BP1-BP5) and phenylglutarimide (PG)-based (BP6—-BP10)

PROTAC: containing different alkyl and PEG linkers.

Most compounds showed strong HDACS inhibition, efficient CRBN binding, and good cell
permeability. Western blot experiments using MM. 1S cell lysates identified BP1 and BP6 as
potent degraders with DCsy values of 20 nM and 81 nM, respectively. BP1 induced the
degradation of the CRBN neosubstrates IKZF1/3 and displayed cytotoxicity, whereas BP6 did
not affect neosubstrates and remained non-cytotoxic. Rescue and TR-FRET experiments
confirmed that degradation relied on the target engagement of HDACS8 and CRBN, as well as
on proteasomal activity. Quantitative proteomics and immunoblotting experiments confirmed
the high selectivity for HDACS without affecting other HDAC isoforms, including HDACS3.
Moreover, BP6-mediated HDACS degradation led to p53 stabilization, thereby increasing the
sensitivity of leukemia cells to the MEK inhibitor cobimetinib and the MDM2 antagonist

idasanutlin. In contrast, BP1 exerted broader cytotoxic effects due to neosubstrate depletion.

Taken together, two potent but functionally distinct HDACS degraders were developed in this
project: the IMiD-based BP1 functions as a cytotoxic degrader, whereas the PG-based BP6 acts
as a selective, non-cytotoxic agent that stabilizes p53 and potentiates combination therapies in

leukemia.
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Figure 13. Discovery of selective HDACS degrader with anti-cancer activity. Figure reprinted
with the permission of American Chemical Society (License number: 6181440411995).

Copyright © 2026, American Chemical Society.

The third project (chapter 4) focused on the targeted HDACs degradation via direct recruitment

of the CUL4 complex adaptor protein DDBI1 using linker-less degraders (Figure 14).

Using a hybrid design approach, the HDAC inhibitor vorinostat was fused with either non-
covalent or covalent DDB1 binders, yielding three candidates: SZ-1 (non-covalent), SZ-2
(covalent, chloroacetyl warhead), and SZ-3 (covalent, bromoacetyl warhead). SZ-1 displayed
HDAC inhibition but lacked degradation activity. SZ-2 emerged as the most effective HDAC
degrader, while SZ-3 showed weaker degradation potency. In MM.1S cells, SZ-2 nearly
completely eliminated HDAC1 (Dmax, 241 = 99%, DCso, 24 v = 2.55 uM) and strongly reduced
HDAC?2 levels (Dmax, 241 = 90%) with insignificant effects on other isoforms. In MCF-7 cells,
SZ-2 partially degraded HDAC1 (Dmax, 241 = 38%). Additionally, SZ-2 suppressed proliferation
in both cell lines (ICso (MM.1S) =3.28 uM; ICso (MCF-7) = 3.46 uM), increased the acetylation
levels of histone H3 and a-tubulin, and induced apoptosis in MM.18S cells. Further mechanistic

studies confirmed that the covalent chloroacetyl warhead is essential for the activity of SZ-2.

In conclusion, SZ-2 was identified as the first HDAC degrader that directly recruits DDB1. Its

capacity to selectively degrade HDAC1/2 and exert strong anti-myeloma effects highlights
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direct DDBI1 recruitment as a feasible and effective alternative to CRBN- and VHL-based

PROTAC strategies, thus providing a promising basis for future optimization studies.
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Figure 14. Covalent compound SZ-2 induces HDACI1 degradation by directly recruiting DDBI.
Figure reprinted with the permission of American Chemical Society (License number:

6134130293253). Copyright © 2025, American Chemical Society.

Collectively, these projects advanced the field of targeted epigenetic regulation by developing
selective PROTAC degraders for class IIb isoforms and HDACS, as well as by pioneering the
use of the DDB1-CUL4 ubiquitin ligase complex for HDAC degradation. The findings will
provide important insights and practical frameworks for developing highly selective and

efficient HDAC degraders with clinical relevance.
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7 Appendix

7.1 Appendix I. Python scripts used for data extraction and visualization

of Figure 2

Data extraction of Figure 2:

from Bio import Entrez

import pandas as pd

import time

Entrez.email = “shizhai@uni-bonn.de”

hdac_list=[“HDAC1”, “HDAC2”, “HDAC3”, “HDAC4”, “HDACS5”, “HDAC6”, “HDACT”,
“HDACS”, “HDAC9”, “HDAC10”, “HDAC11”]

cancer_list = [“Bladder cancer”, “Breast cancer”, “Cervical cancer”, “Cholangiocarcinoma”,
“Chondrosarcoma”, “Colorectal cancer”, “Endometrial cancer”, “Esophageal cancer”,”Gastric
cancer”, “Glioma cancer”,”Head and neck cancer”,”Leukemia”, “Lip cancer”, “Liver cancer”,
“Lung cancer”, “Lymphoma”, “Melanoma”, “Myeloma”, ‘“Neuroblastoma”, “Oral cancer”,
“Osteosarcoma”, “Ovarian cancer”, “Pancreatic cancer”, “Prostate cancer”, “Renal cancer”,
“Rhabdomyosarcoma”, “Skin cancer”, “Synovial Sarcoma”, “Thyroid cancer”, “Urothelial
cancer”

exclude_prefixes = [“Corrigendum”, “Correction”, “Erratum”, “Retraction”]
results =[]
for hdac in hdac_list:

for cancer in cancer_list:
query = f* {hdac} AND {cancer} NOT review[Publication Type]’

handle = Entrez.esearch(db="pubmed”, term=query, retmax=10000)

record = Entrez.read(handle)

id_list = record[“IdList”]

valid _count=0

batch_size = 200

for start in range(0, len(id_list), batch_size):
batch_ids = id_list[start:start + batch_size]
summary_handle = Entrez.esummary(db="pubmed”, id=",”.join(batch ids))
summaries = Entrez.read(summary_handle)

for item in summaries:
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title = item.get(“Title”, “”)
if not any(title.startswith(prefix) for prefix in exclude prefixes):
valid_count +=1
time.sleep(0.3)
results.append((hdac, cancer, valid count))
df = pd.DataFrame(results, columns=[“HDAC”, “Cancer”, “Count”])
dfito_csv(“hdac cancer counts_filtered no reviews.csv”, index=False, encoding="utf-8-sig”)

print(“hdac_cancer counts_filtered no reviews.csv”)

Data visualization of Figure 2:

import pandas as pd

import matplotlib.pyplot as plt
import seaborn as sns

import matplotlib.ticker as ticker

def generate hdac cancer heatmap(input csv, output png, title="HDAC Isoforms vs Cancer
Types™):
df =pd.read_csv(input csv)

df pivot = df.pivot(index="Cancer”, columns="HDAC”,
values="Count”).fillna(0).astype(int)

desired_order = [f’HDAC{i}” for I in range(1, 12) if f’HDAC{i}” in df pivot.columns]
df pivot =df pivot[desired order]
plt.figure(figsize=(12, 16))
ax = sns.heatmap(
df pivot,
cmap="Y1GnBu”,
annot=True
fmt="d",
linewidths=0.5,
annot_kws={“weight”: “bold”},

cbar kws={“shrink™: 1.0, ‘label’: ‘Frequency’}
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ax.set_xlabel(*”)
ax.set_ylabel(*”)
ax.set_xticklabels(
ax.get xticklabels(),
rotation=45,
ha="left”,
fontsize=10,
weight="bold’,
rotation_mode="anchor”
)
ax.set_yticklabels(ax.get_yticklabels(), fontsize=10, weight="bold’)
ax.xaxis.set_label position(‘top’)
ax.xaxis.tick_top()
plt.title(title, fontsize=16, weight="bold’, pad=20)
cbar = ax.collections[0].colorbar
cbar.ax.tick_params(labelsize=10, width=1.2)
cbar.set label(“Frequency”, weight="bold’, fontsize=12)
cbar.ax.yaxis.set major locator(ticker.MaxNLocator(integer=True))
for label in cbar.ax.get yticklabels():
label.set weight(‘bold’)
box = ax.get position()
ax.set_position([box.x0, box.y0, box.width * 0.93, box.height])
plt.tight layout()
plt.savefig(output _png, dpi=300)
plt.close()
print(f"Heatmap saved to: {output png}”)
generate_hdac_cancer heatmap(
input_csv="/Users/zhaishiyang/Desktop/hdac_cancer counts filtered no reviews.csv”,

output png="HDAC Cancer Type Heatmap.png”
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7.2 Appendix II. Publication I: Development and characterization of the
first selective class IIb histone deacetylase degraders
The following pages include the article “Development and characterization of the first selective

class IIb histone deacetylase degraders” as it was published in the Journal of Medicinal

Chemistry by the American Chemical Society.
The article is reprinted with the permission from:

Shiyang Zhai, Irina Honin, Linda Schiker-Hiibner, Maria Hanl, Lukas Jacobi, Finn Dressler,
Dominika Ewa Pienkowska, Philipp Konig, Jan Gerhartz, Rabea Voget, Gerd Bendas, Michael
Giitschow, Felix Meissner, Bjoern B. Burckhardt, Radostaw P. Nowak, Christian Steinebach,
Finn K. Hansen.

J. Med. Chem. 2025, 68, 13, 13793-13821.

https://doi.org/10.1021/acs.jmedchem.5¢c00674

Copyright © 2025, American Chemical Society.
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ABSTRACT: Proteolysis-targeting chimeras (PROTACs) are < $
emerging new therapeutic modalities that facilitate the targeted K HDACl\:-Z]
degradation of disease-relevant proteins via an event-driven mode S macs [
of action. In this work, we report the design, synthesis, and L,/?'OO ; 8 —
biological evaluation of the first-in-class selective degraders of the A" o{i mpacs APLCRBY A€ =
class IIb histone deacetylases (HDACs) 6 and 10. To this end, the ’ Py e —, | HDACT -
dual HDAC6/10 inhibitor tubastatin A and a ring-opened analog AP1, aselective class ITb HDAC degrader oy i mDACs [ o |
were connected via well-established PROTAC linkers to %ﬁﬁ%%%;i‘;‘ﬁ& B macto[ |
pomalidomide and phenylglutarimides as cereblon recruiters. gt GAPDH [ w s |
This approach led to the discovery of AP1 (HDAC6 DCg, = 13 MMLIS, 1M, 24h

nM; HDAC10 DCs, = 29 nM) as a potent degrader of class IIb

HDACs. Importantly, AP1 neither degraded HDAC1/8 (class 1) and HDAC4/7 (class Ila), nor induced histone H3
hyperacetylation, thereby confirming its selectivity for class IIb HDACs. Due to its low cytotoxicity against hematological and solid
cancer cell lines, AP1 represents a valuable tool compound for the chemical knockdown of class IIb HDAC:s.

B INTRODUCTION However, despite their promising impact on cancer growth,
the widespread use of nonselective HDACi is associated with
various side effects.” This underscores the need for exploring
more targeted approaches to achieve subtype- or class-selective
HDAC inactivation, aiming for both efficacy and enhanced
safety in therapeutic interventions. To this end, class IIb
HDAC:s gained much attention.

HDACSG, as one of the Zn2+-dependent class IIb members,
can regulate various biological processes via its deacetylation
activity on acetylated lysines in nonhistone proteins, such as
cellular proliferation, motility, apoptosis, DNA damage
response, activation of heat shock response, transcriptional
repression as well as metabolic response.’ Beyond deacetyla-
tion, HDAC6 can also contribute to cellular processes like
protecting against stress-induced protein aggregation and
facilitating the transport of ubiquitinated proteins via the
zinc-finger ubiquitin-binding domain (UBD) and a dynein-
binding domain in its structure.' Since HDACS6 participates in
several biological processes via different enzymological and
nonenzymological functions, the continuous development of

Protein acetylation, a critical post-translational modification,
regulates crucial cellular processes such as enzymatic activity,
subcellular localization, and protein interactions. Moreover, it
impacts cell signaling, turnover, differentiation, and survival."
In this process, histone acetyltransferases (HATS) transfer
acetyl groups (acetylation), and histone deacetylases (HDACs)
remove them (deacetylation), thereby influencing both histone
and nonhistone proteins in various cellular functions.” As
essential epigenetic regulators, HDACs have captured
significant attention through extensive research spanning
multiple stages of tumor development over the past decades,
with their dysregulation contributing to tumorigenesis.'
Mammalian HDACs, 18 subtypes in total, were categorized
into four classes based on their sequences, structural features,
and cellular localization, among which, class I (HDAC], 2, 3
and 8), class II (HDAC4, S, 7, 9, 6 and 10), and class IV
(HDACI11) are Zn**-dependent. In contrast, members of class
III (Sirtl—7) depend on NAD®. Class II HDACs can be
further divided into class Ila (HDAC4, S, 7, and 9) and class
IIb (HDACG6 and 10). Notably, the key characteristics of class
ITb HDAC:s are that they are primarily located in the cytoplasm Received:  March 7, 2025
and have acetylated nonhistone proteins as primary substrates.” Revised:  May 21, 2025
Substantial progress has been made to develop efficacious Accepted: June 4, 2025
HDAC inhibitors (HDACi) to combat various HDAC-related Published: June 18, 2025
diseases, including cancer. To date, four HDACi have been
approved by the FDA for diverse cancer treatments.”

© 2025 American Chemical Society https://doi.org/10.1021/acs.jmedchem.5c00674
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Figure 1. Reported selective HDAC6 PROTACs and their respective degradation efficiencies.

inhibitors and degraders for HDAC6 has emerged as a hot
topic.()_16

HDACI10, the other member of class IIb, functions as a
potent polyamine deacetylase with a notable preference for N*-
acetylspermidine hydrolysis over acetylated lysine.'"” Impor-
tantly, HDAC10 plays a significant role in various biological
processes related to cancer, such as cellular proliferation,
apoptosis, invasion, autophagy, and drug resistance.'®"”
Notably, its involvement in promoting cellular survival through
autophagy has been reported in neuroblastoma.””*" In terms
of drug resistance, elevated HDACI10 levels have been
associated with protecting cancer cells from chemotherapy,
and HDACI0 inhibition has been reported to increase cancer
cell sensitivity to chemotherapy.'®'” These findings underscore
the potential of HDACI10 as a promising therapeutic target in
cancer treatment.

Structurally distinctive within the Zn**"dependent HDAC
family, HDAC6 and HDACI10 feature two deacetylase

domains. In HDAC6, both domains are active with different
functions: deacetylase domain 1 (DD1) focuses on deacetylat-
ing substrates with acetylated lysine at their C terminus, while
deacetylase domain 2 (DD2) exclusively targets peptides
featuring an internal acetylated lysine residue. Conversely,
HDACI10 possesses an active polyamine deacetylase (PDAC)
domain and an inactive pseudodeacetylase (WDAC) do-
main.'”** Key residues in the active site of HDACI0, such
as E274 (zebrafish numbering), contribute to its specificity for
polyamine substrates.'”>” The unique 7A2 helix and a specific
loop induce steric constriction in the active site, thereby
influencing its deacetylase activities.'"” Despite differences in
substrate selectivity, crystal structures reveal a typical assembly
pattern for HDAC6 and HDAC10,'”** opening avenues for
developing molecular tools to achieve dual inactivation for
both targets.

In contrast to the occupancy-driven pharmacology of
classical inhibitors, proteolysis-targeting chimeras (PROTACs)

https://doi.org/10.1021/acs.jmedchem.5c00674
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Figure 2. (A,B) Binding mode of tubastatin A (cyan) in Danio rerio HDAC6 (A; PDB: 6THV) and Danio rerio HDAC10 (B; PDB: 6WBQ). (C,D)
Docking pose of the tubastatin A derivative in Danio rerio HDAC6 (C) and Danio rerio HDAC10 (D). Hydrogen bonds are indicated by yellow

dashes, and the metal chelation interaction is indicated by purple dashes.

represent a small molecule-based heterobifunctional tool with
an event-driven mode of action (MoA). This catalytic MoA
relies on hijacking the endogenous ubiquitination process in
cells, thereby tagging the protein of interest (POI) for
degradation by the proteasome.”> Consequently, PROTAC-
induced degradation reduces cellular POI levels, offering
potential therapeutic applications across various diseases.

To date, several PROTACs have been reported to be
selective HDAC6 degraders (Figure 1). Most of these
PROTAC:s utilize hydroxamic acid-based HDAC6 ligands as
warheads and recruit either cereblon (CRBN)®™'M137152% o
von Hippel-Lindau (VHL)" as E3 ligases. Notably, these
PROTACs exhibit potent HDAC6 degradation, with some
achieving DCs, values in the low nanomolar range. Previous
studies include degraders based on HDAC6-selective inhibitors
(e.g., nexturastat A, an indirubin-based HDAC6 inhibitor, and
TO-317), nonselective HDAC inhibitors (e.g., crebinostat and
vorinostat), and HDAC6/8-selective inhibitors,®™!>!%!524726
In addition to the above-mentioned hydroxamic acid-based
PROTACs, we reported the first nonhydroxamate selective
HDACG6 degraders in 2022. These degraders employed a
difluoromethyl-1,3,4-oxadiazole warhead as a zinc-binding
group and engaged CRBN or VHL as E3 ligases.'® In addition,
an ethyl hydrazide-based selective HDAC6 degrader recruiting
CRBN was also reported by our group in 2025.%7 Interestingly,
HDAC6 PROTACs have also been explored as potential
therapeutic agents beyond cancer, including applications of a
nexturastat A-based degrader in renal ischemia-reperfusion
injury (RIRI),” and both indirubin-derived and vorinostat-
derived degraders in inflammation.'**® However, none of

13795

these above-mentioned studies have examined the effects of
HDAC6 PROTACs on HDACIO protein levels, the other
member of the class IIb HDAC family.

In this study, we aimed to develop the first selective dual
HDAC6/10 PROTAC degraders. To this end, we utilized
tubastatin A derivatives as HDAC6/10 warheads, which were
linked through suitable PROTAC spacers to pomalidomide or
phenylglutarimides as CRBN recruiters.

B RESULTS AND DISCUSSION

Design of Dual HDAC6/10 Degraders. Tubastatin A
(HDACS6 pICs, = 7.0; HDAC10 pICq, = 7.9) was selected as
the POI binder due to its dual inhibition of HDAC6 and
HDACI10, as demonstrated in NanoBRET-based target
engagement assays.”” Additionally, the available cocrystal
structures of tubastatin A in complex with Danio rerio
HDAC6 and HDACI10 enabled structure-based PROTAC
design. According to the elucidated crystal structures of D. rerio
HDAC6 (PDB: 6THV)*° and HDAC10 (PDB: 6WBQ)*' in
complex with tubastatin A, it is evident that tubastatin A
exhibits a notable capacity for effective interaction with both
targets within their respective catalytic pockets. In the case of
HDACS6 (Figure 2A), the hydroxamic acid group of tubastatin
A establishes a hydrogen bond with residue H574 and engages
in chelation with the Zn** ion within the catalytic tunnel.
Similarly, for HDAC10 (Figure 2B), interactions of the
hydroxamic acid group with His136 and His137, alongside
chelation with the Zn** ion, are also observed. The tricyclic
tetrahydro-y-carboline capping group of tubastatin A has been
shown to interact with residues E24 and W20S. In contrast, the

https://doi.org/10.1021/acs.jmedchem.5c00674
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Figure 3. Design of potential class IIb HDAC degraders.

residue E274 can form electrostatic interactions with the
tertiary amine in the capping group. Notably, E24 and E274
are critical for HDACI10 selectivity, facilitating the deep
insertion of tubastatin A into the HDACI10 catalytic pocket. In
light of these documented observations, tubastatin A emerges
as a promising ligand candidate for developing dual degraders
targeting both class IIb HDAC:s.

To determine the optimal anchor point on tubastatin A for
the attachment of PROTAC linkers, as illustrated in Figure 2A,
an analysis of tubastatin A’s conformation within HDAC6
reveals multiple possibilities in the capping group for linker
extension, specifically at positions C1, C6, as well as on the
tertiary amine. In contrast, for HDAC10 (Figure 2B), both C1
and C6 are buried into the pocket, which may increase the
probability of collisions between the linker-attached ligand and
nearby residues, such as E24 and K90. Therefore, a tubastatin
A derivative featuring a flexible hexyl chain attached to the
tertiary amine, designed to mimic the PROTAC linker, was
docked into the catalytic pockets of both HDAC6 and
HDACI10 (Figure 2C,D). Notably, this derivative aligns well
with the cocrystal structures of tubastatin A bound to both
HDAC6 and HDACI10, with the hexyl chain extending beyond
the pocket boundaries in both cases. Consequently, the tertiary
amine in the capping group of tubastatin A was identified as an
optimal anchor point.

A PROTAC molecule typically comprises a POI warhead, an
E3 ligase recruiter, and a linker to connect both ligands. In
contrast to tubastatin A, acknowledged for its enhanced
selectivity toward HDACI0 relative to HDAC6 (8-fold), a
bicyclic derivative featuring a dimethylamine moiety in the
capping group demonstrated even greater selectivity, reaching
up to 40-fold.”” Consequently, as shown in Figure 3, tubastatin
A and its bicyclic derivative were utilized as warheads in the
present study. The flexible alkyl chain, as a commonly reported
linker type, was employed in the design. Furthermore, since the
variation of the E3 ligase ligand has been shown to impact
degrader activity as well as stability,”> two different CRBN
ligands, specifically pomalidomide and a phenylglutarimide
derivative, were chosen as E3 ligase recruiters.

Chemistry. Scheme 1 illustrates the synthesis of protected
POI ligands with the attached linkers and the synthesis of
CRBN ligands. Briefly, to synthesize compounds 4 and $
(Scheme 1A), commercially available phenylhydrazine and

tert-butyl 4-oxopiperidine-1-carboxylate were used as starting
materials to generate tricyclic compound 1. Subsequently, the
alkylation of the indole with methyl 4-(bromomethyl)benzoate
afforded compound 2. Compound 2 was hydrolyzed with
lithium hydroxide monohydrate and acidified with hydro-
chloric acid to release the carboxylic acid group. The resulting
compound was subjected to a HATU-mediated amide
coupling reaction with O-benzylhydroxylamine hydrochloride
to yield compound 3. Subsequently, the Boc-protecting group
in compound 3 was removed with trifluoroacetic acid (TFA).
The released secondary amine was then alkylated with tert-
butyl (6-bromohexyl)carbamate to furnish compound 4 and 1-
azido-6-bromohexane to generate compound S.

For the synthesis of the bicyclic warhead compound 9
(Scheme 1B), a previously reported method was employed.”
Starting from the commercially available 1H-indole-3-carbal-
dehyde, a substitution reaction was performed to provide
compound 6. In the next step, the reductive amination of 6
with methylamine afforded 7. Afterward, the secondary amine
of compound 7 was substituted with tert-butyl (6-
bromohexyl)carbamate to yield compound 8. Following the
hydrolysis of methyl ester in compound 8 and subsequent
acidification to form the carboxylic acid moiety, the O-benzyl-
protected compound 9 was generated through a HATU-
mediated amide coupling reaction.

The synthesis of CRBN ligands is summarized in Scheme
IC. The pomalidomide-based intermediate 10> and the
phenylglutarimide building block 13> were synthesized
following previously reported methods. The carboxylic acid
products of compounds 10 and 13 were obtained by the
deprotection reactions using TFA. Subsequently, compounds
12 and 15 were synthesized via HATU-mediated esterification
of 11 and 14 with hex-5-yn-1-ol.

Following the synthesis of linker-attached warhead ligands
and E3 ligase recruiters, the final key intermediates for
PROTACs were synthesized using either amide coupling
reactions or Cu(I)-catalyzed azide-alkyne cycloadditions.
Scheme 2 displays the synthesis of PROTACs AP1—AP6.
Briefly, the tert-butyloxycarbonyl protecting group in com-
pound 4 was removed with TFA. Afterward, amide coupling
reactions with HATU and DIPEA in anhydrous DMF were
carried out between deprotected compound 4 and compound
11 or 14, forming compounds 16 and 17, respectively. The

https://doi.org/10.1021/acs.jmedchem.5c00674
J. Med. Chem. 2025, 68, 13793—13821


https://pubs.acs.org/doi/10.1021/acs.jmedchem.5c00674?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.5c00674?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.5c00674?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.5c00674?fig=fig3&ref=pdf
pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.5c00674?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Medicinal Chemistry

pubs.acs.org/jmc

Scheme 1. Synthesis of the Protected POI Ligands with Attached Linkers and CRBN ligands®
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“A: (a) tert-butyl 4-oxopiperidine-1-carboxylate, 2,4,6-tripropyl-1,3,5,2,4,6-trioxatriphosphinane 2,4,6-trioxide (50% solution in EtOAc), toluene, 90
°C, 16 h, 60%;>* (b) methyl 4-(bromomethyl)benzoate, Cs,CO;, ACN, reflux, 15 h, 57%;>* (c) (i) LiOH x H,0, THF/MeOH/H,0, rt, 17 h; (i)
HCI (0.5 M in H,0); (iii) O-benzylhydroxylamine hydrochloride, HATU, DIPEA, anhydrous DMF, rt, 16 h, 75% (three steps); (d) TFA, CH,Cl,,
rt, 2 h; (e) tert-butyl (6-bromohexyl)carbamate, K,CO;, anhydrous DMF, rt, 18 h, 66% (two steps); (f) 1-azido-6-bromohexane, K,COj;,
anhydrous DMF, rt, 20 h, 71% (two steps); B: (a) methyl 4-(bromomethyl)benzoate, Cs,COj;, ACN, reflux, 15 h, 99%;> (b) (i) MeNH,, MeOH,
rt, 19 h; (ii) NaBH,, MeOH, 0 °C to rt, 3 h, 87% (two steps);zg’36 (c) tert-butyl (6-bromohexyl)carbamate, K,CO4, anhydrous DMF, rt, 1S h, 67%;
(d) (i) LiOH x H,0, THF/MeOH/H,0, rt, 16.5 h; (ii) HCI (0.5 M in H,0); (iii) O-benzylhydroxylamine hydrochloride, HATU, DIPEA,
anhydrous DMF, rt, 17 h, 80% (three steps); C: (a) TFA, CH,Cl, rt, 2 h; (b) hex-5-yn-1-ol, HATU, DIPEA, anhydrous DMF, tt, 15 h, two-step

yield, 55% (compound 12), 69% (compound 15).

same procedure was used to generate compounds 20 and 21.
For compound §, featuring an azide group at the linker
terminus, Cu(I)-catalyzed azide-alkyne cycloaddition reac-
tions’” were carried out to afford compounds 18 and 19.
Afterward, the benzyl protecting groups in compounds 16—21
were removed under a hydrogen atmosphere using Pd/C (5%)
as a catalyst to release the zinc-binding groups and to furnish
the desired PROTACs AP1—AP6.

Target Engagement Assays and Evaluation of
Physicochemical Properties. All synthesized PROTACs
were evaluated for their in vitro inhibitory activity against
HDAC6 and HDACIO0 using fluorogenic enzyme inhibition
assays with Z-Lys(Ac)-AMC or Ac-spermidine-AMC as
substrates. The results are summarized in Table 1. All
compounds exhibited potent inhibitory activities with ICs
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values in the double- or even single-digit nanomolar
concentration range, indicating effective target engagement of
both class IIb HDACs in vitro. Next, we performed cellular
CRBN target engagement studies using a NanoBRET assay. As
previously published, HEK293T cells stably expressing Nano-
Luc-CRBN were used for competition experiments with a
BODIPY-lenalidomide tracer.”® All PROTACs demonstrated
ICso values in a single- or double-digit micromolar range,
verifying CRBN target engagement and cell permeability.
Consistent with previous reports,"’9
pomalidomide-based PROTACs showed autofluorescence
signals at high concentrations in the NanoBRET assay. The
compounds affected with high background fluorescence are
indicated with an asterisk in the Table 1, where the ICj,
represents an upper estimate. Notably, the phenylglutarimides

we noticed that some

https://doi.org/10.1021/acs.jmedchem.5c00674
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Scheme 2. Synthesis of PROTACs AP1-AP6”
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“(a) TFA, CH,Cl,, rt, 2 h; (b) compound 11 or 14, HATU, DIPEA, anhydrous DMF, rt, 17 h, 54—88% (two steps); (c) compound 12 or 15,
ascorbic acid, CuSO,, DMF/H,0 (10:1), rt, 2—4 h, 54—59%; (d) H,, Pd/C, EtOH/MeOH, rt, overnight, 9—33%.

Table 1. Evaluation of AP1—AP6 for Target Engagement and Physicochemical Properties

ICso (M)

Cmpd. HDAC6" HDAC10” CRBN
AP1 0.040 + 0.00S 0.022 + 0.003 *7.5
AP2 0.047 + 0.003 0.017 + 0.003 *4.4
AP3 0.026 + 0.002 0.007 + 0.001 *80.8
AP4 0.025 + 0.0005 0.023 + 0.003 2.2
APS 0.049 + 0.00S 0.01$ + 0.002 2.5
AP6 0.031 + 0.0005 0.012 + 0.004 15.6
vorinostat 0.033 + 0.003 n.d. n.d.
quisinostat 0.10S + 0.009 0.00S + 0.0004 n.d.
lenalidomide n.d. n.d. 0.6
tubastatin A® 0.016 + 0.0003 0.22 + 0.02 n.d.

M, (g/mol) elog D, TPSA (A7 PPB (%)° NRotB
734 1.8 182.18 96.7 16
858 2.3 210.09 96.7 21
722 1.3 182.18 97 18
666 1.6 142.00 96.3 16
790 2.2 169.91 96.7 21
654 1.2 142.00 96.1 18
n.d. n.d. n.d. n.d. n.d.
n.d. n.d. n.d. n.d. n.d.
n.d. n.d. n.d. n.d. n.d.
n.d. n.d. n.d. n.d. n.d.

“Z-Lys(Ac)-AMC was used as substrate. "Ac-spermidine-AMC was used as substrate. “Distribution coefficients at pH = 7.4 were estimated by a
HPLC-based method. Topologlcal polar surface area is given in A%, “Plasma protein binding, experimentally determined percentage of compound

bound to human serum albumin. "NRotB, number of rotatable bonds; n.d.: not determined. SHDAC inhibition data taken from literature.

41,42

Asterisks (*) indicate compounds with high background fluorescence, IC, values should be considered as an upper estimate.

AP4-AP6 exhibited stronger CRBN target engagement than
the pomalidomide-based degraders AP1-AP3, highlighting the
phenylglutarimide scaffold as an effective and simplified CRBN
ligand.

An overview of the physicochemical properties of the
synthesized degraders is provided in Table 1 to assess their
drug-likeness. In general, PROTACs AP1 to AP6 are
characterized by a moderate molecular weight, lipophilicity
(partition coefficients were experimentally determined by an
HPLC method), and polar surface area. As expected, the
cyclization of the HDAC warhead in AP1, AP2, AP4, and APS
led to a somewhat higher log D value. Representatives of the

pomalidomide-based series (L1) are slightly more lipophilic
and show higher topological polar surface areas than their
phenylglutarimide counterparts. PROTACs AP1 to AP6 are
tightly bound to plasma proteins as indicated by the
experimentally determined binding to human serum albumin
(fu < 0.05), which is, however, a common feature of degraders
with linear rotatable linkers.*’

Since some immunomodulatory drugs (IMiDs) such as
pomalidomide and IMiD-based PROTACs showed limited
stability under cell culture conditions and in body fluids,”* we
investigated the plasma stability of AP1—AP6 and the parent
HDACG6/10 inhibitor tubastatin A. All compounds were tested

13798 https://doi.org/10.1021/acs.jmedchem.5c00674
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Figure 4. Human plasma stability of AP1—AP6 and tubastatin A over 24 h at concentrations of 50 nM and 1 yM. 4% bovine serum albumin (BSA)
containing 1 #M of the respective AP compound (absence of plasma enzymes) served as control. The dashed line indicates the acceptance limit of
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Figure S. (A,B) Degradation of HDAC6 and HDAC10 mediated by degraders AP1—AP6 at different concentrations. MM.1S cells were treated
with AP1—AP6 at concentrations of 1 uM (A) and S uM (B) for 24 h. HDAC6 and HDACI10 levels were detected by Western blot. GAPDH was
used as the loading control. Representative images from a total of n = 3 replicates.

at concentrations of 50 nM and 1 #M in human plasma as well
as control experiments in 4% bovine serum albumin (BSA,
absence of plasma enzymes) were performed to investigate
chemical stability. The results are summarized in Figure 4.
While the parent inhibitor, tubastatin A, remained stable under
all conditions, the degraders AP1—AP6 were characterized by
structure-related stabilities. Notably, the triazole-linked com-
pounds AP2 and AP35 showed the lowest stability within their
respective series (pomalidomide- or phenylglutarimide-based).
A comparison of the tubastatin A derivatives (AP1 and AP4)
with their ring-opened analogs (AP3 and AP6) confirmed the
superior stability of tubastatin A-based degraders. Among

13799

them, AP1 demonstrated stability comparable to tubastatin A
at 1 uM, making it the most stable degrader in this set.
Class llb HDAC Degradation by AP1—AP6. Following
the target engagement and human plasma stability assays, we
evaluated the degradation efficacy of compounds AP1-AP6.
Western blot analyses of HDAC6 and HDACI10 protein levels
were performed after treatment of MM.1S cells with 1 or 5 uM
of each PROTAC for 24 h. As shown in Figure SA,B,
compounds AP1, AP3, AP4, and AP6 exhibited robust
degradation of both class IIb HDACs, with AP2 displaying
moderate efficacy. In contrast, minimal degradation of both
targets was observed in the case of compound APS. The low

https://doi.org/10.1021/acs.jmedchem.5c00674
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degradation efficacy of AP2 and APS is in very good
agreement with their low stability (see Figure 4).

The quantified maximal degradation (D,,,) data are
presented in Table 2. Notably, compounds AP1, AP3, AP4,

Table 2. D,,,, and DC,, Data for HDAC6 and HDACI10 in
MM.1S Cells after Treatment with AP1—AP6 for 24 h

HDAC6 HDACI10
degradation degradation
(%)" (%)~ DCy, (nM, 24 h)®
Cmpd. 1uM SuM 1uM SuM  HDAC6 HDAC10
AP1 95 96 93 88 13 + 34 29 + 1.1
AP2 68 24 n.e. 19 n.d. n.d.
AP3 94 99 85 94 16 + 3.9 50 + 2.7
AP4 89 30 84 41 1.3 +£0.5 1.7 £ 09
APS n.e. 9 n.e. 3 n.d. n.d.
AP6 96 95 75 56 45+ 04 7.9 £33

“Percentage of degraded HDAC6 or HDACI0 protein after 24 h
treatment of MM.1S cells with 1 or S M of each compound, mean of
n = 3 replicates. “Mean + SD of n = 2 biologically independent
experiments, each performed in triplicates; n.d.: not determined; n.e.:
no effect (no degradation).

and AP6 exhibited degradation levels of over 80% for both
targets at certain concentrations, except for the HDACI10
degradation under the treatment of AP6. AP1 turned out to be
the most efficient dual degrader of this set at 1 uM with D,
values of 95% against HDAC6 and 93% against HDACI0,
respectively. Conversely, compound AP2 showed approx-
imately 20% degradation of both targets at 5 uM, while
achieving 68% degradation of HDAC6 at 1 yuM. However, no
degradation of HDAC10 was observed at this concentration.
Compound APS demonstrated only slight degradation of both
targets at S uM, with negligible effects observed at 1 uM. The
relatively diminished degradation potencies of compounds
AP2 and APS, when compared with AP1, AP3, AP4, and AP6,
may also be attributed to their longer linkers, potentially
affecting the formation of a productive ternary complex.

DC;, Value Determination and “Hook Effect”. To
further elucidate the degradation efficiency of the synthesized
class IIb HDAC degraders, AP1, AP3, AP4, and AP6 were
selected for the determination of their DCs, values for HDAC6
and HDAC10 in MML.S cells (Figure 6). As depicted in Table
2, all four compounds demonstrated potent DCs, values
toward HDAC6 and HDACI10. Notably, AP4 emerged as the
most potent degrader for both HDAC6 and HDACI10, with
DCy, values of 1.3 nM and 1.7 nM, respectively. Furthermore,
it is noteworthy that all four compounds exhibited stronger
degradation potency toward HDAC6 compared to HDACI0.
The most significant difference, reaching 3.1-fold
(DCs0, tpacio/DCso, rpacs), Was observed for AP3 featuring
a bicyclic warhead and a pomalidomide-based CRBN ligand. In
contrast, the lowest difference of 1.3-fold was observed with
AP4, comprising tubastatin A as the POI ligand and a
phenylglutarimide derivative-based CRBN ligand. Consistent
with the experiments at 1 and S uM (Figure S), the
phenylglutarimides AP4 and AP6 showed a “hook effect”. In
contrast, the pomalidomide-based PROTACs AP1 and AP3
did degrade HDAC6 and HDACIO in a concentration-
dependent manner. Another notable structure—degradation
relationship was observed for the tubastatin A-based degraders
AP1 and AP4 which demonstrated stronger degradation
potency toward class IIb HDACs than the corresponding
bicyclic derivative-based degraders (see AP1 vs AP3 and AP4
vs AP6; see Table 2 and Figure 6). When comparing the
degradation efficacy of the pomalidomide-based degraders with
the phenylglutarimides, it is evident that the phenylglutar-
imides have lower DCs, values (see AP1 vs AP4 and AP3 vs
AP6; see Table 2 and Figure 6). However, this improvement
comes at the expense of a prominent “hook effect”.

AP1, A Tubastatin A and Pomalidomide-Based
Degrader, Induced Selective Degradation of Class Ilb
HDACs. Next, we continued our assessment of degradation in
multiple myeloma MMI.S cells. To better understand these
class IIb HDAC degraders, we further conducted degradation
selectivity studies to investigate their abilities to degrade other
subtypes of HDACs. Here, we chose the isoforms of HDAC1
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Figure 6. Determination of DCg, values of AP1, AP3, AP4, and AP6 for HDAC6 and HDACI10. (A,B) Western blot analysis of HDAC6 and
HDACI10 degradation in MM.1S cells treated for 24 h with AP1, AP3, AP4, and AP6 at different concentrations. GAPDH was selected as loading
control. Representative image of n = 2 biologically independent experiments, each performed in triplicates. (C,D) DCjs, values were obtained by
fitting D,,,., values to a variable slope response model (three parameters). Representative graph of n = 2 biologically independent experiments, each

performed in triplicates. For mean + SD see Table 2.
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Figure 7. Degradation selectivity of the investigated class IIb HDAC degraders. (A) MM.1S cells were treated with 1 M of the respective degrader
for 24 h. HDACI, 4, 6, 7, 8, and 10 levels were detected by Western blot. GAPDH was chosen as loading control. Representative image of n = 3
replicates. (B) Densitometric analysis of HDACI, 4, 6, 7, 8, and 10 levels after treatment with AP1 and AP4. Data from n = 3 replicates. Statistical
analysis was performed by using one-way ANOVA in GraphPad Prism 8. Statistical significance was indicated with asterisks (ns = no significance;
*k = p < 0.01; ¥* = p < 0.0001). (C) Representative immunoblot analysis of acetylated a-tubulin and histone H3. MM.1S cells were incubated
for 24 h at a concentration of 1 M. Afterward, cell lysates were immunoblotted with an antiacetyl-a-tubulin and antiacetyl-histone H3 antibody.
Vorinostat (SAHA) was used as positive control, and GAPDH was chosen as loading control. Representative image of n = 2 biologically

independent experiments, each performed in triplicates.

and HDACS from class I and HDAC4 and 7 from class IIa. For
AP3 and AP6, which contain the bicyclic derivative-based
warhead, both PROTACs showed a trend toward degrading
HDACI1, HDAC4, HDAC7 and HDACS8 compared to the
vehicle control group (Figure 7A). In contrast, the tubastatin
A-based degrader AP4 caused no relevant HDACI, HDAC4,
or HDAC7 degradation but significant HDAC8 degradation,
while AP1 induced no off-target degradation at all (Figure 7B).

To investigate the cellular target engagement, the acetylation
levels of HDAC substrate proteins like Ac-a-tubulin and Ac-
histone H3 were investigated by immunoblot analysis for AP1,
AP3, AP4, and AP6 treated cells using vorinostat (SAHA) as a
positive control (Figure 7C). All compounds caused an
upregulation of Ac-a-tubulin, a known substrate of HDAC6,
thereby indicating an inhibition of HDACG6 activity. The
pomalidomide-based degraders AP1 and AP3 induced
upregulation of Ac-a-tubulin comparable to vorinostat. This
effect is even more pronounced in the case of the
phenylglutarimides AP4 and AP6. These results are consistent
with the corresponding DCy, values of the HDAC6
degradation. In contrast, no degrader upregulated Ac-histone
H3 levels, a substrate of HDAC1—3, while treatment with the
positive control vorinostat resulted in strong hyperacetylation
of histone H3.

Since PROTACs with rigid linkers often improve potency
and selectivity in targeted protein degradation,”™" two
PROTACs (AP7 and APS, Figure 8A) with rigid linkers
were designed and synthesized to replace the flexible linker in
AP1. Both chosen rigid linkers are similar in length to AP1
(see Scheme S1A for synthetic details, Supporting Informa-
tion). As a first step, the degradation ability of AP7 and AP8
on HDAC6 and HDACI10 was evaluated. Interestingly, both
degraders exhibited comparable HDAC6 and 10 degradation
potencies to AP1 at 1 uM in MM.1S cells. Of note, a “hook
effect” in HDAC6 degradation was observed for AP8 at 5 uM
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(Figure 8A). Next, we evaluated the degradation selectivity of
AP7 and AP8 using HDACS, a common off-target of HDAC6
modulators,”® as representative isoform. Noteworthy, both
degraders with rigid linkers exhibited noticeable HDACS8
degradation, whereas the more flexible AP1 had minimal
impact on HDACS levels (Figure 8A).

As reported by Geraldy et al. and Herbst-Gervasoni et al.,
the basic nitrogen atom in tetrahydro-y-carboline capping
group of tubastatin A is critical for potent HDAC10 binding
due to electrostatic interactions,””*" while the introduction of
fluorine into the linker of HDAC6 inhibitors can enhance
HDACS selectivity."”** Therefore, to gain deeper insights into
the structure—degradation relationships of this compound
series, two PROTACs (AP9 and AP10, Figure 8B) were
designed and synthesized that utilize an amide group to
connect to the linker (see Scheme SIB in the Supporting
Information for synthetic details). In AP10, the benzyl linker
was replaced by a fluorinated analog. The effects of AP9 and
AP10 on HDAC6, HDACI10, and HDACS8 degradation were
evaluated by immunoblot analysis and the results are
summarized in Figure 8B. As expected, both newly designed
PROTACs, along with AP1, demonstrated potent HDAC6
degradation at 1 and S M in MM.1S cells. In contrast to AP7
and APS8, which feature a rigid linker and induce noticeable
HDACS degradation, AP9 and AP10, bearing a flexible linker
and an amide connecting unit, showed minimal impact on
HDACS levels. Notably, replacing the basic nitrogen atom with
an amide bond at the anchor point significantly affected
HDACI10 degradation; both AP9 and AP10 induced reduced
HDACI10 degradation compared to AP1 at both concen-
trations tested. Based on the results summarized in Figure 8,
several key structure—degradation relationships can be
identified: (1) introduction of a rigid linker (as in AP7 and
AP8) led to off-target HDACS8 degradation; (2) amide-linked
PROTACs (AP9 and AP10) preferentially degraded HDACS,
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Figure 8. Degradation selectivity of AP1, and AP7—AP10. MM.1S
cells were treated with 1 or S uM of the respective degraders, (A)
AP7 or AP8 and (B) AP9 or AP10 for 24 h. In both cases, HDACS,
8, and 10 levels were detected by Western blot. GAPDH was chosen
as loading control and tubastatin A (TubA) as negative control.
Representative image of n = 3 replicates.

with reduced activity against HDAC10 and no effect on
HDACS; and (3) fluorination of the linker (AP10) appears to
be a promising strategy for developing effective HDACG6
degraders.

Taken together, AP4, despite its single-digit nanomolar
DCy values for HDAC6 and HDAC10, was not considered for
detailed mode-of action studies as it showed a pronounced
hook effect and significantly degraded HDACS, indicating
limited selectivity. The rigid-linker degraders AP7 and AP8 are
unsuitable as tool compounds for the selective chemical
knockdown of HDAC6 and HDACI10 due to their noticeable
HDACS8 degradation. Similarly, the amide-linked degraders
AP9 and AP10 were excluded due to their diminished
HDACI10 degradation. Instead, AP1 with its flexible linker
and a basic nitrogen atom at the anchor point, emerged as a
potent and highly selective class IIb HDAC degrader. AP1
spares HDAC1, 4, 7 and 8 while avoiding histone H3
hyperacetylation, confirming the absence of class I HDAC
inhibition or degradation. Furthermore, AP1 showed no
evidence of a “hook effect” and displayed high plasma stability.
Consequently, AP1 was chosen for subsequent mode-of-action
studies.

AP1 Degrades Class llb HDACs via the Ubiquitin-
Proteasome System. To confirm the ubiquitin-proteasome
system’s (UPS) involvement in the degradation of HDAC6
and HDAC10, we conducted rescue experiments using binding
competitors and UPS inhibitors. In addition, we synthesized a
non-degrading control AP1-N, which contains a methylated
glutarimide ring (Scheme S1C, Supporting Information), and
thus cannot bind to CRBN. Since pretreatment with
competitors can increase cytotoxicity, we reduced the treat-
ment time to 6 h. Initial experiments without cotreatments
confirmed that the reduced treatment time does not affect the
degradation of class IIb HDACs by our PROTACs (Figure
9A). In the subsequent mode of action studies, we pretreated
MM.1S cells for 0.5 h with 10 yM of the binding competitors
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Figure 9. Rescue experiments with degrader AP1. (A) MM.1S cells were treated with 1 uM of the respective PROTACs for 6 h. HDAC6 and 10
levels were detected by Western blot. DMSO served as vehicle control and GAPDH was chosen as loading control. Representative image of n = 3
replicates. (B) Pretreatments of MM.1S cells for 30 min were carried out in the cotreatment groups containing the tubastastin A (10 uM),
pomalidomide (10 uM), MLN4924 (10 uM), and then treated for 6 h with 1 M of AP1. GAPDH was chosen as loading control. AP1 served as
positive and AP1-N as negative control. Representative image of n = 2 biologically independent experiments, each performed in triplicates. (C)
Protein recovery at different time points after wash-out of AP1. MM.1S cells were treated with AP1 (1 M) for 24 h. Compound AP1 was washed
out at 0 h in the figure and drug-free medium was then supplemented to each group for protein recovery investigation. HDAC6 and HDAC10
protein levels were monitored at various time points post wash-out using Western blot, with GAPDH serving as a loading control. Representative

image of n = 3 replicates.
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Figure 10. Quantitative proteomics data for AP1 and evaluation of neosubstrate degradation by AP1—AP6. (A) Quantitative proteomics of
MM.1S cell lysates after treatment with AP1 (1 #M) for S h. Hits are labeled in red dots with the thresholds: Fold change >1.5 and P value <0.001.
Other HDAC subtypes are labeled in purple dots. (B) Quantitative proteomics of MOLT-4 cell lysates after treatment with AP1 (1 uM) for S h.
Hits are labeled in red dots with the thresholds: Fold change > 1.5 and P value < 0.001. Other HDAC subtypes are labeled in purple dots. (C)
Neosubstrate degradation caused by AP1—AP6 in MM.1S cells. MM.1S cells were treated with DMSO or AP1—AP6 (S uM) for 24 h. IKZF1,
IKZF3, and GSPT1 levels were detected by Western blot. GAPDH was used as the loading control. Representative image of n = 3 replicates.

tubastatin A and pomalidomide as well as the NEDDS8-
activating enzyme inhibitor MLN4924. Afterward, the cells
were treated for 6 h with AP1 (1 uM). The results are
summarized in Figure 9B. Only the treatment with AP1 alone
induced significant degradation of HDAC6 and HDACIO,
whereas AP1-N could not reduce the protein levels of either
isoform. HDAC6 and HDACI0 levels were recovered for the
groups with pretreatments, thereby confirming that AP1
induces class IIb HDAC degradation via binding to CRBN
and HDACs and leading to neddylation-dependent degrada-
tion. In addition, rescue experiments with the proteasome
inhibitor MG132 demonstrated that the API1-induced
degradation of HDAC6 and HDACIO0 is proteasome-depend-
ent (Figure S1, Supporting Information). Furthermore, wash-
out experiments with AP1 confirmed that both HDAC6 and
HDACI10 degradation is retained 8 h after the wash-out step,
thereby indicating that the degradation effect of AP1 is long-
lasting (Figure 9C).

Quantitative Proteomics Analyses and Neosubstrate
Degradation. In order to analyze the selectivity profile of
AP1 by an orthogonal method, we performed quantitative
proteomics analysis. To this end, MM.1S cells were treated for
6 h with 1 uM of API, tubastatin A, and vehicle control
(DMSO) and subsequently subjected to MS-based whole
proteome analysis. Despite the unreliable detection of HDAC6
and HDACI0, likely due to low protein expression levels, we
successfully monitored the protein levels of HDAC1-3 and
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HDAC?7. None of the detected HDACs were significantly
downregulated, confirming AP1’s excellent selectivity toward
HDACG6 and HDACI10 (Figure S2, Supporting Information).
In the next step, we repeated the proteomics study in MM.1S
cells using diaPASEF-based mass spectrometry. In this case, we
were able to detect HDAC6 but not HDAC10. However, the
results clearly indicate that HDAC6 but none of the other
detected HDAC isoforms was downregulated (Figure 10A).
Furthermore, we observed degradation of the CRBN neo-
substrates IKZF1, IKFZ3, ZFP91, and RAB28. To further
investigate the effects on neosubstrates, the protein levels of
IKZF1, IKZF3, and GSPT1 were assessed after treating
MM.1S cells with AP1—AP6 (5 uM) for 24 h. The results
revealed strong degradation of IKZF1 and IKZF3, along with a
moderate reduction in GSPT1 levels, by the IMiD-based
degraders AP1—AP3. In contrast, the phenylglutarimide-based
degraders AP4—AP6 had no substantial impact on neo-
substrate levels (Figure 10C). Rescue experiments by pretreat-
ment with MLN4924 and tubastatin A demonstrated that
MLN4924 but not tubastatin A could prevent the degradation
of IKZF1 (Figure S3, Supporting Information). These results
indicate that AP1-induced neosubstrate degradation occurs via
CRBN and not HDAC engagement.

To further investigate the proteome-wide degradation
specificity of AP1, we performed quantitative proteomics
analysis in MOLT-4 cells. In this experiment, HDACS6, but not
HDACI10, could be quantified. Among the identified HDACs
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(HDAC1—4 and HDAC6-8), AP1 selectively degraded
HDACS after S h of incubation with 1 uM of AP1 (Figure
10B). In addition, degradation of the CRBN neosubstrates
IKZF1 and ZFP1 was observed. In conclusion, MS-based
whole proteome analysis, in combination with our Western
blot results verified that AP1 is a selective degrader of
HDAC6/10.

Cell Viability Assays. Since both HDAC6 and HDAC10
are involved in the pathogenesis of cancer, single treatments
with either selective HDAC6 or HDACI0 inhibitors have
demonstrated only low to moderate effects on cell
viability,**™>° we aimed to investigate the potential anti-
proliferative effects of dual HDACG6/10 degraders. Conse-
quently, we tested AP1—AP6 in viability assays against the
multiple myeloma cell line MM.1S as well as the breast cancer
cell line MCE-7. Both cell lines were selected because they are
widely used to characterize HDAC6 degraders,”'”'* and serve
as representative models of hematological and solid cancers.
Interestingly, all compounds showed low or no inhibition of
cell viability (Table S1 and Figure S4, Supporting Informa-
tion). Long-term Western blot experiments after 48 and 72 h
of treatment with AP1, AP3, AP4, and AP6 confirmed that
HDACG6 and HDACI10 degradation is sustained after 72 h in
MM.1S cells (Figure SS, Supporting Information). Thus, these
results indicate that the absence of antiproliferative activity
after 72 h is not a result of instability of the degraders. To rule
out that the limited antiproliferative effects in MCF-7 cells
comes from absence of degradation, we treated MCF-7 cells
for 24 h with 1 or S uM of AP1-AP6 and analyzed the HDAC6
and HDACI0 levels by immunoblot analysis (Figure S6,
Supporting Information). Consistent with the results obtained
in MM.1S cells, AP1, AP3, AP4 and AP6 were identified as
potent degraders of HDAC6 and HDAC10, while AP2 and
APS were less effective. Again, the phenylglutarimides AP4 and
AP6 showed a pronounced "hook effect” at 5 uM.

AP1’s Effects on Cell Cycle Arrest, Autophagy, and
Cell Migration. Noticing that HDAC6/10 degraders AP1—
AP6 showed no antiproliferative effects on MM.1S and MCE-7
cells (Table S1 and Figure S4, Supporting Information), we
further tested AP1 for its effects on other cell pathways, such as
cell cycle arrest, autophagy induction, and its impact on cell
migration. Treatment of MM.1S cells with 10 uM of AP1 for
48 h induced a significant prolongation of the G1-phase, while
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treatment with the parent inhibitor tubastatin A did not lead to
significant changes in the cell cycle (Figure S7, Supporting
Information). AP1 at 1 and S uM did not affect the LC3 I and
LC3 II levels when compared with vehicle (DMSO) and
positive control (chloroquine), indicating that AP1 did not
affect autophagy of MM.1S cells (Figure S8, Supporting
Information). Next, we used the MDA-MB-231 cell line to
investigate the antimigratory properties of tubastatin A and
AP1. The parent inhibitor tubastatin A had no significant
effects on cell migration, while AP1 attenuated cell migration
significantly (Figure 11).

B DISCUSSION AND CONCLUSIONS

The first HDAC6 PROTACs were reported by Tang and co-
workers in 2018.° Interestingly, despite employing a non-
selective inhibitor as the HDAC warhead, the authors achieved
selective HDAC6 degradation. Since then, various selective
HDACG6 degraders have been developed using derivatives of
nonselective inhibitors (e.g,, crebinostat and vorinostat),”"®
HDAC6-selective inhibitors (e.g, nexturastat A),”~'* and
HDACG6/8-selective inhibitors® as HDAC recruiters. How-
ever, none of these studies have investigated the effects of
HDAC6 PROTACs on HDACI0 protein levels. Very recently,
Gunning and co-workers reported the monoselective HDAC6
PROTAC degrader TO-1187.** This compound marks a
significant advancement in the HDAC degrader field,
demonstrating effective in vivo HDAC6 degradation without
observable toxicity, thereby providing encouraging evidence for
the safety of pharmacological HDAC6 degradation. However,
the study did not assess HDAC10 degradation. Consequently,
the tubastatin A-derived PROTACs disclosed in this study
represent the first selective degraders of class IIb HDAC:.
Selective HDAC10 degradation has not yet been achieved, but
it remains a key goal for expanding the toolbox of HDAC
degraders. This goal may be achievable in the future by using
acetylpolyamine mimetics as HDAC10-specific warheads."”
Taken together, our work demonstrates the successful
design, synthesis, and biological evaluation of first-in-class
selective degraders for the class IIb HDACs 6 and 10. Utilizing
the dual HDACG6/10 inhibitor tubastatin A and a ring-opened
analog, we connected these molecules to pomalidomide and a
phenylglutarimide derivative via established PROTAC linkers
to act as cereblon recruiters. This approach led to the discovery
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of AP1, a potent degrader of class IIb HDACs (HDAC6 DCj,
=13 nM; HDAC10 DCg, = 29 nM). Importantly, AP1 showed
no significant degradation of HDAC1/8 (class I) and
HDAC4/7 (class Ila), nor did it induce histone H3
hyperacetylation, confirming its selectivity for class IIb
HDACs. Furthermore, AP1 exhibited low cytotoxicity against
hematological and solid cancer cell lines, making it a valuable
tool compound for the chemical knockdown of class IIb
HDAC:s.

B EXPERIMENTAL SECTION

Chemistry. General Information. Chemicals were obtained from
abcr GmbH, Acros Organics, Carbolution Chemicals, Fluorochem,
Sigma-Aldrich, TCI Chemicals, BLDpharm or VWR and used without
further purification. Technical grade solvents were distilled prior to
use. For all HPLC purposes, acetonitrile in HPLC-grade quality
(HiPerSolv CHROMANORM, VWR) was used. Water was purified
with a PURELAB flex (ELGA VEOLIA). Air-sensitive reactions were
carried out under argon atmosphere utilizing standard Schlenk
techniques. If no solvent is stated an aqueous solution was prepared
with demineralized water. Mixtures of two or more solvents are
specified as “solvent A”/”solvent B”, 3/1, v/v; meaning that 100 mL of
the respective mixture consists of 75 mL of “solvent A” and 25 mL of
“solvent B”. Thin-layer chromatography (TLC) was carried out on
prefabricated plates (silica gel 60, F,s,, Merck). Components were
visualized either by irradiation with ultraviolet light (254 or 366 nm)
or by staining appropriately. Column Chromatography: If not stated
otherwise, column chromatography was carried out on silica gel (60
A, 40—60 pm, Acros Organics). In addition, a flash column system
(puriFlash XS 520 Plus, Advion Interchim Scientific) was utilized for
the purification of the synthesized compounds. Nuclear Magnetic
Resonance Spectroscopy (NMR): Proton ( 'H) and carbon (*C)
NMR spectra were recorded either on a Bruker AVANCE 500 MHz
at a frequency of 500 MHz (*H) and 126 MHz (**C) or on a Bruker
AVANCE III HD 600 MHz at a frequency of 600 MHz (*H) and 151
MHz (*C). The chemical shifts are given in parts per million (ppm).
As solvents deuterated chloroform (CDCl;) and deuterated dimethyl
sulfoxide (DMSO-d,) were used. The residual solvent signal (CDCl,:
"H NMR: 7.26 ppm, *C NMR: 77.1 ppm; DMSO-dg: '"H NMR: 2.50
ppm, *C NMR: 39.52 ppm) was used for calibration. The multiplicity
of each signal is reported as singulet (s), doublet (d), triplet (t),
quartet (q), pentet (p), sextet (sext), multiplet (m) or combinations
thereof. Multiplicities and coupling constants are reported as
measured and might disagree with the expected values. Mass
Spectrometry: High resolution electrospray ionization mass spectra
(HRMS-ESI) were acquired with Bruker Daltonik GmbH micrOTOF
coupled to a an LC Packings Ultimate HPLC system and controlled
by micrOTOFControl3.4 and HyStar 3.2-LC/MS, with a Bruker
Daltonik GmbH ESI-qTOF Impact II coupled to a Dionex
UltiMateTM 3000 UHPLC system and controlled by micrO-
TOFControl 4.0 and HyStar 3.2-LC/MS or with a micrOTOF-Q
mass spectrometer (Bruker) with ESI-source coupled with an HPLC
Dionex UltiMate 3000 (Thermo Scientific). Low resolution electro-
spray ionization mass spectra (LRMS-ESI) were acquired with an
Advion expression compact mass spectrometer (CMS) coupled with
an automated TLC plate reader Plate Express (Advion). High
Performance Liquid Chromatography (HPLC): A Thermo Fisher
Scientific UltiMate 3000 UHPLC system with a Nucleodur 100—5
C18 (250 X 4.6 mm, Macherey Nagel) with a flow rate of 1 mL/min
and a temperature of 25 °C or a 100—5 C18 (100 X 3 mm, Macherey
Nagel) with a flow rate of 0.5 mL/min and a temperature of 25 °C
with an appropriate gradient were used. For preparative purposes a
AZURA Prep. 500/1000 gradient system (Knauer) with a Nucleodur
110—5 C18 HTec (150 X 32 mm, Macherey Nagel) column with 20
mL/min was used. Detection was implemented by UV absorption
measurement at a wavelength of 4 = 220 nm and 4 = 250 nm. Bidest.
H,0 (A) and ACN (B) were used as eluents with an addition of 0.1%
TFA for eluent A. Purity: The purity of all final compounds was 95%

or higher. Purity was determined via HPLC with the Nucleodur 100—
S C18 (250 X 4.6 mm, Macherey Nagel) at 250 nm. After column
equilibration for S min, a linear gradient from 5% A to 95% B in S min
followed by an isocratic regime of 95% B for 12 min was used.

B GENERAL PROCEDURES

General Procedure A for the Synthesis of Compound
16—17 and 20—21. To a solution of compound 11 or 14
(1.0-1.1 equiv) in anhydrous DMF (3 mL), HATU (2 equiv)
and DIPEA (3 equiv) were added. The mixture was stirred at
room temperature for 0.5 h. Afterward, a solution of Boc-
deprotected compound 4 or 9 (1 eq) in anhydrous DMF (2
mL) was added and the reaction mixture was then stirred for
17 h at room temperature. The mixture was poured into water
(100 mL) and extracted with ethyl acetate (3 X 30 mL). The
combined organic layer was then washed with water (3 X S0
mL) and followed by brine (50 mL), dried over anhydrous
Na,SO,, filtered, and concentrated in vacuo to yield the crude
products, which were subsequently purified by silica column
chromatography.

General Procedure B for the Synthesis of Compound
18—19. To a solution of compound 12 or 15 (1 equiv) in
DMF/H,0 (5§ mL/0.5 mL), compound 5 (1.05 equiv),
ascorbic acid (3 equiv), and CuSO, (1 equiv) were added. The
mixture was stirred at room temperature for 2—4 h. Next, the
mixture was poured into water (100 mL) and extracted with
ethyl acetate (3 X 30 mL). The combined organic layer was
then washed with water (3 X 50 mL)and followed by brine (50
mlL), dried over anhydrous Na,SO,, filtered, and concentrated
in vacuo to provide the crude products, which were then
purified by flash column chromatography (0—10% MeOH in
EtOAc, 0—10 min; 10% MeOH in EtOAc, 10—30 min).

General Procedure C for the Synthesis of Com-
pounds AP1-AP10, and AP1-N. To a solution of
compound 16-—21, S4, S5, 88, S9, S11 (1 equiv) in
methanol/ethanol (10 mL), Pd/C (5% palladium on carbon,
0.05 equiv) was added. The flask was evacuated and flushed
with H, and the mixture was stirred at room temperature
under H, atmosphere overnight. The completion of the
reaction was monitored by HPLC and additional Pd (OH),/C
(0.05 equiv) was added into the system if the conversion was
not complete.’’ The resulting reaction solution was filtered
over Celite and the solvents removed under reduced pressure.
The subsequent purification was carried out utilizing reverse
phase flash column chromatography (0—100% ACN in water,
0—30 min) or preparative HPLC.

Compound Characterization. tert-Butyl 1,3,4,5-Tetrahy-
dro-2H-pyrido[4,3-b] Indole-2-carboxylate (1). To a solution
of phenylhydrazine hydrochloride (10.0 g, 69.2 mmol, 1 equiv)
and tert-butyl 4-oxopiperidine-1-carboxylate (152 g, 76.1
mmol, 1.1 equiv) in toluene (150 mL), 2,4,6-tripropyl-
1,3,5,2,4,6-trioxatriphosphinane 2,4,6-trioxide (11.0 mL, 17.3
mmol, 0.25 equiv, 50% solution in EtOAc) was added as the
catalyst. The mixture was stirred at 90 °C for 16 h. The
completion of the reaction was monitored by TLC. The
solvent was removed in vacuo. The crude product was then
dissolved in a mixture of ethyl acetate (100 mL) and water
(100 mL). The extraction was performed with the ethyl acetate
(3 X 100 mL) and the combined organic layer was washed
with brine and dried over anhydrous Na,SO, The filtrate was
concentrated in vacuo to afford the crude product, which was
then purified by silica column (CyH/EtOAc 2:1, v/v) to yield
compound 1 (11.3 g, 60%). '"H NMR (500 MHz, CDCl,): &
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7.92 (s, 1H), 7.45 (dd, ] = 7.7, 1.3 Hz, 1H), 7.34—7.29 (m,
1H), 7.16 (ddd, J = 8.1, 7.1, 1.3 Hz, 1H), 7.10 (td, J = 7.4, 1.1
Hz, 1H), 4.65 (s, 2H), 3.82 (t, ] = 5.7 Hz, 2H), 2.88—2.79 (m,
2H), 1.51 (s, 9H). 3C NMR (126 MHz, CDCl;): § 155.4,
136.0, 132.1, 125.8, 121.8, 119.7, 117.8, 110.8, 107.8, 80.0,
41.3, 28.6, 28.5, 23.7. LC—MS (ESI), [M — H]™ m/z: 271.1.

tert-Butyl 5-(4-(Methoxycarbonyl)benzyl)-1,3,4,5-tetrahy-
dro-2H-pyrido[4,3-bJindole-2-carboxylate (2). To a solution
of compound 1 (4.00 g, 14.7 mmol, 1 equiv) in acetonitrile
(100 mL), methyl 4-(bromomethyl)benzoate (3.53 g, 15.4
mmol, 1.0S equiv) and Cs,CO; (9.57 g, 29.4 mmol, 2 equiv)
were added. The mixture was stirred and refluxed for 15 h. The
completion of the reaction was monitored by TLC. The
solvent was removed in vacuo. The crude product was then
dissolved in a mixture of ethyl acetate (75 mL) and water (75
mL). The extraction was performed with the ethyl acetate (3 X
50 mL) and the combined organic layer was washed with brine
(50 mL) and dried over anhydrous Na,SO, The filtrate was
concentrated in vacuo to afford the crude product, which was
then purified by silica column (CyH/EtOAc 4:1, v/v) to afford
compound 2 (3.51 g, 57%). '"H NMR (500 MHz, CDCL;): &
7.97—7.91 (m, 2H), 7.54—7.48 (m, 1H), 7.19 (dt, J = 8.1, 1.0
Hz, 1H), 7.14 (dtd, ] = 14.0, 6.9, 1.4 Hz, 2H), 7.08—7.03 (m,
2H), 5.30 (s, 2H), 4.69 (s, 2H), 3.89 (s, 3H), 3.81 (t, ] = 5.7
Hz, 2H), 2.70 (t, ] = 5.5 Hz, 2H), 1.50 (s, 9H). '*C NMR (126
MHz, CDCly): § 166.8, 155.3, 143.0, 136.9, 133.6, 130.3,
129.6, 126.2, 125.6, 121.8, 119.8, 118.0, 109.3, 108.0, 80.1,
52.3,46.4, 41.3, 28.6, 27.1, 22.7. LC—MS (ESI), [M + H]* m/
z: 421.3.

tert-Butyl 5-(4-((benzyloxy)carbamoyl)benzyl)-1,3,4,5-tet-
rahydro-2H-pyrido[4,3-b]Jindole-2-carboxylate (3). To a
solution of compound 2 (3.00 g 7.14 mmol, 1 equiv) in
THF/MeOH/H,0 (60 mL/12 mL/12 mL), LiOH-H,0
(0.784 g, 17.8 mmol, 2.5 equiv) was added. The mixture was
stirred at room temperature for about 17 h. Heating at 50 °C
for extra 1—2 h was performed when the reaction was not
complete. Upon the completion of the hydrolysis, the solvents
were removed in vacuo. The crude product was dissolved with
water (50 mL) and acidified with HCI (0.5 M in water) until
no more precipitate was formed. The resulting precipitate was
collected via filtration, washed with water and dried in vacuo
for the next step without further purification. To a solution of
the dried precipitate (2.81 g, 6.91 mmol, 1 equiv) in anhydrous
DMF (60 mL), HATU (5.26 g, 13.8 mmol, 2 equiv) and
DIPEA (2.68 g, 20.7 mmol, 3 equiv) were added. The mixture
was stirred for 30 min at room temperature. Afterward, O-
benzylhydroxylamine hydrochloride (2.21 g, 13.8 mmol, 2
equiv) was added and the reaction mixture was stirred for 16 h.
The completion of the reaction was monitored by TLC. The
mixture was poured into water (150 mL) and extracted with
ethyl acetate (3 X 50 mL). The combined organic layer was
then washed with water (3 X 50 mL) and followed by brine
(50 mL), dried over anhydrous Na,SO,, filtered, and
concentrated in vacuo to afford the crude product, which
was then purified by flash column chromatography (0 — 50%
EtOAc in CyH, 0—10 min; 50% EtOAc in CyH, 10—35 min)
to generate compound 3 (2.67 g, 75%). '"H NMR (600 MHz,
CDCl,): 6 8.59 (s, 1H), 7.56 (d, J = 7.9 Hz, 2H), 7.49 (d, ] =
7.3 Hz, 1H), 7.41 (dd, J = 7.3, 2.2 Hz, 2H), 7.38—7.33 (m,
3H), 7.19-7.09 (m, 3H), 7.00 (d, J = 8.0 Hz, 2H), 5.26 (s,
2H), 5.00 (s, 2H), 4.67 (s, 2H), 3.79 (t, ] = 5.8 Hz, 2H), 2.67
(t, J = 5.7 Hz, 2H), 149 (s, 9H). 3C NMR (151 MHz,
CDCLy): 6 166.0, 155.3, 142.1, 136.8, 135.4, 134.1, 131.2,

129.4, 129.0, 128.8, 127.7, 126.5, 125.5, 121.8, 119.8, 118.0,
109.3, 107.9, 80.1, 78.5, 46.2, 41.6, 40.8, 28.6, 22.6. LC—MS
(ESI), [M — H]™ m/z: 510.4.

tert-Butyl (6-(5-(4-((benzyloxy)carbamoyl)benzyl)-1,3,4,5-
tetrahydro-2H-pyrido[4,3-bjindol-2-yl)hexyl)carbamate (4).
To a solution of compound 3 (1.46 g, 2.86 mmol, 1 equiv)
in DCM (20 mL), TFA (4 mL) was added. The mixture was
stirred at room temperature for 2 h and the complete removal
of tert-butyl group was monitored by HPLC. Afterward, the
mixture was dried in vacuo to offer the crude product for the
next step. To a solution of the resulting crude product in
anhydrous DMF (50 mL), tert-butyl (6-bromohexyl)carbamate
(1.20 g, 429 mmol, 1.5 equiv) and K,CO; (0.790 g, 5.72
mmol, 2 equiv) were added. The mixture was stirred at room
temperature for 18 h. The completion of the reaction was
monitored by HPLC. The mixture was poured into water (150
mL) and extracted with ethyl acetate (3 X SO mL). The
combined organic layer was then washed with water (3 X 50
mL) and followed by brine (50 mL), dried over anhydrous
Na,SO,, filtered, and concentrated in vacuo to yield the crude
product, which was then purified by silica column chromatog-
raphy (EtOAc: MeOH 10:1, v/v) to yield compound 4 (1.16 g,
66%). "H NMR (600 MHz, CDCL): 6 7.54 (d, ] = 8.0 Hz,
2H), 7.41 (ddd, ] = 14.4, 7.2, 1.9 Hz, 3H), 7.37—7.31 (m, 3H),
7.16—7.06 (m, 3H), 6.96 (d, J = 8.1 Hz, 2H), 5.23 (s, 2H),
4.98 (s, 2H), 3.85 (s, 2H), 3.09 (q, ] = 6.8 Hz, 2H), 2.99—2.91
(m, 2H), 2.76 (d, J = 5.8 Hz, 2H), 2.68 (t, ] = 7.9 Hz, 2H),
1.69—1.64 (m, 2H), 1.50—1.48—1.46 (m, 2H), 1.43 (s, 9H),
1.36—1.33 (m, 4H). 3C NMR (151 MHz, CDCL;): § 165. 8,
1562, 141. 9, 136.9, 135.5, 133.1, 131.2, 129.4, 128.9, 128.9,
128.7, 128.6, 127.8, 126.5, 125.9, 121.6, 119.7, 117.9, 109.3,
107.5, 79.2, 78.3, 57.5, 50.5, 49.5, 46.3, 40.6, 30.1, 28.6, 27.2,
26.8, 26.7, 22.2. LC—MS (ESI), [M + H]* m/z: 611.4.

4-((2-(6-Azidohexyl)-1,2,3,4-tetrahydro-5H-pyrido[4,3-b]-
indol-5-yl)methyl)-N-(benzyloxy)benzamide (5). To a sol-
ution of compound 3 (0.850 g, 1.66 mmol, 1 equiv) in DCM
(20 mL), TFA (4 mL) was added. The mixture was stirred at
room temperature for 2 h and the complete removal of tert-
butyl group was monitored by HPLC. Afterward, the mixture
was dried in vacuo to provide the crude product for the next
step. To a solution of the resulting crude product in anhydrous
DMF (30 mL), 1-azido-6-bromohexane (0.514 g, 2.49 mmol,
1.5 equiv) and K,CO; (0.459 g, 3.32 mmol, 2 equiv) were
added. The mixture was stirred at room temperature for 20 h.
The completion of the reaction was monitored by HPLC. The
mixture was poured into water (150 mL) and extracted with
ethyl acetate (3 X SO mL). The combined organic layer was
then washed with water (3 X 50 mL) and followed by brine
(50 mL), dried over anhydrous Na,SO, filtered, and
concentrated in vacuo to afford the crude product, which
was then purified by flash column chromatography (0—10%
MeOH in DCM, 0—10 min; 10% MeOH in DCM, 10-3S
min) to provide compound § (0.634 g, 71%). Synthesis of 1-
azido-6-bromohexane followed previously reported methods.>
'"H NMR (600 MHz, CDCl,): 6 8.99 (s, 1H), 7.54 (d, ] = 8.0
Hz, 2H), 7.41 (ddd, ] = 18.9, 7.0, 2.0 Hz, 3H), 7.38—7.32 (m,
3H), 7.15—7.06 (m, 3H), 6.98 (d, J = 8.0 Hz, 2H), 5.23 (s,
2H), 4.98 (s, 2H), 3.79 (s, 2H), 3.27 (t, ] = 6.9 Hz, 2H), 2.89
(d,] = 5.8 Hz, 2H), 2.74 (d, ] = 5.7 Hz, 2H), 2.65 (t, ] = 7.8
Hz, 2H), 1.67 (q, ] = 7.6 Hz, 2H), 1.62 (p, ] = 7.1 Hz, 2H),
1.46—1.37 (m, 4H). 3C NMR (151 MHz, CDCl,): § 165.6,
142.0, 136.9, 135.5, 133.4, 131.2, 129.4, 129.4, 128.9, 128.8,
1287, 128.6, 127.7, 126.6, 126.0, 1214, 119.6, 117. 9, 109.2,

https://doi.org/10.1021/acs.jmedchem.5c00674
J. Med. Chem. 2025, 68, 13793—13821


pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.5c00674?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Medicinal Chemistry

pubs.acs.org/jmc

1082, 78.3, 57.9, S1.5, 50.7, 49.7, 46.3, 28.9, 27.2, 27.2, 26.8,
22.6. LC—=MS (ESI), [M + H]* m/z: 537.5.

Methyl 4-((3-Formyl-1H-indol-1-yl)methyl)benzoate (6).
To a solution of 1H-indole-3-carbaldehyde (3.00 g, 20.7
mmol, 1 equiv) in acetonitrile (50 mL), methyl 4-
(bromomethyl)benzoate (4.97 g, 21.7 mmol, 1.0S equiv) was
added. The mixture was stirred and refluxed for 15 h. The
solvent was removed in vacuo. The crude product was then
dissolved by a mixture of ethyl acetate (75 mL) and water (75
mL). The subsequent extraction was performed with the ethyl
acetate (3 X S0 mL) and the combined organic layer was
washed with brine (S0 mL) and dried over Na,SO, The
filtrate was concentrated in vacuo to provide the crude, which
was then purified by silica column chromatography (DCM:
MeOH 50:1, v/v) to yield compound 6 (5.98 g, 99%). 'H
NMR (600 MHz, CDCL): 5 10.02 (s, 1H), 8.34 (dt, ] = 7.8,
1.2 Hz, 1H), 8.04—7.98 (m, 2H), 7.75 (s, 1H), 7.34—7.28 (m,
2H), 7.27-7.25 (m, 1H), 7.22 (d, J = 8.1 Hz, 2H), 543 (s,
2H), 3.90 (s, 3H). 3C NMR (151 MHz, CDCL,): 5 184.8,
166. 6, 140.5, 138.6, 137.5, 130.5, 130.4, 127.0, 125.6, 124.5,
123.4, 122.4, 118.9, 1104, 52.4, 50.8. LC—MS (ESI), [M +
H]* m/z: 294.1.

Methyl 4-((3-((Methylamino)methyl)-1H-indol-1-yl)-
methyl)benzoate (7). To a solution of compound 6 (4.00 g,
13.6 mmol, 1 equiv) in MeOH and DCM (100 mL: 10 mL),
methylamine (2.09 mL, 20.5 mmol, 1.5 equiv, 9.8 M in
MeOH) was added. The mixture was stirred at room
temperature for 19 h. The complete consumption of the
starting material was monitored by HPLC. Afterward, the
mixture was cooled in ice bath and NaBH, (1.03 g, 27.3 mmol,
2 equiv) was added slowly. The reaction mixture was then
stirred for another 3 h. The completion of the reaction was
monitored by HPLC. The resulting mixture was filtered and
the filtrate was then concentrated in vacuo to provide the
crude product (3.66 g, 87%) which was used without further
purification. "H NMR (600 MHz, CDCl,): § 7.97—7.92 (m,
2H), 7.68 (dd, J = 7.1, 1.6 Hz, 1H), 7.22 (s, 1H), 7.20—7.20—
7.17 (m, 2H), 7.15—7.13 (m, 3H), 5.32 (s, 2H), 4.03 (s, 2H),
3.88 (s, 3H), 2.50 (s, 3H). 3C NMR (151 MHz, CDCl,): §
166.8, 142.6, 136.6, 130.2, 129.7, 128.0, 127.9, 126.8, 1224,
120.0, 119.1, 111.7, 109.9, 52.3, 50.0, 45.6, 34.8. LC—MS
(ESI), [M — H]™ m/z: 307.3.

Methyl 4-((3-(((6-((tert-Butoxycarbonyl)amino)hexyl)-
(methyl)amino)methyl)-1H-indol-1-yl)methyl)benzoate (8).
To a solution of compound 7 (2.79 g, 9.05 mmol, 1 equiv)
in anhydrous DMF (60 mL), tert-butyl (6-bromohexyl)-
carbamate (3.80 g, 13.6 mmol, 1.5 equiv) and K,CO; (2.50
g, 18.1 mmol, 2 equiv) were added. The mixture was stirred at
room temperature for 15 h. The completion of the reaction
was monitored by HPLC. The mixture was poured into water
(150 mL) and extracted with ethyl acetate (3 X S0 mL). The
combined organic layer was then washed with water (3 X 50
mL)and followed by brine (50 mL), dried over anhydrous
Na,SO,, filtered, and concentrated in vacuo to provide the
crude product, which was then purified by silica column
(DCM: MeOH 50:1, v/v, 1% Et;N) to afford compound 8
(3.08 g, 67%). "H NMR (600 MHz, DMSO-d,): § 7.91-7.86
(m, 2H), 7.63 (d, ] = 7.8 Hz, 1H), 7.39—7.32 (m, 2H), 7.29—
7.23 (m, 2H), 7.07 (ddd, J = 8.2, 7.0, 1.2 Hz, 1H), 7.03—6.98
(m, 1H), 6.75—6.67 (m, 1H), 5.48 (s, 2H), 3.81 (s, 3H), 3.61
(s, 2H), 2.87 (q, ] = 7.2, 6.7 Hz, 2H), 2.34 (t, ] = 7.3 Hz, 2H),
2.12 (s, 3H), 146 (dq, ] = 14.6, 7.4, 6.9 Hz, 2H), 1.36 (s, 9H),
1.34 (t, ] = 6.7 Hz, 2H), 1.28—1.19 (m, 4H). '*C NMR (151

MHz, DMSO-d,): § 165.9, 155.5, 143.9, 136.2, 129.4, 128.6,
1282, 127.0, 121.3, 119.5, 118.8, 111.8, 109.9, 77.2, 56.5, 54.9,
524, 52.0, 48.5, 41.7, 29.5, 28.2, 26.8, 26.6, 26.2. LC—MS
(ESI), [M + H]* m/z: 508.5.

tert-Butyl (6-(((1-(4-((benzyloxy)carbamoyl)benzyl)-1H-
indol-3-yl)methyl)(methyl)amino)hexyl)carbamate (9). To
a solution of compound 8 (3.08 g, 6.07 mmol, 1 equiv) in
THF/MeOH/H20 (60 mL/12 mL/12 mL) was added LiOH-
H,0 (0.509 g, 12.1 mmol, 2 equiv), the mixture was stirred at
room temperature for 16.5 h. Heating at 50 °C for extra 1-2 h
was operated when the reaction was not complete. Upon the
completion of the hydrolysis, the solvent was removed in
vacuo. The crude was dissolved with water and acidified with
HCI (0.5 M in water) until no more precipitate is formed, the
resulting precipitate was collected via filtration, washed with
water and dried in vacuo for the next step without further
purification. To a solution of the dried precipitate (2.64 g, 5.35
mmol, 1 equiv) prepared in the last step in anhydrous DMF
(60 mL) were added HATU (4.07 g, 10.7 mmol, 2 equiv) and
DIPEA (2.07 g, 16.0 mmol, 3 equiv), the mixture was stirred
for 30 min at room temperature, after which, O-benzylhydrox-
ylamine hydrochloride (1.71 g, 10.7 mmol, 2 equiv) was added
into the system and stirred for 17 h. Completion of the
reaction was monitored by TLC. The mixture was poured into
water (150 mL) and extracted with ethyl acetate (3 X 50 mL).
The combined organic layer was then washed with water (3 X
50 mL) and followed by brine(50 mL), dried over anhydrous
Na,SO,, filtered and concentrated in vacuo to offer the crude,
which was then purified by silica column (DCM: MeOH 50:1,
v/v, 1% Et;N) to offer the compound 9 (2.55 g, 80%). 'H
NMR (600 MHz, CDCL,): 6 7.68 (d, ] = 7.7 Hz, 1H), 7.61 (d,
J =79 Hz, 2H), 7.42 (dd, ] = 7.4, 2.0 Hz, 2H), 7.38—7.31 (m,
3H), 7.19—7.14 (m, 2H), 7.14—7.10 (m, 2H), 7.09 (d, ] = 8.1
Hz, 2H), 5.30 (s, 2H), 5.01 (s, 2H), 3.74 (s, 2H), 2.96 (q, ] =
6.9 Hz, 2H), 2.42 (t, ] = 7.6 Hz, 2H), 2.28 (s, 3H), 1.53 (p, ] =
7.3 Hz, 2H), 1.42 (s, 9H), 1.36 (p, J = 7.3 Hz, 2H), 126 (q, ] =
73 Hz, 2H), 1.24—1.17 (m, 2H). C NMR (151 MHz,
CDClLy): 6 165.5, 1562, 141.6, 136.5, 135.6, 131.5, 129.4,
129.4, 128.8, 128.7, 128.6, 128.1, 127.8, 127.0, 122.1, 119.7,
119.7, 109.7, 79.3, 78.3, 63.9, 56.6, 52.5, 49.8, 42.2, 40.6, 30.0,
28.6, 27.0, 26.5. LC—MS (ESI), [M + H]* m/z: 599.6.

Hex-5-yn-1-yl (2-(2,6-Dioxopiperidin-3-yl)-1,3-dioxoisoin-
dolin-4-yl)glycinate (12). The tert-butyl (2-(2,6-dioxopiper-
idin-3-yl)-1,3-dioxoisoindolin-4-yl)glycinate (compound 10,
1.36 g) was synthesized following the previously reported
method.*® To a solution of compound 10 (0.590 g, 1.52 mmol,
1 equiv) in DCM (15 mL) was added TFA (3 mL), the
mixture was stirred at room temperature for 2 h, the complete
removal of tert-butyl group was monitored by TLC, after
which, the mixture was dried in vacuo to offer the crude,
compound 11, for the next step. To a solution of the resulting
crude in anhydrous DMF (15 mL) were added HATU (1.16 g,
3.05 mmol, 2 equiv) and DIPEA (0.591 g 4.57 mmol, 3
equiv), the mixture was stirred for 30 min at room
temperature, after which, hex-S-yn-1-ol (0.299 g, 3.05 mmol,
2 equiv) was added into the system and stirred for 1S h.
Completion of the reaction was monitored by HPLC. The
mixture was poured into water (100 mL) and extracted with
ethyl acetate (3 X 30 mL). The combined organic layer was
then washed with water (3 X 50 mL) and followed by brine
(50 mL), dried over anhydrous Na,SO,, filtered and
concentrated in vacuo to offer the crude, which was then
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purified by silica column (CyH/EtOAc, 1:1, v/v) to offer the
compound 12 (0.343 g, 55%).

'"H NMR (600 MHz, CDCl,): 6 8.09 (s, 1H), 7.52 (dd, ] =
8.5,7.2 Hz, 1H), 7.17 (d, ] = 7.2 Hz, 1H), 6.78 (d, ] = 8.5 Hz,
1H), 6.70 (s, 1H), 4.93 (dd, J = 12.4, 5.4 Hz, 1H), 423 (t, ] =
6.5 Hz, 2H), 4.07 (s, 2H), 2.93—2.86 (m, 1H), 2.86—2.70 (m,
2H), 223 (td, ] = 7.0, 2.6 Hz, 2H), 2.17-2.10 (m, 1H), 1.97
(t, ] = 2.6 Hz, 1H), 1.85—1.75 (m, 2H), 1.60—1.56 (m, 2H).
3C NMR (151 MHz, CDCL): & 171.1, 169.7, 169.3, 168.3,
167.6, 145.8, 136.4, 132.7, 116.7, 112.7, 111.4, 83.8, 69.1, 65.3,
49.1, 44.6, 31.5, 27.7, 24.9, 22.9, 18.2. LC—MS (ESI), [M +
H]* m/z: 412.2.

Hex-5-yn-1-yl 2-(4-(2,6-dioxopiperidin-3-yl)phenoxy)-
acetate (15). The tert-butyl 2-(4-(2,6-dioxopiperidin-3-yl)-
phenoxy)acetate (compound 13, 2.00 §) was synthesized
following a previously reported method.”” To a solution of
compound 13 (0.490 g, 1.53 mmol, 1 equiv) in DCM (15 mL)
TFA (3 mL) was added, the mixture was stirred at room
temperature for 2 h. The complete removal of tert-butyl group
was monitored by TLC. Afterward, the mixture was dried in
vacuo to provide the crude product, compound 14, for the next
step. To a solution of the resulting crude in anhydrous DMF
(15 mL) HATU (1.17 g 3.07 mmol, 2 equiv) and DIPEA
(0.595 g, 4.60 mmol, 3 equiv) were added. The mixture was
stirred for 30 min at room temperature. Next, hex-5-yn-1-ol
(0.301 g, 3.07 mmol, 2 equiv) was added to the reaction
mixture and stirred for 15 h. The completion of the reaction
was monitored by HPLC. The mixture was poured into water
(100 mL) and extracted with ethyl acetate (3 X 30 mL). The
combined organic layer was then washed with water (3 X S0
mL) and followed by brine (50 mL), dried over anhydrous
Na,SO,, filtered, and concentrated in vacuo to offer the crude
product, which was then purified by silica column (CyH/
EtOAg, 1:1, v/v) to afford compound 15 (0.364 g, 69%). '"H
NMR (600 MHz, CDCLy): 6 7.99 (s, 1H), 7.17—7.10 (m, 2H),
6.95—6.87 (m, 2H), 4.62 (s, 2H), 4.24 (t, ] = 6.5 Hz, 2H), 3.74
(dd, J = 9.9, 5.1 Hz, 1H), 2.73 (dt, ] = 17.7, 5.3 Hz, 1H), 2.64
(ddd, J = 17.7,10.1, 5.2 Hz, 1H), 2.30—2.17 (m, 4H), 1.96 (t, ]
= 2.6 Hz, 1H), 1.83—1.76 (m, 2H), 1.60—1.54 (m, 2H). 3C
NMR (151 MHz, CDCL): 5 173.3, 172.3, 169.0, 157.5, 130.3,
129.4, 115.3, 83.8, 69.0, 65.5, 65.0, 47.3, 31.1, 27.7, 26.5, 24.9,
18.1. LC—MS (ESI), [M — H]™ m/z: 342.1.

N-(Benzyloxy)-4-((2-(6-(2-((2-(2,6-dioxopiperidin-3-yl)-1,3-
dioxoisoindolin-4-yl)Jamino)acetamido)hexyl)-1,2,3,4-tetra-
hydro-5H-pyrido[4,3-bJindol-5-yl)methyl)benzamide (16).
Prepared by following the General procedure A. Starting
from deprotected compound 4 (0.197 g, 0.385 mmol, 1 equiv),
compound 11 (0.140 g, 0.424 mmol, 1.1 equiv), HATU (0.293
g, 0.770 mmol, 2 equiv) and DIPEA (202 yL, 1.16 mmol, 3
equiv). The crude product was purified by silica column
(DCM/MeOH, 20:1, v/v, 1% Et;N) to afford compound 16
(0.279 g, 88%). "H NMR (600 MHz, DMSO-dy): & 11.66 (s,
1H), 11.08 (s, 1H), 8.06 (t, ] = 5.7 Hz, 1H), 7.68—7.62 (m,
2H), 7.59 (dd, J = 8.5, 7.1 Hz, 1H), 7.46—7.32 (m, 6H), 7.09
(d, ] = 8.1 Hz, 2H), 7.06 (d, ] = 7.1 Hz, 1H), 7.05—7.02 (m,
1H), 6.99 (t, ] = 7.4 Hz, 1H), 6.94 (t, ] = 5.6 Hz, 1H), 6.86 (d,
J = 8.5 Hz, 1H), 5.38 (s, 2H), 5.07 (dd, J = 12.7, 5.5 Hz, 1H),
4.89 (s, 2H), 3.92 (d, ] = 5.6 Hz, 2H), 3.65 (s, 2H), 3.10 (q,J
= 6.6 Hz, 2H), 2.88 (dd, J = 5.5, 3.3 Hz, 1H), 2.87—2.78 (m,
2H), 2.74 (s, 2H), 2.60 (dd, J = 4.6, 2.6 Hz, 1H), 2.59—2.55
(m, 2H), 2.53 (dd, ] = 134, 4.5 Hz, 1H), 2.05—1.99 (m, 1H),
1.54 (h, ] = 7.0 Hz, 2H), 1.43 (p, ] = 7.0 Hz, 2H), 1.35—1.21
(m, 4H). 3C NMR (151 MHz, DMSO-dg): 6 172.7, 170.0,

168.7, 1682, 167.3, 163.9, 145.8, 142.1, 136.3, 136.1, 135.9,
133.9, 132.0, 131.2, 128.9, 128.3, 1282, 127.4, 126.4, 125.3,
120.6, 118.8, 117.4, 110.9, 109.9, 109.5, 76.9, 57.2, 50.2, 49.1,
48.6, 45.4, 45.2, 38.5, 30.9, 29.0, 26.6, 26.3, 22.6, 22.3, 22.1.
LC—MS (ESI), [M + H]* m/z: 824.7.
N-(Benzyloxy)-4-((2-(6-(2-(4-(2,6-dioxopiperidin-3-yl)-
phenoxy)acetamido)hexyl)-1,2,3,4-tetrahydro-5H-pyrido-
[4,3-blindol-5-yl)methyl)benzamide (17). Prepared by follow-
ing the General procedure A. Starting from deprotected
compound 4 (0.295 g, 0.578 mmol, 1 equiv), compound 14
(0.152 g, 0.578 mmol, 1 equiv), HATU (0.440 g, 1.16 mmol, 2
equiv) and DIPEA (303 yL, 1.73 mmol, 3 equiv). The crude
product was purified by silica column (EtOAc/MeOH, 20:1,
v/v, 1% Et;N) to yield compound 17 (0.342 g, 78%). '"H NMR
(600 MHz, CDCL,): & 8.31 (s, 1H), 7.57 (d, J = 8.1 Hz, 2H),
7.46—7.37 (m, 3H), 7.36—7.32 (m, 2H), 7.17—7.07 (m, 4H),
6.97 (d, J = 8.1 Hz, 2H), 6.93—6.85 (m, 2H), 6.59 (t, ] = 6.0
Hz, 1H), 5.24 (s, 2H), 4.99 (s, 2H), 4.44 (s, 2H), 3.93 (s, 2H),
3.72—3.66 (m, 1H), 331 (q, ] = 6.8 Hz, 2H), 3.10—-2.97 (m,
2H), 2.80 (s, 2H), 2.73 (d, ] = 7.8 Hz, 2H), 2.68 (dt, ] = 17.7,
5.1 Hz, 1H), 2.59 (ddd, J = 17.7, 10.2, 5.3 Hz, 1H), 2.25-2.19
(m, 1H), 2.19-2.13 (m, 1H), 1.70 (d, ] = 9.5 Hz, 2H), 1.53
(p,J = 7.1 Hz, 2H), 1.39—1.30 (m, 4H). *C NMR (151 MHz,
CDCL): & 1734, 172.4, 170.1, 1682, 156.8, 141.8, 137.0,
135.5, 132.8, 131.3, 130.8, 129.7, 129.4, 128.9, 128.7, 128.6,
127.8, 126.5, 125.7, 121.8, 119.8, 117.9, 115.2, 115.2, 109.4,
78.4, 67.6, 57.0, 50.3, 49.4, 47.2, 463, 39.0, 34.6, 31.1, 29.5,
27.0, 26.6, 26.3, 23.5. LC—MS (ESI), [M + H]* m/z: 756.6.
4-(1-(6-(5-(4-((Benzyloxy)carbamoyl)benzyl)-1,3,4,5-tetra-
hydro-2H-pyrido[4,3-b]indol-2-yl)hexyl)-1H-1,2,3-triazol-4-
yl)butyl (2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-
yl)glycinate (18). Prepared by following the General
procedure B. Starting from compound § (0.241 g, 0.449
mmol, 1.0S equiv), compound 12 (0.176 g, 0.428 mmol, 1
equiv), ascorbic acid (0.226 g, 1.28 mmol, 3 equiv) and CuSO,
(0.0683 g, 0.428 mmol, 1 equiv). The crude product was
purified by flash column chromatography to afford compound
18 (0.239 mg, 59%). "H NMR (600 MHz, CDCL,): § 9.68 (s,
1H), 8.73 (s, 1H), 7.62 (d, ] = 7.8 Hz, 2H), 7.48 (t, ] = 7.7 Hz,
1H), 7.44—7.35 (m, 3H), 7.35—7.28 (m, 3H), 7.17 (q, ] = 8.5
Hz, 2H), 7.11 (dd, J = 10.1, 7.1 Hz, 2H), 6.95 (d, J = 7.8 Hz,
2H), 6.75 (d, ] = 8.4 Hz, 1H), 6.67 (t, ] = 5.8 Hz, 1H), 5.24 (s,
2H), 4.99 (s, 2H), 4.86 (dd, J = 12.4, 5.4 Hz, 1H), 4.30 (d, ] =
7.9 Hz, 2H), 4.18 (s, 2H), 4.02 (d, ] = 5.7 Hz, 2H), 3.33 (s,
2H), 2.97 (s, 2H), 2.83-2.55 (m, 6H), 2.10—2.01 (m, 2H),
1.88 (s, 4H), 1.70 (s, 4H), 1.45—1.19 (m, 6H). "*C NMR (151
MHz, CDCL): § 171.4, 169.8, 169.3, 168.7, 167.6, 165.6,
145.8, 141.0, 137.2, 136.4, 135.6, 132.6, 131.6, 129.4, 128.8,
128.7, 128.6, 128.1, 126.4, 125.1, 122.7, 120.5, 118.0, 116.9,
112.6,111.2, 109.8, 78.4, 65.5, 60.6, 55.2, 50.0, 49.7, 49.1, 48.8,
46.5, 44.6, 32.0, 31.5, 29.8, 28.2, 26.2, 25.8, 25.3, 24.5, 22.8.
LC—MS (ESI), [M + H]* m/z: 948.7.
4-(1-(6-(5-(4-((Benzyloxy)carbamoyl)benzyl)-1,3,4,5-tetra-
hydro-2H-pyrido[4,3-bJindol-2-yl)hexyl)-1H-1,2,3-triazol-4-
yl)butyl 2-(4-(2,6-dioxopiperidin-3-yl)phenoxy)acetate (19).
Prepared by following the General procedure B. Starting from
compound 15 (0.163 g, 0.475 mmol, 1 equiv), 5 (0.268 g,
0.498 mmol, 1.05 equiv), ascorbic acid (0.251 g, 1.42 mmol, 3
equiv) and CuSO, (0.0758 g, 0.475 mmol, 1 equiv). The crude
product was purified by flash column chromatography to
furnish compound 19 (0.228 g, 54%). "H NMR (600 MHz,
CDCly): 6§ 9.27 (s, 1H), 8.25 (s, 1H), 7.59 (d, J = 7.5 Hz, 2H),
7.50—7.37 (m, 3H), 7.36—7.28 (m, 3H), 7.24—7.11 (m, 3H),
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7.11-7.07 (m, 2H), 6.98 (d, J = 7.7 Hz, 2H), 6.87 (d, ] = 8.2
Hz, 2H), 5.25 (s, 2H), 4.99 (s, 2H), 4.59 (s, 2H), 4.30 (d, ] =
7.1 Hz, 2H), 4.21 (d, J = 5.3 Hz, 2H), 4.00 (s, 2H), 3.68 (dd, J
=99, 5.0 Hz, 1H), 3.08 (d, ] = 242 Hz, 2H), 2.91-2.63 (m,
6H), 2.63—2.56 (m, 1H), 2.26—2.09 (m, 3H), 1.90 (m, 2H),
1.71 (m, 6H), 1.50—1.29 (m, 4H). *C NMR (151 MHz,
CDCLy): 6 173.4, 1724, 170.5, 169.1, 157.4, 157.2, 141.6,
137.0, 13S.5, 131.4, 130.4, 129.7, 129.4, 129.0, 128.9, 128.7,
128.6, 127.9, 126.5, 125.6, 122.0, 120.9, 120.0, 117.9, 115.2,
109.5, 78.4, 65.6, 65.2, 56.4, 50.2, 49.5, 47.3, 46.5, 46.4, 32.1,
31,6, 31.1, 30.1, 28.2, 26.6, 26.5, 26.2, 25.8, 25.3. LC—MS
(ESI), [M + H]* m/z: 880.7.
N-(Benzyloxy)-4-((3-(((6-(2-((2-(2,6-dioxopiperidin-3-yl)-
1,3-dioxoisoindolin-4-yl)Jamino)acetamido)hexyl)(methyl)-
amino)methyl)-1H-indol-1-yl)methyl)benzamide (20). Pre-
pared by following the General procedure A. Starting from
deprotected compound 9 (0.300 g, 0.601 mmol, 1 equiv),
compound 11 (0.199 g, 0.601 mmol, 1 equiv), HATU (0.457
g, 1.20 mmol, 2 equiv) and DIPEA (315 pL, 1.80 mmol, 3
equiv). The crude product was purified by silica column
(DCM/MeOH, 10:1, v/v, 1% Et;N) to provide compound 20
(0.381 g, 80%). '"H NMR (600 MHz, DMSO-dy): & 11.74 (s,
1H), 11.09 (s, 1H), 9.67 (s, 1H), 8.13 (t, J = 5.7 Hz, 1H),
7.82—7.74 (m, 2H), 7.68 (d, J = 8.0 Hz, 2H), 7.58 (dd, J = 8.5,
7.1 Hz, 1H), 7.50—7.46 (m, 1H), 7.44—7.32 (m, 4H), 7.28 (d,
J = 8.0 Hz, 2H), 7.20—7.11 (m, 2H), 7.06 (d, ] = 7.1 Hz, 1H),
6.94 (t,] = 5.6 Hz, 1H), 6.86 (d, ] = 8.5 Hz, 1H), 5.53 (s, 2H),
5.06 (dd, J = 12.8, 5.5 Hz, 1H), 4.89 (s, 2H), 3.92 (d, ] = 5.5
Hz, 2H), 3.17 (s, 2H), 3.00-2.90 (m, 2H), 2.90—2.84 (m,
1H), 2.69 (s, 3H), 2.62—2.51 (m, 2H), 2.02 (dtd, ] = 12.8, 5.2,
2.2 Hz, 1H), 1.68 (s, 2H), 1.41 (t, ] = 6.8 Hz, 2H), 1.28—1.24
(m, 6H). 3C NMR (151 MHz, DMSO-d,): 6 172.8, 170.0,
168.7, 168.2, 167.3, 164.0, 145.8, 141.3, 136.2, 135.8, 132.2,
132.0, 131.5, 128.9, 128.3, 128.0, 127.4, 127.0, 122.1, 120.1,
119.0, 118.26, 117.4, 116.3, 114.3, 110.9, 110.7, 109.9, 76.9,
54.1, 49.7, 48.9, 48.6, 45.1, 38.6, 38.3, 31.0, 28.8, 25.8, 25.7,
23.5, 22.1. LC—MS (ESI), [M + H]* m/z: 812.6.
N-(Benzyloxy)-4-((3-(((6-(2-(4-(2,6-dioxopiperidin-3-yl)-
phenoxy)acetamido)hexyl)(methyl)amino)methyl)-1H-
indol-1-yl)methyl)benzamide (21). Prepared by following the
General procedure A. Starting from deprotected compound 9
(0.722 g, 1.45 mmol, 1 equiv), compound 14 (0.381, 1.45
mmol, 1 equiv), HATU (1.10 g, 2.90 mmol, 2 equiv) and
DIPEA (757 uL, 4.34 mmol, 3 equiv). The crude product was
purified by silica column (EtOAc/MeOH, 10:1, v/v, 1% Et;N)
to provide compound 21 (0.582 g 54%). "H NMR (600 MHz,
CDCl,): 6 7.63 (td, J = 6.8, 1.7 Hz, 3H), 7.43—7.39 (m, 2H),
7.36—7.27 (m, 4H), 7.20-7.13 (m, 3H), 7.13—7.11 (m, 2H),
7.06 (d, J = 8.1 Hz, 2H), 6.90—6.85 (m, 2H), 6.68 (t, ] = 6.0
Hz, 1H), 5.27 (s, 2H), 5.00 (s, 2H), 4.34 (s, 2H), 3.94 (s, 2H),
3.71-3.68 (m, 1H), 3.20 (q, ] = 6.8 Hz, 2H), 2.69 (dt, ] =
17.7, 5.1 Hz, 1H), 2.64—2.60 (m, 1H), 2.57 (q, ] = 8.0, 6.7 Hz,
2H), 2.42 (s, 3H), 2.22 (ddd, ] = 14.0, 8.6, 5.1 Hz, 1H), 2.16
(ddd, J = 13.8, 10.3, 4.7 Hz, 1H), 1.59 (p, ] = 7.5 Hz, 2H),
1.43 (p, ] = 7.2 Hz, 2H), 1.28 (ddd, ] = 8.5, 5.6, 1.8 Hz, 2H),
1.19 (td, J = 8.2, 3.9 Hz, 2H). '3C NMR (151 MHz, CDCL,): 6
173.4, 172.4, 170.1, 168.4, 156.8, 141.3, 136.4, 135.7, 131.7,
130.8, 129.6, 129.4, 128.8, 128.7, 128.7, 128.6, 127.9, 127.2,
126.9, 122.38, 120.2, 119.1, 115.2, 110.0, 78.3, 67.4, 55.6, 52.0,
49.8,47.3,41.3, 38.9, 31.2, 29.3, 26.6, 26.4, 26.2, 26.0. LC—MS
(ESI), [M + H]" m/z: 744.5.
4-((2-(6-(2-((2-(2,6-Dioxopiperidin-3-yl)-1,3-dioxoisoindo-
lin-4-yl)Jamino)acetamido)hexyl)-1,2,3,4-tetrahydro-5H-

pyrido[4,3-bjindol-5-yl)methyl)-N-hydroxybenzamide (AP1).
Prepared by following the General procedure C. Starting from
compound 16 (0.273 g, 0.332 mmol, 1 equiv), the crude
product was purified by reverse phase flash column
chromatography to yield compound AP1 (21.5 mg, 9%). 'H
NMR (600 MHz, DMSO-d;): 6 11.15 (s, 1H), 11.09 (s, 1H),
9.67 (s, 1H), 9.00 (s, 1H), 8.09 (t, ] = 5.7 Hz, 1H), 7.72—7.64
(m, 2H), 7.60 (dd, J = 8.5, 7.1 Hz, 1H), 7.53 (d, J = 7.8 Hz,
1H), 7.49 (d, J = 8.2 Hz, 1H), 7.19—7.11 (m, 3H), 7.09 (t, ] =
7.1 Hz, 2H), 6.95 (t, ] = 5.6 Hz, 1H), 6.87 (d, ] = 8.5 Hz, 1H),
5.52 (d, J = 16.9 Hz, 1H), 5.41 (d, ] = 16.9 Hz, 1H), 5.07 (dd,
J = 12.8, 5.5 Hz, 1H), 4.74—4.66 (m, 1H), 4.32 (dd, ] = 144,
8.0 Hz, 1H), 3.93 (d, J = 5.1 Hz, 2H), 3.83 (dd, J = 13.1, 5.5
Hz, 1H), 3.49 (dtd, ] = 13.2, 9.4, 8.9, 5.9 Hz, 1H), 3.28—3.23
(m, 2H), 3.15-3.10 (m, 3H), 3.03 (dt, J = 17.2, 7.0 Hz, 1H),
2.89 (dddd, J = 17.1, 13.8, 5.5, 1.6 Hz, 1H), 2.62—2.55 (m,
2H), 2.03 (dtd, J = 13.0, 5.4, 2.3 Hz, 1H), 1.76 (dh, ] = 22.0,
6.6 Hz, 2H), 1.45 (p, J = 7.0 Hz, 2H), 1.33 (dq, ] = 9.5, 5.8 Hz,
4H). 3C NMR (151 MHz, DMSO-d,): 6 172.8, 170.0, 168.7,
168.3, 167.3, 163.7, 145.8, 141.0, 136.5, 136.2, 132.1, 131.9,
1314, 1272, 126.6, 124.4, 121.9, 119.7, 117.8, 117.4, 111.0,
110.1, 109.9, 102.1, 55.1, 49.3, 48.3, 45.8, 45.6, 45.2, 38.4, 34.4,
31.0,28.8,25.8, 25.7, 23.6, 22.1. HRMS (ESI) m/z: [M + H]*
caled for CyoHy3N,0O,, 734.3297; found, 734.3304.
4-(1-(6-(5-(4-(Hydroxycarbamoyl)benzyl)-1,3,4,5-tetrahy-
dro-2H-pyrido[4,3-bjindol-2-yl)hexyl)-1H-1,2,3-triazol-4-yl)-
butyl (2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)-
glycinate (AP2). Prepared by following the General
procedure C. Starting from compound 18 (0.146 g, 0.154
mmol, 1 equiv), the crude product was purified by reverse
phase flash column chromatography to yield compound AP2
(16.6 mg, 13%). "H NMR (600 MHz, DMSO-d,): § 11.09 (s,
1H), 8.98 (s, 1H), 7.82 (d, ] = 4.5 Hz, 1H), 7.68—7.62 (m,
2H), 7.54 (ddd, ] = 19.6, 8.5, 7.1 Hz, 1H), 7.41-7.37 (m, 1H),
7.35 (d, J = 8.1 Hz, 1H), 7.16=7.05 (m, 3H), 7.05—7.01 (m,
1H), 7.01-6.92 (m, 2H), 6.92—6.85 (m, 1H), 5.37 (s, 2H),
5.07 (dd, J = 12.8, 5.5 Hz, 1H), 4.28 (t, ] = 7.1 Hz, 2H), 4.20
(dd, J = 10.0, 6.1 Hz, 2H), 4.12 (h, J = 3.2 Hz, 2H), 3.58 (s,
2H), 3.47 (s, 1H), 2.88 (ddd, ] = 16.9, 13.8, 5.5 Hz, 1H), 2.75
(t, ] = 5.7 Hz, 2H), 2.71 (d, ] = 5.5 Hz, 2H), 2.63—-2.56 (m,
3H), 2.53 (dd, J = 14.9, 4.3 Hz, 1H), 2.31-2.23 (m, 1H), 2.04
(dtd, J = 13.1, 5.4, 2.3 Hz, 1H), 1.80 (p, ] = 7.2 Hz, 2H), 1.62
(dq, ] = 6.9, 3.6, 2.8 Hz, 4H), 1.53 (p, ] = 7.3 Hz, 2H), 1.32 (q,
J = 7.5 Hz, 2H), 126 (ddd, J = 14.1, 7.8, 5.2 Hz, 2H). BC
NMR (151 MHz, DMSO-d,): § 172.5, 170.2, 168.7, 167.7,
167.2, 163.9, 146.4, 141.6, 1362, 136.0, 134.1, 132.0, 131.7,
129.5, 127.2, 126.3, 1253, 121.6, 120.5, 118.7, 117.7, 117.3,
114.3, 111.2, 109.5, 107.9, 64.4, 57.2, 51.2, 50.3, 49.2, 49.1,
45.3, 43.8, 30.9, 29.7, 27.6, 26.7, 26.3, 25.8, 25.3, 24.5, 22.5,
22.1. HRMS (ESI) m/z: [M + H]" caled for C,Hg NyOy,
858.3933; found, 858.3920.
4-((3-(((6-(2-((2-(2,6-Dioxopiperidin-3-yl)-1,3-dioxoisoin-
dolin-4-yl)amino)acetamido)hexyl)(methyl)amino)methyl)-
1H-indol-1-yl)methyl)-N-hydroxybenzamide Trifluoroace-
tate (AP3). Prepared by following the General procedure C.
Starting from compound 20 (0.386 g, 0.475 mmol, 1 equiv),
the crude product was purified by reverse phase flash column
chromatography to yield compound AP3 (70.0 mg, 20%). 'H
NMR (600 MHz, DMSO-dy): 6 11.15 (s, 1H), 11.09 (s, 1H),
9.33 (s, 1H), 9.00 (s, 1H), 8.09 (t, ] = 5.7 Hz, 1H), 7.81—7.74
(m, 2H), 7.71-7.66 (m, 2H), 7.59 (dd, J = 8.5, 7.1 Hz, 1H),
7.50 (d, J = 8.1 Hz, 1H), 7.26 (d, J = 8.3 Hz, 2H), 7.21-7.13
(m, 2H), 7.07 (d, ] = 7.1 Hz, 1H), 6.94 (t, ] = 5.6 Hz, 1H),
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6.86 (d, J = 8.6 Hz, 1H), 5.53 (s, 2H), 5.06 (dd, J = 12.8, 5.4
Hz, 1H), 4.53 (d, ] = 13.8 Hz, 1H), 4.41 (d, ] = 13.1 Hz, 1H),
3.92 (d, ] = 5.6 Hz, 2H), 3.18—3.12 (m, 1H), 3.10 (q, ] = 6.7
Hz, 2H), 2.96 (s, 1H), 2.89 (ddd, J = 17.0, 13.9, 5.5 Hz, 1H),
2.70 (s, 3H), 2.62—2.51 (m, 2H), 2.02 (dtd, J = 12.8, 5.3, 2.3
Hz, 1H), 1.67 (s, 2H), 1.41 (q, ] = 6.6 Hz, 2H), 1.31—1.22 (m,
4H). 3C NMR (151 MHz, DMSO-dy): 6 172.8, 170.0, 168.7,
168.3, 167.3, 163.8, 158.1 (q, ] = 30.5 Hz), 145.8, 140.8, 136.2,
135.9, 132.2, 132.0, 132.0, 127.9, 127.2, 127.0, 122.1, 120.1,
119.0, 118.4, 117.4, 116.4, 110.9, 110.7, 109.8, 54.2, 49.8, 48.9,
48.6, 45.2, 38.6, 38.3, 31.0, 28.8, 25.8, 25.7, 23.5, 22.1. HRMS
(ESI) m/z: [M + H]* caled for C3H,;N,0,, 722.3297; found,
722.3302.
4-((2-(6-(2-(4-(2,6-Dioxopiperidin-3-yl)phenoxy)-
acetamido)hexyl)-1,2,3,4-tetrahydro-5H-pyrido[4,3-b]indol-
5-yl)methyl)-N-hydroxybenzamide (AP4). Prepared by fol-
lowing the General procedure C. Starting from compound 17
(0.289 g, 0.382 mmol, 1 equiv), the crude product was purified
by reverse phase flash column chromatography to yield
compound AP4 (234 mg, 9%). 'H NMR (600 MHz,
DMSO-dg): & 11.15 (s, 1H), 10.78 (s, 1H), 9.64 (s, 1H),
9.05—8.95 (m, 1H), 8.06 (t, ] = 5.9 Hz, 1H), 7.72—7.65 (m,
2H), 7.51 (dd, J = 25.2, 8.0 Hz, 2H), 7.17—7.12 (m, 4H), 7.09
(t, J = 7.5 Hz, 1H), 6.95—6.88 (m, 2H), 5.57—5.37 (m, 2H),
4.69 (s, 1H), 4.45 (s, 2H), 4.32 (s, 1H), 3.82 (s, 1H), 3.79 (dd,
J =115, 49 Hz, 1H), 3.52—3.41 (m, 1H), 3.25 (s, 2H), 3.15
(q,J = 6.7 Hz, 3H), 3.03 (s, 1H), 2.65 (ddd, J = 17.2, 11.8, 5.3
Hz, 1H), 2.49-2.45 (m, 1H), 2.15 (dtd, J = 13.1, 11.7, 4.5 Hz,
1H), 2.00 (dq, J = 13.2, 4.8 Hz, 1H), 1.75 (s, 2H), 1.48 (p, ] =
7.2 Hz, 2H), 1.33 (ddt, J = 15.1, 8.8, 5.5 Hz, 4H). *C NMR
(151 MHz, DMSO-dy): 6 174.4, 173.4, 167.5, 163.7, 156.6,
141.0, 136.5, 131.9, 131.8, 131.5, 129.5, 127.2, 126.6, 124.4,
121.9, 119.6, 117.8, 114.5, 110.1, 102.2, 67.1, 55.1, 49.4, 48.3,
46.5, 45.6, 38.1, 31.3, 28.8, 26.0, 25.8, 25.7, 23.6, 19.7. HRMS
(ESI) m/z: [M + H]* caled for C;3H,;NOg, 666.3286; found,
666.3292.
4-(1-(6-(5-(4-(Hydroxycarbamoyl)benzyl)-1,3,4,5-tetrahy-
dro-2H-pyrido[4,3-bJindol-2-yl)hexyl)-1H-1,2,3-triazol-4-yl)-
butyl 2-(4-(2,6-Dioxopiperidin-3-yl)phenoxy)acetate (APS5).
Prepared by following the General procedure C. Starting from
compound 19 (0.125 g, 0.142 mmol, 1 equiv), the crude
product was purified by reverse phase flash column
chromatography to yield compound APS (23.9 mg, 21%).
'H NMR (600 MHz, DMSO-d,): 6 11.12 (s, 1H), 10.80 (s,
1H), 9.00 (s, 1H), 7.84 (s, 1H), 7.71—7.64 (m, 2H), 7.41 (dd,
J=7.7,12Hz, 1H), 7.37 (d, ] = 8.1 Hz, 1H), 7.16—7.11 (m,
2H), 7.09 (d, J = 8.3 Hz, 2H), 7.05 (ddd, ] = 8.2, 7.0, 1.3 Hz,
1H), 7.00 (td, ] = 7.4, 7.0, 1.0 Hz, 1H), 6.91—6.86 (m, 2H),
5.39 (s, 2H), 4.78 (s, 2H), 4.30 (t, ] = 7.1 Hz, 2H), 4.16 (q, ] =
4.4,2.9 Hz, 2H), 3.80 (dd, ] = 11.6, 4.9 Hz, 1H), 3.60 (s, 2H),
2.77 (t, ] = 5.7 Hz, 2H), 2.73 (d, ] = 5.5 Hz, 2H), 2.69—-2.61
(m, 3H), 2.56—2.53 (m, 1H), 2.51-2.39 (m, 2H), 2.20—2.12
(m, 1H), 2.04—1.98 (m, 1H), 1.82 (p, J = 7.2 Hz, 2H), 1.64
(p, ] = 4.0, 3.6 Hz, 4H), 1.55 (p, ] = 7.3 Hz, 2H), 1.35 (p, ] =
7.1 Hz, 2H), 1.28 (ddd, ] = 14.2, 8.1, 5.5 Hz, 2H). '*C NMR
(151 MHz, DMSO-dy): 6 174.3, 174.3, 173.4, 173.3, 168.8,
156.5, 146.4, 141.6, 136.2, 134.1, 131.8, 131.7, 129.5, 127.2,
126.3, 125.4, 121.6, 120.5, 118.7, 117.4, 114.3, 109.5, 107.9,
64.6, 64.2, 57.2, 50.3, 49.2, 49.1, 46.5, 45.3, 31.3, 29.7, 27.6,
26.7,26.3,25.9,25.8,25.3,24.5, 22.5. HRMS (ESI) m/z: [M +
H]* calcd for C,,HgN,0,, 790.3923; found, 790.3909.
4-((3-(((6-(2-(4-(2,6-Dioxopiperidin-3-yl)phenoxy)-
acetamido)hexyl)(methyl)amino)methyl)-1H-indol-1-yl)-

methyl)-N-hydroxybenzamide Trifluoroacetate (AP6). Pre-
pared by following the General procedure C. Starting from
compound 21 (0.512 g, 0.688 mmol, 1 equiv), the crude was
purified by reverse phase flash column chromatography to
yield compound AP6 (0.147 g, 33%). "H NMR (600 MHyg,
DMSO-dg): 8 11.15 (s, 1H), 10.78 (s, 1H), 9.41 (s, 1H), 9.00
(s, 1H), 8.06 (t, ] = 5.9 Hz, 1H), 7.82—7.73 (m, 2H), 7.72—
7.65 (m, 2H), 7.50 (d, ] = 8.3 Hz, 1H), 7.30—7.23 (m, 2H),
7.21-7.16 (m, 1H), 7.16—7.13 (m, 2H), 6.95—6.88 (m, 2H),
5.53 (s, 2H), 4.53 (d, J = 13.9 Hz, 1H), 4.45 (s, 2H), 4.43—
431 (m, 1H), 3.79 (dd, J = 11.5, 4.9 Hz, 1H), 3.20—3.08 (m,
3H), 2.97 (s, 1H), 2.70 (s, 3H), 2.65 (ddd, ] = 17.1, 11.8, 5.3
Hz, 1H), 2.49-2.45 (m, 1H), 2.15 (dtd, ] = 13.1, 11.7, 4.4 Hz,
1H), 2.00 (dq, ] = 13.2, 4.8 Hz, 1H), 1.68 (q, J = 7.9 Hz, 2H),
1.44 (t, ] = 6.9 Hz, 2H), 1.34—1.21 (m, 4H). *C NMR (151
MHz, DMSO-dy): § 174.4, 173.4, 167.5, 163.8, 158.1 (q, J =
30.5 Hz), 156.7, 140.8, 135.9, 132.2, 132.0, 131.8, 129.5, 127.9,
127.2, 127.0, 122.1, 120.1, 119.0, 114.5, 110.7, 102.8, 67.1,
56.0, 54.2, 49.8, 48.9, 46.5, 38.6, 38.0, 31.3, 28.8, 26.0, 25.8,
25.7. HRMS (ESI) m/z: [M + H]" caled for Cy;H43N(Og,
654.3286; found, 654.3290.
4-((2-(3-(4-((1-(2-(2,6-Dioxopiperidin-3-yl)-1,3-dioxoisoin-
dolin-4-yl)piperidin-4-yl)methyl)piperazin-1-yl)-3-oxoprop-
yl)-1,2,3,4-tetrahydro-5H-pyrido[4,3-bJindol-5-yl)methyl)-N-
hydroxybenzamide Trifluoroacetate (AP7). Preparation fol-
lowed the General procedure C starting from compound S4
(0.039 g, 0.043 mmol, 1 equiv). The crude product was
purified with preparative HPLC to provide compound AP7
(8.8 mg, 25%). "H NMR (600 MHz, DMSO-d): § 11.15 (s,
1H), 11.07 (s, 1H), 9.92 (s, 1H), 9.00 (s, 1H), 7.73—7.65 (m,
3H), 7.50 (t, ] = 6.9 Hz, 2H), 7.35 (d, ] = 7.8 Hz, 2H), 7.13
(tt, J = 15.0, 7.6 Hz, 4H), 5.59—5.36 (m, 2H), 5.08 (dd, ] =
13.0, 5.5 Hz, 1H), 4.74 (d, J = 14.3 Hz, 1H), 4.56—4.28 (m,
2H), 4.05 (s, 1H), 3.88 (s, 1H), 3.73 (d, J = 11.0 Hz, 2H), 3.54
(m, 6H), 3.23—2.98 (m, 8H), 2.89 (dt, ] = 23.1, 8.6 Hz, 4H),
2.65—2.52 (m, 2H), 2.10—1.97 (m, 2H), 1.88 (d, J = 12.3 Hz,
2H), 1.46 (s, 2H). 3*C NMR (151 MHz, DMSO-d,): § 172.8,
170.0, 167.9, 167.0, 166.3, 163.7, 158.2 (q,]= 31.1 Hz), 149.9,
141.0, 136.6, 135.8, 133.6, 131.9, 131.4, 127.2, 126.5, 1244,
123.9, 1219, 119.7, 118.1, 117.7, 116.5, 116.2, 114.6, 110.2,
102.0, 61.0, 55.0, 51.2, 50.3, 49.4, 48.8, 48.6, 45.6, 30.9, 29.6,
27.3, 26.4, 22.1, 19.6. HRMS (ESI) m/z: [M + H]" calcd for
C4sHy N0, 815.3875; found, 815.3894.
4-((2-(3-(4-(4-((2-(2,6-Dioxopiperidin-3-yl)-1,3-dioxoisoin-
dolin-4-yl)amino)benzyl)piperazin-1-yl)-3-oxopropyl)-
1,2,3,4-tetrahydro-5H-pyrido[4,3-bJindol-5-yl)methyl)-N-hy-
droxybenzamide (AP8). Preparation followed the General
procedure C starting from compound S5 (0.051 g, 0.056
mmol, 1 equiv). The crude product was purified by reverse
phase flash chromatography to afford compound AP8 (7.2 mg,
16%). "H NMR (600 MHz, DMSO-d,): 5 11.10 (s, 1H), 8.38
(s, 1H), 7.63 (d, ] = 8.0 Hz, 2H), 7.60 (t, ] = 7.9 Hz, 1H), 7.39
(dd, J = 13.8, 8.1 Hz, 2H), 7.35 (d, J = 8.1 Hz, 1H), 7.28 (m,
4H), 7.23 (d, ] = 7.0 Hz, 1H), 7.03 (dd, ] = 13.7, 7.7 Hz, 3H),
6.98 (t, ] = 7.4 Hz, 1H), 5.37 (s, 2H), 5.11 (dd, ] = 12.7, 5.4
Hz, 1H), 3.63 (s, 2H), 3.48 (t, ] = 5.4 Hz, 2H), 3.45 (d,] = 9.6
Hz, 4H), 2.89 (ddd, ] = 16.9, 13.6, 5.4 Hz, 1H), 2.80 (q, ] =
7.5, 6.5 Hz, 4H), 2.70 (t, ] = 5.6 Hz, 2H), 2.61-2.51 (m, 4H),
2.33 (dt, ] = 30.4, 5.0 Hz, 4H), 2.06 (m, 1H). *C NMR (151
MHz, DMSO-dy): § 172.8, 170.0, 169.6, 168.3, 167.0, 163.8,
142.9, 141.5, 138.2, 136.3, 136.2, 134.0, 133.6, 132.4, 131.9,
129.9, 127.1, 126.2, 125.3, 121.8, 120.5, 119.3, 118.7, 117.4,
113.3, 111.8, 109.5, 107.9, 61.3, 53.4, 52.8, 52.3, 50.2, 49.1,
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48.7,45.3,45.0, 41.0, 31.0, 30.8, 22.5, 22.1. HRMS (ESI) m/z:
[M + H]* caled for C,H,NgO5: 823.3562, found: 823.3550.
4-((2-(6-(2-((2-(2,6-Dioxopiperidin-3-yl)-1,3-dioxoisoindo-
lin-4-yllamino)acetamido)hexanoyl)-1,2,3,4-tetrahydro-5H-
pyrido[4,3-bjindol-5-yl)methyl)-N-hydroxybenzamide (AP9).
Preparation followed the General procedure C starting from
compound S8 (0.2 g 0239 mmol, 1 equiv). The crude
product was purified with preparative HPLC to afford
compound AP9 (72 mg, 40%). 'H NMR (600 MHz,
DMSO-d,): 6 11.11 (s, 1H), 11.08 (s, 1H), 8.97 (s, 2H),
8.05 (q,J = 5.8 Hz, 1H), 7.65 (dd, ] = 7.9, 3.2 Hz, 2H), 7.61—
7.55 (m, 1H), 7.49 (dd, ] = 19.7, 7.7 Hz, 1H), 7.39 (t, ] = 9.3
Hz, 1H), 7.11-7.05 (m, 3H), 7.02 (m, 1H), 6.94 (t, ] = 5.8
Hz, 1H), 6.86 (d, ] = 8.5 Hz, 1H), 5.40 (s, 2H), 5.07 (dd, J =
12.8, 5.4 Hz, 1H), 4.68 (d, ] = 12.0 Hz, 2H), 391 (s, 2H), 3.86
(t, ] = 5.4 Hz, 1H), 3.80 (t, ] = 5.3 Hz, 1H), 3.09 (p, ] = 6.4
Hz, 2H), 2.93—-2.85 (m, 1H), 2.81 (t, ] = 6.1 Hz, 1H), 2.72 (t,
J = 6.9 Hz, 1H), 2.62—2.51 (m, 2H), 2.41 (q, ] = 7.6 Hz, 2H),
2.06—1.99 (m, 1H), 1.52 (h, ] = 7.6 Hz, 2H), 1.47-1.37 (m,
2H), 1.28 (p, ] = 7.6, 7.1 Hz, 2H). *C NMR (151 MHz,
DMSO-dy): 6 172.7, 171.1, 170.0, 168.7, 168.2, 167.3, 163.9,
145.8, 141.4, 136.3, 136.2, 133.6, 132.0, 131.8, 127.2, 126.3,
125.0, 121.0, 119.1, 117.6, 117.4, 110.9, 109.9, 109.7, 106.7,
454, 45.2, 42.4, 42.0, 38.4, 32.9, 32.5, 31.0, 28.9, 26.1, 24.5,
24.4, 22.1. HRMS (ESI) m/z: [M + H]* caled for
CyoH, N, Oy: 748.3089, found: 748.3081.
4-((2-(6-(2-((2-(2,6-Dioxopiperidin-3-yl)-1,3-dioxoisoindo-
lin-4-yllamino)acetamido)hexanoyl)-1,2,3,4-tetrahydro-5H-
pyrido[4,3-bJindol-5-yl)methyl)-3-fluoro-N-hydroxybenza-
mide Trifluoroacetate (AP10). Preparation followed the
General procedure C starting from compound S9 (0.102 g,
0.119 mmol, 1 equiv). The crude product was purified with
preparative HPLC to afford compound AP10 (40 mg, 44%).
'H NMR (600 MHz, DMSO-d,): & 11.23 (s, 1H), 11.08 (s,
1H), 9.10 (s, 1H), 8.09—8.02 (m, 1H), 7.63—7.47 (m, 3H),
7.45 (d, ] = 7.7 Hz, 1H), 7.39 (dd, ] = 8.0, 4.3 Hz, 1H), 7.06
(m, 2H), 6.93 (t, ] = 5.5 Hz, 1H), 6.85 (d, ] = 8.6 Hz, 1H),
6.77 (q, ] = 7.3 Hz, 1H), 5.44 (s, 2H), 5.06 (dd, ] = 12.8, 5.5
Hz, 1H), 4.68 (d, ] = 13.3 Hz, 2H), 3.91 (d, J = 5.3 Hz, 2H),
3.88—-3.83 (m, 1H), 3.83—3.77 (m, 1H), 3.13—3.05 (m, 2H),
2.92-2.85 (m, 1H), 2.82 (s, 1H), 2.72 (s, 1H), 2.62—2.54 (m,
2H), 2.44-2.37 (m, 2H), 2.06—1.99 (m, 1H), 1.56—1.48 (m,
2H), 1.42 (s, 2H), 1.27 (dq, J = 16.6, 9.6, 8.9 Hz, 2H). C
NMR (151 MHz, DMSO-d,): § 172.8, 171.1, 170.0, 168.7,
168.2, 167.3, 162.5, 145.8, 140.1, 136.2, 136.2, 134.3, 133.70
(d, J = 3.7 Hz), 132.0, 128.5 (d, J = 3.1 Hz), 125.1, 123.2,
121.1,119.2, 117.6, 117.4, 113.9 (d, J = 20.2 Hz), 110.9, 109.9,
109.6, 106.9, 45.8 (d, ] = 7.5 Hz), 45.2, 42.4, 42.0, 38.5, 32.9,
32.5, 31.0, 289, 26.1, 24.6, 24.4, 22.1. 'F NMR (471 MHz,
DMSO): § —74.5, —118.0. HRMS (ESI) m/z: [M + Na]*
caled for CyoH4FN,Oy: 788.2815, found: 788.2817.
N-Hydroxy-4-((2-(6-(2-((2-(1-methyl-2,6-dioxopiperidin-3-
yl)-1,3-dioxoisoindolin-4-yl)Jamino)acetamido)hexyl)-
1,2,3,4-tetrahydro-5H-pyrido[4,3-b]indol-5-yl)methyl)-
benzamide (AP-N). Prepared by following the General
procedure C starting from compound S11 (0.168 g, 0.200
mmol, 1 equiv). The crude product was purified by reverse
phase flash chromatography to provide compound AP-N (37.3
mg, 25%). "H NMR (600 MHz, DMSO-dy): 6 11.14 (s, 1H),
9.65 (s, 1H), 9.00 (s, 1H), 8.09 (t, ] = 5.8 Hz, 1H), 7.68 (d, ] =
8.3 Hz, 2H), 7.61 (dd, J = 8.5, 7.1 Hz, 1H), 7.52 (d, ] = 7.9 Hg,
1H), 7.48 (d, J = 8.2 Hz, 1H), 7.14 (dd, ] = 8.3, 3.3 Hz, 3H),
7.09 (dd, J = 7.2, 2.3 Hz, 2H), 6.95 (t, ] = 5.6 Hz, 1H), 6.87 (d,

J = 8.5 Hz, 1H), 5.46 (d, ] = 45.4 Hz, 2H), 5.14 (dd, ] = 13.0,
5.4 Hz, 1H), 4.69 (s, 1H), 4.31 (s, 1H), 3.93 (d, ] = 5.5 Hz,
2H), 3.82 (s, 1H), 3.47 (s, 1H), 327—3.04 (m, 6H), 3.02 (s,
3H), 2.95 (ddd, J = 17.2, 13.9, 5.4 Hz, 1H), 2.76 (ddd, ] =
17.2,4.5,2.6 Hz, 1H), 2.63—2.52 (m, 1H), 2.05 (dtd, ] = 12.9,
5.4, 2.6 Hz, 1H), 1.74 (s, 2H), 1.45 (p, ] = 7.1 Hz, 2H), 1.32
(tt, J = 11.0, 6.8 Hz, 4H). 3C NMR (151 MHz, DMSO-d): §
171.8, 169.8, 168.7, 168.2, 167.2, 163.7, 145.8, 141.0, 136.5,
1362, 132.0, 131.9, 131.7, 127.2, 126.6, 124.5, 121.8, 119.6,
117.8, 117.4, 111.0, 110.1, 109.8, 102.2, 55.2, 49.4, 49.1, 48.3,
45.6, 45.2, 38.4, 31.1, 28.8, 26.6, 25.8, 25.7, 23.7, 21.4, 19.8.
HRMS (ESI) m/z: [M + HJ]" caled for C,H,N,O,,
748.3453; found, 748.3438.

tert-Butyl 4-((1-(2-(2,6-Dioxopiperidin-3-yl)-1,3-dioxoi-
soindolin-4-yl)piperidin-4-yl)methyl)piperazine-1-carboxy-
late ($1). To a solution of 2-(2,6-dioxopiperidin-3-yl)-4-
fluoroisoindoline-1,3-dione (0.2 g, 0.724 mmol) in anhydrous
DMSO (15 mL) was added tert-butyl 4-(piperidin-4-
ylmethyl)piperazine-1-carboxylate (0.226 g, 0.796 mmol, 1.1
eq) and N,N-diisopropylethylamine (0.187 g, 1.45 mmol, 2
eq). The mixture was stirred at 100 °C for 17.5 h. The
completion of the reaction was monitored by TLC. After
cooling to room temperature, the mixture was poured into
water (100 mL) and extracted with ethyl acetate (3 X 30 mL).
The combined organic layer was then washed with water (3 X
30 mL) and followed by brine (30 mL), dried over anhydrous
Na,SO,, filtered, and concentrated in vacuo to afford the crude
product, which was then purified by silica column chromatog-
raphy (DCM: MeOH 15:1, v/v) to generate the compound S1
(0.339¢g, 87%). "H NMR (600 MHz, DMSO-dy): § 11.06 (s,
1H), 7.67 (dd, ] = 8.5, 7.1 Hz, 1H), 7.32 (dd, ] = 9.1, 7.9 Hz,
2H), 5.08 (dd, J = 12.8, 5.5 Hz, 1H), 3.68 (d, ] = 11.8 Hz, 2H),
3.34-3.31 (m, 4H), 2.93—2.82 (m, 3H), 2.62-2.51 (m, 2H),
2.30 (t, ] = 5.0 Hz, 4H), 2.19 (d, J = 7.2 Hz, 2H), 2.02 (dtd, |
= 12.8, 5.3, 2.2 Hz, 1H), 1.81 (d, ] = 12.8 Hz, 2H), 1.71 (ddq,
J =109, 7.3,3.7 Hz, 1H), 1.40 (s, 9H), 1.31 (qd, ] = 12.0, 3.8
Hz, 2H). 3C NMR (151 MHz, DMSO-dy): 6 172.7, 170.0,
167.1, 166.2, 153.8, 150.1, 135.7, 133.7, 123.9, 116.2, 114.3,
78.7, 63.8, 53.0, 50.9, 50.9, 48.7, 32.1, 30.9, 30.4, 28.0, 22.0.
LC—MS (ESI), [M + H]* m/z: 540.5.

tert-Butyl 3-(5-(4-((Benzyloxy)carbamoyl)benzyl)-1,3,4,5-
tetrahydro-2H-pyrido[4,3-b]indol-2-yl)propanoate (52). To
a solution of compound 3 (0.4 g, 0.782 mmol, 1 equiv) in
DCM (20 mL), TFA (4 mL) was added. The mixture was
stirred at room temperature for 2 h and the complete removal
of tert-butyl group was monitored by HPLC. Afterward, the
mixture was dried in vacuo to provide the crude product for
the next step. To a solution of the resulting crude product in
anhydrous DMF (20 mL), tert-butyl 3-bromopropanoate
(0.327 g, 1.56 mmol, 2 equiv) and K,CO; (0.324 g, 2.35
mmol, 3 equiv) were added. The mixture was stirred at 60 °C
for 24 h. The completion of the reaction was monitored by
HPLC. After cooling to room temperature, the mixture was
poured into water (150 mL) and extracted with ethyl acetate
(3 X 50 mL). The combined organic layer was then washed
with water (3 X 50 mL) and followed by brine (50 mL), dried
over anhydrous Na,SO,, filtered, and concentrated in vacuo to
yield the crude product, which was then purified by silica
column chromatography (DCM: MeOH 15:1, v/v) to yield
compound 82 (0.204 g, 48%). "H NMR (600 MHz, DMSO-
dg): 6 11.67 (s, 1H), 7.64 (d, ] = 8.1 Hz, 2H), 7.43 (d, ] = 7.4
Hz, 2H), 7.38 (dd, ] = 8.0, 6.4 Hz, 3H), 7.36—7.32 (m, 2H),
7.08—7.04 (m, 2H), 7.04—6.96 (m, 2H), 5.38 (s, 2H), 4.89 (s,
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2H), 3.63 (s, 2H), 2.83—2.77 (m, 4H), 2.70 (d, ] = 5.5 Hz,
2H), 2.47 (t, ] = 7.1 Hz, 2H), 1.38 (s, 9H). *C NMR (151
MHz, DMSO-dy): 6 171.4, 164.1, 1422, 136.3, 135.9, 134.0,
131.2, 128.9, 128.3, 127.4, 126.4, 126.3, 125.3, 120.6, 118.8,
117.3,109.5, 107.8, 79.5, 76.9, 52.9, 49.9, 48.9, 45.3, 33.7, 27.7,
22.5. LC—=MS (ESI), [M — H]™ m/z: 538.5.

tert-Butyl 4-(4-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoi-
soindolin-4-yl)Jamino)benzyl)piperazine-1-carboxylate (S3).
Compound S3 was synthesized following a reported method.”
To a solution of commercially available 2-(2,6-dioxopiperidin-
3-yl)-4-iodoisoindoline-1,3-dione (0.2 g, 0.521 mmol, 1 equiv)
and tert-butyl 4-(4-aminobenzyl)piperazine-1-carboxylate
(0.228 g, 0.781 mmol, 1.5 equiv) in dioxane and water (10
mL: 1 mL), X-Phos (0.05 g 0.104 mmol, 0.2 equiv), K,CO,
(0.144 g, 1.04 mmol, 2 equiv) and Pd,(dba); (24 mg, 0.03
mmol, 0.05 equiv) were added. The air in the system was
pumped out and replaced with argon, the mixture was stirred
at 90 °C for 18 h under argon atmospheres. After cooling to
room temperature, the resulting mixture was filtered over
Celite and the filter cake was washed with ethyl acetate (ca. 50
mL). The collected solution was dried under reduced pressure
to afford the crude product, which was then purified by silica
column chromatography (ethyl acetate) to yield compound S3
(0.138 g, 49%). "H NMR (500 MHz, DMSO-dy): 5 10.92 (s,
1H), 8.37 (s, 1H), 7.63 (t, ] = 7.8 Hz, 1H), 7.46 (d, ] = 8.4 Hz,
1H), 7.39 (d, J = 7.4 Hz, 2H), 7.33 (d, ] = 7.9 Hz, 2H), 7.26
(d, J = 7.1 Hz, 1H), 5.09 (dd, ] = 12.7, 5.4 Hz, 1H), 3.14 (s,
8H), 2.91 (ddd, J = 19.0, 13.8, 5.4 Hz, 1H), 2.69—-2.61 (m,
2H), 2.58 (td, J = 13.1, 4.5 Hz, 2H), 2.09 (ddd, ] = 13.1, 5.5,
2.5 Hz, 1H), 1.42 (s, 9H). 3*C NMR (126 MHz, DMSO-d): 6
172.1, 169.3, 168.0, 166.6, 153.4, 142.5, 140.5, 135.8, 132.2,
130.5, 121.1, 119.3, 118.1, 113.2, 78.8, 60.3, 51.4, 48.6, 42.2,
30.7, 27.8, 21.9. LC—MS (ESI), [M + H]* m/z: 548.2.

N-(Benzyloxy)-4-((2-(3-(4-((1-(2-(2,6-dioxopiperidin-3-yl)-
1,3-dioxoisoindolin-4-yl)piperidin-4-yl)methyl)piperazin-1-
yl)-3-oxopropyl)-1,2,3,4-tetrahydro-5H-pyrido[4,3-b]indol-5-
yl)methyl)benzamide (S4). After the removal of the fert-
butyloxycarbonyl protecting group in both compound S1 and
compound S2 with TFA, both resulting products were used to
synthesize the compound S4. Briefly, to a solution of the Boc-
deprotected product (0.094 g, 0.194 mmol, 1 equiv) from
compound S2 in anhydrous DMF (10 mL), HATU (0.147 g,
0.387 mmol, 2 equiv) and DIPEA (0.07S g, 0.581 mmol, 3
equiv) were added, the mixture was stirred for 30 min at room
temperature, after which, the Boc-deprotected product (0.094
g, 0.213 mmol, 1.1 equiv) from compound S1 was added into
the system and stirred for 16 h. The mixture was concentrated
and the solvent was removed in vacuo to yield the crude
product, which was then purified by silica column chromatog-
raphy (DCM: MeOH 15:1, v/v, 1% Et,NH) to afford
compound $4 (43 mg, 25%). '"H NMR (600 MHz, DMSO-
dg): 6 11.71 (s, 1H), 11.06 (s, 1H), 7.71-7.61 (m, 3H), 7.46—
7.39 (m, 3H), 7.39—-7.29 (m, 6H), 7.08 (d, ] = 8.0 Hz, 2H),
7.06—7.03 (m, 1H), 7.02—6.97 (m, 1H), 5.40 (s, 2H), 5.08
(dd, J = 12.8, 5.5 Hz, 1H), 4.88 (s, 2H), 3.68 (d, ] = 11.9 Hz,
4H), 3.48 (d, ] = 16.3 Hz, 4H), 2.94—2.79 (m, 6H), 2.78—2.69
(m, 2H), 2.61 (dq, ] = 6.6, 3.6, 2.7 Hz, 1H), 2.59—2.51 (m,
2H), 2.41-2.25 (m, 4H), 2.18 (d, ] = 7.0 Hz, 2H), 2.06—1.97
(m, 1H), 1.81 (d, J = 12.6 Hz, 2H), 1.71 (s, 1H), 1.34—1.23
(m, 4H). *C NMR (151 MHz, DMSO-d,): 6 173.2, 170.4,
167.5, 166.7, 164.5, 150.6, 142.6, 136.8, 136.3, 136.2, 134.1,
131.7, 129.3, 128.7, 127.9, 126.8, 125.7, 124.3, 119.3, 117.9,
116.7,114.8, 110.0, 77.4, 64.1, 55.3, 54.0, 53.3, 51.4, 51.4, 49.2,

45.9,45.5, 362, 32.6, 31.4, 30.9, 29.4, 22.5. LC—MS (ESI), [M
+ H]" m/z: 905.7.
N-(Benzyloxy)-4-((2-(3-(4-(4-((2-(2,6-dioxopiperidin-3-yl)-
1,3-dioxoisoindolin-4-yl)Jamino)benzyl)piperazin-1-yl)-3-ox-
opropyl)-1,2,3,4-tetrahydro-5H-pyrido[4,3-b]indol-5-yl)-
methyl)benzamide (S5). After the removal of the fert-
butyloxycarbonyl protecting group in both compound S2
and compound S3 with TFA, both resulting products were
used to synthesize the compound SS. Briefly, to a solution of
the Boc-deprotected product (0.084 g, 0.173 mmol, 1 equiv)
from compound S2 in anhydrous DMF (10 mL) were added
HATU (0.132 g, 0.346 mmol, 2 equiv) and DIPEA (0.067 g,
0.519 mmol, 3 equiv), the mixture was stirred for 30 min at
room temperature, after which, the Boc-deprotected product
(0.093 g, 0.208 mmol, 1.2 equiv) from compound S3 was
added into the system and stirred for 16 h. The mixture was
concentrated and the solvent was removed in vacuo to yield
the crude product, which was then purified by silica column
chromatography (DCM: MeOH 15:1, v/v, 1% Et,NH) to
afford compound S5 (56 mg, 35%). 'H NMR (600 MHz,
DMSO-d,): 6 8.39 (s, 1H), 7.64 (d, J = 7.9 Hz, 2H), 7.62—
7.58 (m, 1H), 7.41 (d, J = 8.2 Hz, 3H), 7.39-7.32 (m, 4H),
7.29 (s, 4H), 7.24 (d, ] = 7.0 Hz, 1H), 7.07 (d, ] = 7.9 Hz,
2H), 7.03 (d, ] = 7.9 Hz, 1H), 7.00 (d, J = 7.7 Hz, 1H), 5.39
(s, 2H), 5.12 (dt, ] = 12.9, 3.7 Hz, 1H), 4.88 (s, 2H), 3.64 (s,
2H), 3.49 (s, 2H), 3.46 (d, ] = 11.0 Hz, 4H), 2.90 (td, ] = 15.8,
13.8, 4.8 Hz, 1H), 2.84—2.78 (m, 4H), 2.71 (d, ] = 6.2 Hz,
2H), 2.60 (d, ] = 6.5 Hz, 2H), 2.58—2.52 (m, 2H), 2.34 (d, ] =
30.4 Hz, 4H), 2.07 (dt, ] = 12.6, 5.3 Hz, 1H). *C NMR (151
MHz, DMSO-d): 6 172.7, 169.9, 169.6, 168.3, 167.0, 163.9,
142.9, 142.1, 13822, 1363, 1362, 135.9, 134.0, 133.6, 132.4,
1312, 129.9, 128.8, 128.3, 1282, 1274, 126.3, 125.3, 121.8,
120.5, 119.3, 118.8, 117.4, 113.3, 111.8, 109.5, 107.9, 76.9,
61.3, 53.4, 52.8, 52.3, 50.2, 49.1, 48.7, 45.3, 45.0, 41.0, 30.9,
30.8, 22.5, 22.1. LC—MS (ESI), [M + H]* m/z: 913.4.
tert-Butyl 6-(2-((2-(2,6-Dioxopiperidin-3-yl)-1,3-dioxoi-
soindolin-4-ylJamino)acetamido)hexanoate (S6). To a sol-
ution of compound 10 (0.514 g, 1.33 mmol) in DCM (15 mL)
was added TFA (3 mL) and the mixture was stirred for 2 h.
The complete removal of tert-butyl group was monitored by
TLC. The solvent was then removed and the crude was
subjected to a PyCloP-mediated amide coupling reaction. To a
solution of the obtained crude carboxylic acid (0.440 g, 1.33
mmol, 1 equiv) in anhydrous DMF were added tert-butyl 6-
aminohexanoate (0.261 g, 1.39 mmol, 1.05 equiv), PyCloP
(0.671 g, 1.59 mmol, 1.2 equiv), and DIPEA (0.429 g, 3.32
mmol, 2.5 equiv). The mixture was stirred at room
temperature for 17 h. The mixture was poured into water
(150 mL) and extracted with ethyl acetate (3 X 50 mL). The
combined organic layers were then washed with water (3 X 30
mL), followed by brine (30 mL), dried over anhydrous
Na,SO,, filtered, and concentrated in vacuo to afford the crude
product, which was then purified by silica column chromatog-
raphy (DCM: MeOH 20:1, v/v) to generate the compound S6
(0.567g, 85%). "H NMR (600 MHz, DMSO-dy): & 11.08 (s,
1H), 8.06 (t, ] = 5.4 Hz, 1H), 7.59 (t, ] = 7.8 Hz, 1H), 7.07 (d,
J=7.1Hz 1H), 6.93 (t, ] = 5.5 Hz, 1H), 6.86 (d, ] = 8.5 Hz,
1H), 5.07 (dd, J = 12.8, 5.4 Hz, 1H), 3.91 (d, ] = 5.6 Hz, 2H),
3.08 (g, ] = 6.6 Hz, 2H), 2.94—2.84 (m, 1H), 2.63—2.51 (m,
2H), 2.15 (t, J = 7.3 Hz, 2H), 2.07—1.99 (m, 1H), 1.47 (p, ] =
7.4 Hz, 2H), 1.38 (m, 11H), 1.23 (p, ] = 7.5, 7.1 Hz, 2H). 1*C
NMR (151 MHz, DMSO-dy): § 172.8, 172.2, 170.0, 168.7,
168.2, 167.3, 145.8, 136.2, 132.0, 117.4, 110.9, 109.9, 794,
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48.6,45.2, 38.4 34.7, 31.0, 28.7, 27.7, 25.7, 24.3, 22.1. LC—MS
(ESI), [M — H]™ m/z: 499.7.

tert-Butyl 5-(4-((Benzyloxy)carbamoyl)-2-fluorobenzyl)-
1,3,4,5-tetrahydro-2H-pyrido[4,3-bJindole-2-carboxylate
(57). For the synthesis of compound S7, the intermediate tert-
butyl 5-(2-fluoro-4-(methoxycarbonyl)benzyl)-1,3,4,5-tetrahy-
dro-2H-pyrido[4,3-b]indole-2-carboxylate (3.92 g) was first
synthesized following the procedure to obtain compound 2, by
using methyl 4-(bromomethyl)-3-fluorobenzoate as a reactant.
This intermediate was then hydrolyzed to afford the carboxylic
acid compound 4-((2-(tert-butoxycarbonyl)-1,2,3,4-tetrahy-
dro-SH-pyrido[4,3-b]indol-S-yl)methyl)-3-fluorobenzoic acid
(3.33 g, 88%), which was subjected to an HATU-mediated
aimde coupling reaction following the preparation steps of
compound 3 to generate compound S7 (2.42 g, 58%). 'H
NMR (600 MHz, CDCL): & 7.51=7.45 (m, 2H), 7.42—7.38
(m, 2H), 7.38—7.32 (m, 3H), 7.22—7.09 (m, 4H), 6.53 (t, ] =
7.6 Hz, 1H), 5.30 (s, 2H), 5.00 (s, 2H), 4.67 (d, J = 1.7 Hz,
2H), 3.80 (t, ] = 5.7 Hz, 2H), 2.69 (t, ] = 5.7 Hz, 2H), 1.49 (s,
9H). '*C NMR (151 MHz, CDCL): § 160.6, 158.9, 155.2,
136.6, 135.1, 133.2 (d, J = 57.4 Hz), 133.0, 129.3, 128.9, 128.7,
1282 (d, J = 4.4 Hz), 12822, 125.5, 122.8, 121.8, 119.8, 118.0,
114.6 (d, J = 22.2 Hz), 114.5, 109.1, 108.1, 80.0, 78.3, 41.2,
40.1(d, J = 5.5 Hz), 28.5, 26.9, 22.4. YF NMR (565 MHz,
CDCL): § —117.6. LC—MS (ESI), [M — H]™ m/z: 528.4.

N-(Benzyloxy)-4-((2-(6-(2-((2-(2,6-dioxopiperidin-3-yl)-1,3-
dioxoisoindolin-4-ylJamino)acetamido)hexanoyl)-1,2,3,4-
tetrahydro-5H-pyrido[4,3-b]indol-5-yl)methyl)benzamide
(58). For the synthesis of compound $8, the protecting groups
in compound $6 (0.15 g, 0.3 mmol, 1 equiv) and compound 3
(0.161 g, 0.315 mmol, 1.05 equiv) were removed with TFA (2
mL) in DCM (S5 mL), respectively. To a solution of the
deprotected compound S6 (0.133 g, 0.3 mmol, lequiv) in
anhydrous DMF were added HATU (0.228 g, 0.599 mmol, 2
equiv) and DIPEA (0.116 g, 0.899 mmol, 3 equiv), the mixture
was stirred at 0 °C for 30 min. Subsequently, a solution of
deprotected compound 3 (0.129 g, 0.315 mmol, 1.05 equiv) in
anhydrous DMF was added into the system, which was stirred
for 18 h from 0 °C to room temperature. The solvent was
removed in vacuo to afford the crude product, which was
purified by silica column chromatography (DCM: MeOH
15:1, v/v) to yield compound S8 (0.205 g, 82%). '"H NMR
(600 MHz, DMSO-d,): & 11.68 (s, 1H), 11.08 (s, 1H), 8.06 (t,
J = 5.3 Hz, 1H), 7.65 (m, 2H), 7.61-7.56 (m, 1H), 7.49 (dd, J
=19.7, 7.7 Hz, 1H), 7.38 (m, SH), 7.14—6.99 (m, 4H), 6.94
(t, ] = 5.3 Hz, 1H), 6.88—6.82 (m, 1H), 5.41 (s, 2H), 5.11—
5.03 (m, 1H), 4.88 (s, 2H), 4.68 (d, J = 11.9 Hz, 2H), 3.95—
3.88 (m, 2H), 3.83 (dt, ] = 34.0, 5.5 Hz, 2H), 3.09 (p, ] = 6.9
Hz, 2H), 2.93—-2.84 (m, 1H), 2.81 (t, ] = 5.9 Hz, 1H), 2.71 (4,
J = 5.9 Hz, 1H), 2.62—2.52 (m, 2H), 2.41 (dt, ] = 12.5, 6.2 Hz,
2H), 2.07—-1.99 (m, 1H), 1.51 (dt, J = 19.0, 9.4 Hz, 2H),
1.46—1.38 (m, 2H), 1.31—1.24 (m, 2H). *C NMR (151 MHz,
DMSO-dy): § 172.7, 171.1, 170.0, 168.7, 168.2, 167.3, 164.1,
145.8, 142.0, 136.3, 136.1, 135.8, 133.6, 132.0, 131.3, 128.9,
128.3, 127.5, 126.4, 125.0, 121.0, 119.1, 117.6, 117.4, 110.9,
109.9, 109.7, 106.7, 76.9, 45.4, 45.2, 42.5, 42.1, 38.4, 32.7, 32.5,
309,289, 26.1, 24.5, 24.4, 22.1. LC—MS (ESI), [M + H]" m/
z: 838.6.

N-(Benzyloxy)-4-((2-(6-(2-((2-(2,6-dioxopiperidin-3-yl)-1,3-
dioxoisoindolin-4-ylJamino)acetamido)hexanoyl)-1,2,3,4-
tetrahydro-5H-pyrido[4,3-b]indol-5-yl)methyl)-3-fluoroben-
zamide (59). Compound S9 was prepared following the same
procedure for the synthesis of compound S8 by using

compound S7 (0.167 g, 0.315 mmol, 1.05 equiv) and its
deprotected form (0.135 g, 0.315 mmol, 1.05 equiv). The
crude product was purified by silica column chromatography
(DCM: MeOH 15:1, v/v) to afford compound S9 (0.108 g,
42%). "H NMR (600 MHz, DMSO-d;): 8 11.79 (s, 1H), 11.08
(s, 1H), 8.05 (q, ] = 5.7 Hz, 1H), 7.61-7.47 (m, 3H), 7.46—
7.41 (m, 2H), 7.37 (m, 4H), 7.08 (t, ] = 7.5 Hz, 1H), 7.07—
7.01 (m, 2H), 6.94 (t, ] = 5.3 Hz, 1H), 6.85 (dd, ] = 8.5, 2.4
Hz, 1H), 6.79 (q, ] = 7.8 Hz, 1H), 5.45 (s, 2H), 5.06 (dd, ] =
12.8, 5.5 Hz, 1H), 4.89 (s, 2H), 4.68 (d, J = 12.6 Hz, 2H),
3.95-3.88 (m, 2H), 3.85 (t, J = 5.6 Hz, 1H), 3.80 (t, ] = 5.5
Hz, 1H), 3.09 (p, ] = 6.3 Hz, 2H), 2.88 (ddd, ] = 17.0, 13.9,
5.4 Hz, 1H), 2.81 (t, ] = 5.9 Hz, 1H), 2.71 (p, ] = 7.6, 6.4 Hz,
1H), 2.62—2.51 (m, 2H), 2.45—2.36 (m, 2H), 2.02 (m, 1H),
1.52 (dq, J = 14.9, 7.4 Hz, 2H), 1.47—-1.37 (m, 2H), 1.28 (p, ]
=7.6,7.1 Hz, 2H). 3C NMR (151 MHz, DMSO-d,): 6 172.7,
171.1, 170.0, 168.7, 168.2, 167.3, 162.7, 145.8, 136.2, 136.1,
135.7, 134.3, 133.7, 133.5 (d, J = 7.5 Hz), 132.0, 128.9, 128.6,
128.6 (d, J = 4.1 Hz), 128.3, 125.1, 124.8, 123.4, 121.1, 119.2,
117.6, 1174, 114.1 (d, ] = 22.0 Hz), 110.9, 109.9, 109.6, 106.9,
77.0, 45.8 (d, J = 4.2 Hz), 45.2, 42.4, 42.0, 38.4, 32.9, 32.5,
31.0, 289, 26.1, 24.5, 244, 22.1. YF NMR (471 MHz,
DMSO): § —117.8. LC—MS (ESI), [M — H]™ m/z: 854.6.
N-(Benzyloxy)-4-((2-(6-(2-((2-(1-methyl-2,6-dioxopiperi-
din-3-yl)-1,3-dioxoisoindolin-4-yl)Jamino)acetamido)hexyl)-
1,2,3,4-tetrahydro-5H-pyrido[4,3-b]indol-5-yl)methyl)-
benzamide (511). Compound S10 was synthesized following
the reported method.” After the removal of the protecting
group in both compound 4 and compound S10 with TFA,
both resulting products were used afterward for the synthesis
of compound S11. Briefly, to a solution of the resulting
product (0.139 g, 0.402 mmol, 1 equiv) from compound S$10
in anhydrous DMF (10 mL) were added HATU (0.306 g,
0.804 mmol, 2 equiv) and DIPEA (0.156 g 1.21 mmol, 3
equiv). The mixture was stirred for 30 min at room
temperature. Afterward the resulting product (0.205 g, 0.402
mmol, 1 equiv) from compound 4 was added into the system
and stirred overnight. After extraction with DCM, the
combined organic layer was then washed with water for
three times and followed by brine once, dried over anhydrous
Na,SO,, filtered and concentrated in vacuo to yield the crude,
which was then purified by flash column chromatography (0—
6.2% MeOH in DCM, 0—10 min; 6.2% MeOH in DCM, 10—
30 min) to afford the compound S11 (0.176 g, 52%). "H NMR
(600 MHz, DMSO-d;): & 11.70 (s, 1H), 8.74—8.48 (m, 1H),
8.09 (t, ] = 5.7 Hz, 1H), 7.67 (d, ] = 8.0 Hz, 2H), 7.60 (dd, ] =
8.5,7.1 Hz, 1H), 7.53—7.45 (m, 2H), 7.43 (d, ] = 7.5 Hz, 2H),
7.40—7.33 (m, 3H), 7.14 (t, ] = 8.0 Hz, 2H), 7.11-7.03 (m,
2H), 6.95 (t, ] = 5.6 Hz, 1H), 6.87 (d, ] = 8.5 Hz, 1H), 5.46 (s,
2H), 5.14 (dd, ] = 13.0, 5.4 Hz, 1H), 4.89 (s, 2H), 4.40 (s,
2H), 3.93 (d, J = 5.5 Hz, 2H), 3.54 (s, 2H), 3.21-3.14 (m,
2H), 3.12 (q, J = 6.7 Hz, 2H), 3.09—3.02 (m, 2H), 3.02 (s,
3H), 3.00—2.88 (m, 1H), 2.76 (ddd, ] = 17.2, 4.5, 2.6 Hz, 1H),
2.59-2.51 (m, 1H), 2.04 (dtd, ] = 12.9, 5.4, 2.6 Hz, 1H), 1.72
(q, ] = 7.6, 7.2 Hz, 2H), 1.4 (p, ] = 7.1 Hz, 2H), 1.37-1.29
(m, 4H). 3C NMR (151 MHz, DMSO-d,): 6 171.7, 169.8,
168.7, 168.2, 167.2, 164.0, 145.8, 139.6, 136.5, 136.2, 135.8,
132.0, 131.8, 131.4, 128.9, 128.7, 128.3, 127.4, 126.6, 124.5,
1217, 120.5, 119.6, 117.8, 117.4, 111.0, 110.0, 109.8, 76.9,
55.3, 49.4, 49.1, 48.4, 45.6, 45.2, 38.4, 31.1, 28.8, 26.6, 25.8,
25.8, 24.0, 21.4, 20.0. LC—MS (ESI), [M + H]* m/z: 838.6.
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B BIOLOGICAL AND PHYSICOCHEMICAL
EVALUATION

HDAC Inhibition Assays. In Vitro HDAC6 Assay. The in
vitro inhibitory activity against HDAC6 was measured using
our previously published assay protocol."***** In short, 3-fold
serial dilutions of test compounds and controls were prepared
in assay buffer (50 mM Tris-HCI (pH 8.0), 137 mM NaCl, 2.7
mM KCl, 1.0 mM MgCl,-6 H,0, and 0.1 mg/mL BSA). These
serial dilutions (5.0 uL) were transferred into 96-well
microplates (OptiPlate-96 F, black, PerkinElmer). 35 uL of
the fluorogenic substrate ZMAL (Z-Lys(Ac)-AMC; 21.43 uM
in assay buffer) and 10 uL of human recombinant HDAC
enzyme solution (HDAC6 - BPS Bioscience, Catalog# 50006)
in assay buffer were added.’® The total assay volume of 50 uL
(max. 1% DMSO) was incubated at 37 °C for 90 min.
Subsequently, SO uL trypsin solution (0.4 mg/mL trypsin in
buffer: S0 mM Tris-HCI (pH 8.0), 100 mM NaCl) was added,
followed by 30 min of incubation at 37 °C. Fluorescence
(excitation, 355 nm; emission, 460 nm) was measured using a
FLUOstar OPTIMA microplate reader (BMG LABTECH).
All compounds were tested in duplicate. Reported mean ICg,-
values, including standard deviation, were calculated from at
least two independent experiments.

In Vitro HDAC10 Assay. HDACI10 inhibition assays were
performed by Reaction Biology Corp. (Malvern PA, USA;
CAT# HDACI0). In short, either 10 uL of reaction buffer (20
mM Na,HPO, (pH 8.0), 100 mM NaCl, 0.25 mM EDTA, 10
mM Mesna, 0.01% Brij35, 1% DMSO) or 10 uL of human full-
length HDAC10 (aa2-669end, Accession #NM_032019.5, N-
terminal GST-TEV-tag, expressed in Sf9 insect cells) enzyme
solution in reaction buffer was transferred into 384-well
microplates (flat bottom, black, Corning—#3573). Next, 3-
fold serial dilutions of test compounds and controls in DMSO
were added using acoustic technology (EchoSS0 Liquid
Handler, BeckmanCoulter; nanoliters) and the mixture was
preincubated for 20 min. Subsequently, 10 uL of substrate
solution (Ac-spermidine-AMC; final assay concentration: 12.5
uM) in reaction buffer was added and the final assay volume of
20 uL was incubated at 30 °C. After 1 h of incubation time,
“stop”-solution (borate buffer (pH 9.5), NDA; final assay
concentration: 167 uM) was added. Fluorescence (excitation,
355 nm; emission, 460 nm) was measured using an EnVision
microplate reader (PerkinElmer). All compounds were tested
in duplicate. Reported mean ICgj-values, including standard
deviation, were calculated from at least two independent
experiments.

CRBN Target Engagement Assay. The assay was
performed as previously described by Zerfas et al.’®
HEK293T cells stably expressing NanoLuc-CRBN were
cultured in DMEM (Gibco, Life Technologies) supplemented
with 10% FBS. Cells were resuspended at 2 X 10° cells/mL in
21 mL Opti-MEM I (Gibco, Life Technologies) and mixed
with 600 uL BODIPY-lenalidomide fluorescent tracer (stock at
10 uM diluted in tracer dilution buffer 31.25% PEG-400, 12.5
mM HEPES, pH 7.5, filtered using a 0.22 um nitrocellulose
membrane) to reach final concentration of the tracer at 278
nM. The cell-tracer mixture was then plated in a white
polystyrene 384-well plate (Corning, 3570) at SO uL/well.
After plating, the assay plate was centrifuged (400g, 5 min) and
protected from light. Compounds for testing were added to the
plate using a D300e Digital Dispenser (Tecan) in duplicate 12
pt titrations from a 10 mM stock in DMSO, with DMSO

normalized to 1% total volume. The plate was then placed in
an incubator at 37 °C, 5% CO, for 2 h. After incubation, the
plate was removed and set on the bench to cool to room
temperature (~10 min). The NanoLuc substrate (500X
solution, Promega Catalog number N2160 for 1000 assay
kit) and extracellular inhibitor (1500X solution, Promega
Catalog number N2160 for 1000 assay kit) were diluted in
Opti-MEM 1 (Gibco, Life Technologies) to prepare a 3X
solution, which was added to each well (25 uL/well). The
plate was read on a Pherastar FSX (BMG Labtech) microplate
reader with simultaneous dual emission capabilities at 450 and
520 nm for 10 cycles. The NanoBRET ratio was calculated by
dividing the signal at 520 nm by the signal at 450 nm and
multiplying by 1000 for each sample and averaged across 10
read cycles to create each data point. The data was plotted in
GraphPad Prism 10 and the curves were fitted using Variable
Slope equation to obtain the ECy, values.

B DETERMINATION OF PHYSICOCHEMICAL
PROPERTIES

LogD; , Measurements. The determination of the log D, ,
values was performed by a chromatographic method as
described previously.”” Briefly, the system was calibrated by
plotting the retention times of six different drugs (atenolol,
metoprolol, labetalol, diltiazem, triphenylene, permethrin)
versus their literature known logD,, values to obtain a
calibration line (R* > 0.95). Subsequently, the mean retention
times of the analytes were taken to calculate their log D,,
values with aid of the calibration line.

Plasma Protein Binding Studies. PPB was estimated by
correlating the logarithmic retention times of the analytes on a
CHIRALPAK HSA 50 X 3 mm, S ym column with the
literature known %PPB values (converted into log K values) of
the following drugs: warfarin, ketoprofen, budesonide,
nizatidine, indomethacin, acetylsalicylic acid, carbamazepine,
piroxicam, nicardipine, and cimetidine. Samples were dissolved
in MeCN/DMSO 9:1 to achieve a final concentration of 0.5
mg/mL. The mobile phase A was 50 mM NH,Ac adjusted to
pH 7.4 with ammonia, while mobile phase B was iPrOH. The
flow rate was set to 1.0 mL/min, the UV detector was set to
254 nm, and the column temperature was kept at 30 °C. After
injecting 3 pL of the sample, a linear gradient from 100% A to
30% iPrOH in 5.4 min was applied. From 5.4 to 18 min, 30%
iPrOH was kept, followed by switching back to 100% A in 1.0
min and a re-equilibration time of 6 min. With the aid of the
calibration line (R* > 0.92), the log K values of new substances
were calculated and converted to their % PPB values.

Molecular Descriptor Calculations. Calculated values for
the topological polar surface area (TPSA) and number of
rotatable bonds (NRotB) were determined using the free web
tool SwissADME.>®

Plasma Stability. To determine the ex vivo stability of
AP1—-6 in human plasma, fresh whole blood was collected in
3K-EDTA collection tubes (SARSTEDT AG & Co. KG,
Niimbrecht, Germany) and plasma was obtained by
centrifugation at 2000 rpm for 10 min. The plasma was
warmed to 37 °C, and the compound solution was added to
achieve final concentrations of 50 nM and 1 uM, respectively.
A control was prepared in 4% BSA (w/V) in water containing
1 uM of the respective compound. Each approach was applied
in triplicate. All samples were incubated at 37 °C and shaken at
400 rpm over 24 h. Sample collection was conducted 0, 30, 60,
120, 240, 360, and 1440 min. The samples were immediately

https://doi.org/10.1021/acs.jmedchem.5c00674
J. Med. Chem. 2025, 68, 13793—13821


pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.5c00674?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Medicinal Chemistry

pubs.acs.org/jmc

precipitated with ice-cold acetonitrile, which contained the
internal standard. Following vortexing and shaking for 30 min
at 1000 rpm, the samples were centrifuge dated for 10 min at a
speed of 14,000 rpm. The supernatant was evaporated under a
gentle stream of nitrogen at a temperature of 37 °C and the
residues were covered and stored in a refrigerator at 4 °C.
Following the final sampling period, all residues were
reconstituted in 70/20/10 water/dimethyl sulfoxide/formic
acid (v/v, containing 10% formic acid) and analyzed.

For separation and quantification, a LC—MS/MS system
consisting of an Agilent 1200 series HPLC (Agilent,
Waldbronn, Germany) coupled to a Sciex 4000 triple
quadrupole mass spectrometer (Sciex, Darmstadt, Germany)
with an ESI interface was used. Sample handling was
performed by a CTC HTS Pal system (CTC Analytics AG,
Zwingen, Switzerland). Chromatographic separation was
achieved using a XBridge BEH C18 3.0 X 150 HPLC column
under gradient conditions (mobile phases: 0.1% formic acid in
water and 0.1% formic acid in methanol). The flow rate was set
to 300 yL/min. The following settings per compound were
applied: AP1), [M + H]* 734.3 — 442.4 m/z; DP 113 V, EP
10V, CE 38 V, CXP 13 V; AP2), [M + H]* 858.4 — 566.4 m/
z; DP 115 V, EP 11V, CE 37 V, CXP 17 V; AP3), [M + H]*
7227 = 279.3 m/z DP 95 V, EP 10 V, CE 34 V, CXP 15 V;
AP4), [M + H]* 666.6—374.1 m/z; DP 96 V, EP 9V, CE 34
V, CXP 11 V; APS), [M + H]" 790.4 — 293.2 m/z; DP 95V,
EP 9V, CE 36 V, CXP 15 V; AP6), [M + H]* 654.7—5279.4
m/z; DP 90 V, EP 10 V, CE 29 V, CXP 15 V; Tubastatin A),
[M + H]* 3362—293.2 m/z; DP 85V, EP 10 V, CE 19 V,
CXP 15 V; Compounds were monitored by multiple reaction
monitoring with a dwell time of 75 ms and positive ionization
mode.

Western Blotting. Western blots on HDAC 1, 4, 6, 7, 8,
10, IKZF1, IKZEF3, GSPT1, LC3 I/II, acetylated histone H3,
acetylated a-tubulin and GAPDH in MM.1S cells, as well as
the HDACS6, 10 and GAPDH in MCEF-7 cells were performed
according to a previously published protocol.>’~®" In brief, the
treated MM.1S or MCEF-7 cells were collected and lyzed with
cell extraction buffer (ThermoFisher Scientific Inc.; Waltham,
MA, USA), supplemented with 0.1 mM PMSF, Halt Protease
Inhibitor (Thermo Fisher), and sodium orthovanadate
(ThermoFisher Scientific Inc.; Waltham, MA, USA). Protein
concentration was determined using a BCA kit (ThermoFisher
Scientific Inc.; Waltham, MA, USA). Equal amounts of protein
(25 pg) from the lysates was denatured by Laemmli 2X
Concentrate (Catalog# $S3401-10VL, Sigma-Aldrich, St. Louis,
MO, USA), and Precision Plus Protein Unstained Standard
was used as molecular weight marker (Catalog# 1610363, Bio-
Rad, Hercules, CA, USA). SDS-PAGE was performed with
precast gels with a polymerization degree of 4—15% (for ac-
histone H3) and 10% or 12% for other proteins (Mini-
PROTEAN TGX Stain-Free; Bio-Rad Laboratories GmbH,
Germany). Afterward, proteins were transferred to Trans-Blot
Turbo-PVDF membranes (Merck). The membrane was
blocked with skimmed milk powder in Tris-buffered saline-
Tween 20 (with 0.2% Tween 20) for 60 min, followed by three
washing cycles of 10 min using Tris-buffered saline-Tween 20.
Next, membranes were incubated with primary antibodies for a
total of 60 min at room temperature under slight agitation and
then incubated at 4 °C overnight. Membranes were rinsed
again three times before applying the secondary antirabbit IgG
HRP-conjugated mAbs (R&D Systems, Inc, Minneapolis,
USA) or antimouse IgG HRP-conjugated mAbs (Santa Cruz

Biotechnology, Texas, USA) for 90 min. After rinsing of the
secondary antibody, membranes were detected using the
ClarityECL Western Blotting Substrate (Bio-Rad). For
quantitative determination, the StainFree technique was
employed (Bio-Rad), which allows the imaging of whole
protein in SDS-PAGE before blotting and normalization on the
transferred membrane against the total protein. Pixel density
analysis was performed with the IMAGE LAB software (Bio-
Rad). Primary antibodies were used as antibody solutions in
1:1000—1:20,000 dilutions. Anti-HDAC1 (Catalog#5356S,
Cell Signaling Technology, Denver, MA, USA), anti-HDAC4
(Catalog#7628S, Cell Signaling Technology, Denver, MA,
USA), anti-HDAC6 (Catalog#7558S, Cell Signaling Technol-
ogy, Denver, MA, USA), antiacetyl-histone H3 (Cata-
log#9677S, Cell Signaling Technology, Denver, MA, USA),
antiacetyl-a-tubulin (Catalog#5335, Cell Signaling Technol-
ogy, Denver, MA, USA), anti-HDAC8 (Catalog#66042S, Cell
Signaling Technology, Denver, MA, USA), anti-HDAC10
(Catalog#H3413, Sigma-Aldrich, St. Louis, MO, USA), anti-
GAPDH (Catalog# T0004, Affinity Biosciences, Cincinnati,
OH, USA), anti-HDAC7 (Catalog#33418S, Cell Signaling
Technology, Denver, MA, USA), anti-IKZF1 (Cata-
log#14859S, Cell Signaling Technology, Denver, MA, USA),
anti-IKZF3 (Catalog#15103S, Cell Signaling Technology,
Denver, MA, USA), anti-GSPT1 (Catalog#sc-66000, Santa
Cruz Biotechnology, Texas, USA), anti-LC3A/B (Cata-
log#12741T, Cell Signaling Technology, Denver, MA, USA).

Cell Assays. Cell Culture. MM.1S cells were obtained by
the American Type Culture Collection (ATCC, Manassas, VA,
USA). Cells were cultured in RPMI 1640 (Life Technologies,
Darmstadt, Germany) supplemented with 10% fetal bovine
serum (PAN Biotech GmbH, Aidenbach, Germany), 100 IU/
mL penicillin and 0.1 mg/mL streptomycin (PAN Biotech
GmbH, Aidenbach, Germany) and 1 mM sodium pyruvate
(ThermoFisher Scientific Inc.; Waltham, MA, USA) and were
incubated at 37 °C under humidified air with 5% CO,. MCE-7
cells were obtained by the American Type Culture Collection
(ATCC, Manassas, VA, USA). Cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM, Gibco) already
containing L-glutamine and pyruvate, and supplemented with
10% fetal bovine serum (PAN Biotech GmbH, Aidenbach,
Germany), 100 IU/mL penicillin and 0.1 mg/mL streptomycin
(PAN Biotech GmbH, Aidenbach, Germany), and were
incubated at 37 °C under humidified air with 5% CO,. The
human breast cancer cell line MDA-MB-231 (HTB-26) was
cultivated in DMEM medium (Catalog#41966-029, Gibco,
ThermoFisher Scientific Inc.) supplemented with 10% FBS
(PAN Biotech GmbH), 100 IU/mL penicillin and 0.1 mg/mL
streptomycin (PAN Biotech GmbH). Cells were incubated at a
humidified atmosphere at 37 °C containing 5% CO,. Cells
were detached with trypsin/EDTA (0.05%/0.02% in DPBS,
PAN Biotech GmbH). Mycoplasma contamination was
routinely excluded by PCR.

CellTiterGlo 2.0 Assay in MM.1S Cells. 2500 MM.1S
cells/well were seeded in white 384-well plates (Greiner Bio-
One, Kremsmuenster, Austria). The final assay volume was 25
uL. A 200-fold dilution series was prepared in DMSO and
further diluted to 10-fold in medium and added to the cells.
The final DMSO concentration was 0.5%. The toxicity of
compounds was determined after 72 h using the CellTiter-Glo
2.0 Cell Viability Assay (Promega, Madison, WI, USA,
#G9242) according to the manufacturer’s protocol. Sub-
sequently, the luminescence was measured using a Tecan
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Spark (Tecan Group AG, Maennedorf, Swiss). Data was
analyzed with the four-parameter logistic equation (GraphPad
Prism 9.0, San Diego, CA, USA).

MTT Assay in MCF-7 Cells. Assays were conducted
following previously reported methods.”* MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; Cata-
log# A2231; BioChemica, Applichem GmbH, Darmstadt,
Germany) was used to measure cell viability. A total of 2500
MCE-7 cells were seeded in triplicates in 96-well plates
(Starlab GmbH, Hamburg, Germany) with each well
containing 200 uL of volume. These cells were subsequently
treated with dilution series of different compounds. Following
an incubation period of 72 h, 20 uL of freshly prepared MTT
solution (5 mg/mL) was added and the mixture was incubated
for 1 h at 37 °C and 5% CO,. After removing the supernatant,
the formazan dye was solubilized in 200 yL DMSO (Sigma-
Aldrich, Steinheim, Germany). The absorbance was deter-
mined at 570 nm with background subtraction at 690 nm by a
microplate photometer (Thermo Scientific Multiskan EX,
Thermo Fisher Scientific). The acquired data was normalized
to DPBS, considering 100% viability, and the half-maximal
inhibitory concentration (ICs,) was determined by plotting
dose response curves and nonlinear regression with GraphPad
Prism (GraphPad Software, San Diego, CA, USA).

Cell Cycle Analysis. For cell cycle analysis, MM.1S cells
were seeded at a density of 3 X 10° cells/well in a 12-well plate
(Sarstedt AG & Co, Niimbrecht, Germany) and cultivated
overnight at 37 °C and 5% CO,. The next day, cells were
treated with either vorinostat at 10 M, tubastatin A at 10 uM,
AP1 at 10 yM and 20 uM, APIN at 10 uM and 20 uM or
DMSO as negative control. After an incubation for 48 h under
cell culture conditions, cells were washed using DPBS and
centrifuged at. Afterward, ice cold 70% ethanol was added
dropwise to the cell pellet and incubated for 30 min at 4 °C. In
the next step, cells were rehydrated using DPBS and treated
with SO pug/mL RNase (Thermo Fisher Scientific Inc.,
Waltham, USA). Finally, Propidium Iodide was added to the
cells at 3 uM, incubated for 15 min in the dark and cell cycle
distribution was analyzed using Guava easyCyte HT 11 Flow
Cytometer (Luminex Corporation, Austin, USA) and Flow]Jo
v10.5.3 Software (BD Life Sciences, Franklin Lakes, USA).

Wound Healing Assay. For the wound healing assay, 2-
well silicone inserts (Catalog#80209, ibidi, Grifelfing,
Germany) were positioned in 24-well plates (Starlab GmbH,
Hamburg, Germany). A total of 21 X 10° MDA-MB-231 cells
were seeded into each reservoir. After 24 h the cell culture
inserts were removed and cells were treated with 10 uM of the
respective compound. Images were acquired immediately after
the removal of the culture inserts and again after 24 h using an
Axiovert 200 microscope (Carl Zeiss Microscopy, Jena,
Germany) at 10-fold magnification. In the meantime, cells
were incubated at 37 °C and 5% CO,. The acquired images
were analyzed with ImageJ (Tiago Ferreira, Wayne Rasband),
ZEN 3.0 blue edition (Carl Zeiss Microscopy, Oberkochen,
Germany) and evaluated with GraphPad Prism 8 (San Diego,
CA, USA). Wound closure was quantified as relative area (%)
compared to initial gap area. The results were derived from at
least two independent experiments.

H QUANTITATIVE PROTEOMICS (MM.1S CELLS)

Sample Preparation for Whole-Proteome Analysis.
Two million MM.1S cells were seeded in a T2S flask in 7 mL
media the day before giving the treatments. After incubating

for 24 h, 7 uL of DMSO or compounds in 10 mM stock
solutions were given to the cells and the incubated for 6 h. The
cells were collected and washed with DPBS twice, aspirate off
DPBS and the cell pellets were frozen with liquid nitrogen and
stored in —80 °C.

Frozen MML.S cell pellets were lysed in 200 uL of urea lysis
buffer (6 M urea, 2 M thiourea in SO mM TRIS-HCI pH =
8.5). To degrade chromatin 7.5 U/mL of Benzonase
(ThermoFisher Scientific Inc; Waltham, MA, USA) was
added to the samples before incubation for 10 min on ice.
Samples were centrifuged for 10 min at 15,000g. Supernatants
were transferred to new tubes and the concentration was
determined using Pierce 660 nm Protein Assay Reagent
(ThermoFisher Scientific Inc.; Waltham, MA, USA). Sub-
sequently, urea concentration was reduced to 2 M and 100 ug
of protein per sample was used for further processing. To
reduce and alkylate cysteine bonds, 10 mM TCEP bond-
breaker solution (ThermoFisher Scientific Inc.; Waltham, MA,
USA) and 40 mM chloroacetamide were added simultaneously
and incubated for 30 min at room temperature in the dark.
Overnight digestion was carried out at room temperature by
adding of 1 ug Trypsin/LysC per 100 ug of protein. Digestion
was stopped by adding stop buffer (20% acetonitrile in ddH,O
and 6% TFA), followed by desalting of 40 yg of peptides on
poly(styrene—divinylbenzene) reverse-phase sulfonated (SDB-
RPS) plugs stacked in 200 uL pipet tips. Peptides were eluted
with 50 uL of elution buffer (80% acetonitrile, 15% ddH,O,
5% ammonia) per sample. Eluents were evaporated at 30 °C
for 2 h. Dried peptides were resuspended in 12 uL of loading
buffer (2% acetonitrile in 0.1% FA ddH,0). Before application
to the mass spectrometer, the concentration of each sample
was adjusted to 300 ng/uL.

LC—MS/MS. Peptides in buffer A (0.1% FA in ddH,0)
were separated using a NeoVanquish HPLC system (Thermo-
Fisher Scientific Inc.; Waltham, MA, USA) with a 25 cm
Aurora Ultimate column (C18, 75 gm inner diameter) coupled
to an Exploris 480 mass spectrometer (ThermoFisher
Scientific Inc.; Waltham, MA, USA) via a nanoelectrospray
source. Peptides were separated with a 90 min gradient,
starting with 6% buffer B (80% acetonitrile, 0.1% FA in
ddH,0) increasing linearly to 25% after 70 min, followed by
stepwise increase to 55% buffer B (78 min) and 95% buffer B
(90 min) at a flowrate of 300 nL/min and a column
temperature of 55 °C. A staggered, data-independent mass
spectrometry method was used with a full MS scan ranging
from 380 to 1020 m/z (resolution = 60,000, injection time =
55 ms, AGC target = 100). Each full MS scan was followed by
50 DIA scans spanning 400—1000 m/z (window size 12 m/z,
resolution = 30,000, ion fill time = 55 ms, AGC target = 1000).

Gas-phase Fractionation Library. To create a sample-
specific gas-phase-fractionation library 1 uL of each sample was
pooled and six MS measurements form this pool were
recorded. Each individual measurement covered a different
m/z-window of 100, spanning in total a range between 400 and
1000 m/z. The library was created with DIA-NN software
(version 1.8.1) using a Homo sapiens FASTA file (UniProt file
form the 18.11.2021).

Identification, Quantification and Statistical Analysis.
The raw files obtained from the mass spectrometer were
destaggered using MSconvert (64 bit). Prior to processing of
raw files, the run-specific mass accuracies for MS1 and MS2
and the scan windows were determined using DIAN-NN
(version 1.8.1) with precursor FDR set to 1% and log-level set
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to 1. The MS raw files were processed by DIA-NN software
(version 1.8.1) using the generated gas-phase fractionation
library as reference (FDR = 1%, Scan window radius = 12,
MS1 accuracy = 4.0 X 107, MS2 accuracy 1.7 X 107°) and
processed files were MaxLFQ normalized. Data was log-
transformed and contaminants were removed. Protein groups
were filtered based on 100% data completeness in at least one
group. Missing values were replaced samples wise based on a
random selection of values from a normal distribution (mean =
downshifted 1.8 standard deviations, SD = 0.3). Determination
of significant up- or downregulations was carried out by using a
two-sample Welch’s t-test (FDR = 0.05). Fold changes (x-axis)
and p-values (y-axis) were plotted against each other for each
condition vs DMSO and depicted as volcano plots.

B DIAPASEF-BASED QUANTITATIVE PROTEOMICS
(MM.1S AND MOLT4 CELLS)

Sample Preparation LFQ Quantitative Mass Spec-
trometry. Cells were lyzed by addition of lysis buffer (8 M
Urea, SO mM NaCl, SO mM 4-(2-hydroxyethyl)-1-piperazi-
neethanesulfonic acid (EPPS) pH 8.5, Protease and
Phosphatase inhibitors) and homogenization by bead beating
(BioSpec) for three repeats of 30 at 2400 strokes/min.
Bradford assay was used to determine the final protein
concentration in the clarified cell lysate. Fifty micrograms of
protein for each sample was reduced, alkylated and
precipitated using methanol/chloroform as previously de-
scribed®” and the resulting washed precipitated protein was
allowed to air-dry. Precipitated protein was resuspended in 4
M urea, 50 mM HEPES pH 7.4, followed by dilution to 1 M
urea with the addition of 200 mM EPPS, pH 8. Proteins were
digested with the addition of LysC (1:50; enzyme/protein)
and trypsin (1:50; enzyme/protein) for 12 h at 37 °C. Sample
digests were acidified with formic acid to a pH of 2—3 before
desalting using C18 solid phase extraction plates (SOLA,
Thermo Fisher Scientific). Desalted peptides were dried in a
vacuum-centrifuged and reconstituted in 0.1% formic acid for
liquid chromatography—mass spectrometry analysis. Data were
collected using a TimsTOF HT (Bruker Daltonics, Bremen,
Germany) coupled to a nanoElute LC pump (Bruker
Daltonics, Bremen, Germany) via a CaptiveSpray nano-
electrospray source. Peptides were separated on a reversed-
phase C18 column (25 cm X 75 um ID, 1.6 uM, IonOpticks,
Australia) containing an integrated captive spray emitter.
Peptides were separated using a 50 min gradient of 2—30%
buffer B (acetonitrile in 0.1% formic acid) with a flow rate of
250 nL/min and column temperature maintained at 50 °C.
The TIMS elution voltages were calibrated linearly with three
points (Agilent ESI-L Tuning Mix Ions; 622, 922, 1222 m/z)
to determine the reduced ion mobility coefficients (1/K;). To
perform diaPASEF, we used py diAID,” a python package, to
assess the precursor distribution in the m/z-ion mobility plane
to generate a diaPASEF acquisition scheme with variable
window isolation widths that are aligned to the precursor
density in m/z. Data was acquired using twenty cycles with
three mobility window scans each (creating 60 windows)
covering the diagonal scan line for doubly and triply charged
precursors, with singly charged precursors able to be excluded
by their position in the m/z-ion mobility plane. These
precursor isolation windows were defined between 350 to
1250 m/z and 1/k, of 0.6—1.45 V-s/cm?.

LC—MS Data Analysis. The diaPASEF raw file processing
and controlling peptide and protein level false discovery rates,

assembling proteins from peptides, and protein quantification
from peptides were performed using library free analysis in
DIA-NN 1.8.°* Library free mode performs an in silico
digestion of a given protein sequence database alongside deep
learning-based predictions to extract the DIA precursor data
into a collection of MS2 spectra. The search results are then
used to generate a spectral library which is then employed for
the targeted analysis of the DIA data searched against a
Swissprot human database (January 2021). Database search
criteria largely followed the default settings for directDIA
including: tryptic with two missed cleavages, carbamidome-
thylation of cysteine, and oxidation of methionine and
precursor Q-value (FDR) cutoff of 0.01. Precursor quantifica-
tion strategy was set to Robust LC (high accuracy) with RT-
dependent cross run normalization. Proteins with low sum of
abundance (<2000 X no. of treatments) were excluded from
further analysis and resulting data was filtered to only include
proteins that had a minimum of 3 counts in at least 4 replicates
of each independent comparison of treatment sample to the
DMSO control. Protein abundances were scaled using in-
house scripts in the R framework (R Development Core Team,
2014) and proteins with missing values were imputed by
random selection from a Gaussian distribution either with a
mean of the nonmissing values for that treatment group or
with a mean equal to the median of the background (in cases
when all values for a treatment group are missing). Significant
changes comparing the relative protein abundance of these
treatment to DMSO control comparisons were assessed by
moderated t-test as implemented in the limma package within
the R framework.®®

Molecular Docking. Molecular docking was performed in
MOE software (version 2022). The crystal structures of
HDACG6 (PDB ID: 6THV) and HDAC10 (PDB ID: 6WBQ)
were obtained from the Protein Data Bank. Briefly, the
chemical structures of docked and modeled molecules were
prepared and optimized based on the MMFF94X force field.
The proteins (HDAC6 and HDACI1O0 crystal complexes) were
processed as follows: removal of water molecules, addition of
hydrogen atoms and partial charges, protonation based on the
Amberl0:EHT force field. For docking analysis, the binding
site of the native ligand in each receptor was used to define the
docking sites. Other MOE-docking parameters were set to
default values and 30 predicted poses were retained during the
docking process. The best poses of tubastatin A and its hexyl
chain attached-derivative were kept based upon the docking
score and the results from ligand interactions, followed by
visually inspection. The Figures were generated using the
PyMOL software (https://pymol.org/2/).

PAINS Analysis. PAINS Analysis We filtered all com-
pounds for pan-assay interference compounds (PAINS) using
the online filter http://zinclS.docking.org/patterns/home/.
No compound was flagged as PAINS.

B ASSOCIATED CONTENT

Data Availability Statement

Data Deposition Global proteomics data will be publicly
available at the Fischer Lab’s Proteomics database: https://
proteomics.fischerlab.org.
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Figures for rescue experiments in MCF-7 cells with MG-
132; quantitative proteomics of MM.1S cell lysates after
treatment with 1 #M of AP1 or tubastatin A for 6 h;
rescue experiment for IKZF1 in MM.1S cells; viability
assay on MM.1S and MCEF-7 cells; long-term degrada-
tion of HDAC6 and HDACIO in MM.1S cells;
degradation of HDAC6 and HDAC10 in MCEF-7 cells;
cell cycle regulation of MM.1S cells; autophagy effect of
AP1 in MM.IS cells; synthesis scheme of AP7-AP10
and nondegrading control AP1-N; 'H, 3C, and “F
NMR spectra of AP1-AP10, AP1-N; HR-MS spectra
and HPLC chromatograms of AP1-AP10, API1-N;
immunoblot replicates for Figure SA, Figure SB, Figure
8A, Figure 8B, Figure 9A, Figure 9B (PDF)
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1. Supplementary Figures and Table
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Figure S1. Rescue experiments with the proteasome inhibitor MG132. MCF-7 cells were treated with

DMSO or AP1 (1 uM) for 12 h. Pretreatments of MCF-7 cells for 1 h with MG132 (1 uM) were carried

outin the co-treatment group, followed by AP1 (1 uM) treatment for 12 h. HDAC6 and HDACI10 levels

were detected by western blot. GAPDH was chosen as loading control. Representative image of n =3

replicates.
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Figure S2. Quantitative proteomics of MM.1S cell lysates after treatment with 1 uM of AP1 (A) or

tubastatin A (B) for 6 hours. Hits are identified with the thresholds: Fold change>2 and Pvalue< 0.001.

Detected HDAC subtypes are labelled in red dots.
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Figure S3. Rescue experiment for IKZF1 in MM.1S cells. MM.1S cells were treated with DMSO or

AP1 (1 uM) for 6 h. Pretreatments of MM.1S cells for 0.5 h with MLN4924 or tubastatin A (10 pM)

were carried out in the co-treatment groups, followed by AP1 (I uM) treatment for 6 h. IKZF1 levels

were detected by western blot. GAPDH was chosen as loading control. Representative image of n =2

biologically independent experiments.

Table S1. Antiproliferative activity of AP1-AP6 against MM.1S and MCF-7 cells.”

ICso (M)
Cmpd.

MM.1S MCF-7
AP1 n.e. n.e.
AP2 n.e. n.e.
AP3 n.e. n.e.
AP4 n.e. n.e.
APS n.e. n.e.
AP6 n.e. n.e.
Tubastatin A n.e. n.e.
Vorinostat 0.64 +0.09 2.50+0.33"

“mean+SD of n= 3 independent experiments; n.e.: no effect (< 50% viability reduction at25 pM);

n.d.: not determined; ®data taken from ref.2 .
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(A, B) Viability assay on MM.1S and MCF-7 cells. (A) CellTiterGlo® 2.0 assay on MM.1S

cells. Tubastatin A and vorinostat were taken as positive control; (B) MTT assay on MCF-7 cells.

Tubastatin A was taken as positive control. Data are represented from n =3 independent experiments.

1 pM, 48 h
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Figure S5. Long-term degradation of HDAC6 and HDAC10 caused by degraders AP1, AP3, AP4, and

AP6. MM.1S cells were treated with DMSO, AP1, AP3, AP4, AP6, and tubastatin A at concentrations

of 1 uM for 48 h and 72 h, respectively. HDAC6 and HDAC10 levels were detected by western blot.

GAPDH was used as the loading control. Representative images from n =2 replicates.
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A MCF-7,1 M, 24h
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Figure S6. (A, B) Degradation of HDAC6 and HDAC10 mediated by degraders AP1-AP6 atdifferent
concentrations in MCF-7 cells. MCF-7 cells were treated with AP1-AP6 atconcentrationsof1 uM (A)
and5 uM (B) for 24 h. HDAC6 and HDAC10 levels were detected by western blot. GAPDH was used

as loading control. Representative images from a total of n =3 replicates.
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Figure S7. Cell cycle regulation of MM.1S cells treated for 48 h with either vehicle (DMSO), AP1,
tubastatin A, or vorinostat at the indicated concentrations. The histogram shows the means + SD of the

percentages of cells in the respective phase of the cell cycle. The data were collected in n = 3 biologically
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independent replicates, each measured as technical triplicate. Statistics were performed by One-way

ANOVA following Dunnett's test with DMSO treated cells as control. *p < 0.05; **p < 0.01.

s 2 O
I N3 I &
QO ~N D Q ¢« N
FeFe Fe&se
g v & ¢ §F &S
LC3 1 LG 1
LC3 11 — LC3 I -
GAPDH | s s s S GAPDH I————I

Figure S8. Autophagy effect of AP1 and tubastatin A at indicated concentrations. MM.1S cells were
treated with AP1 and tubastatin Aat 1 uM (A) or 5 uM (B) for 24 h. Chloroquine was used a positive

control at 50 uM. LC3 I/II levels were detected by western blot. DMSO served as vehicle control and

GAPDH was chosen as loading control. Representative image of n =2 replicates.
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2. Synthesis of AP7-AP10 and the non-degrading control AP1-N
A 0,
NH
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Scheme S1. Synthesis of AP7-AP10, as well as non-degrading control AP1-N. A: (a) fert-butyl 4-

(piperidin-4-ylmethyl)piperazine-1-carboxylate, DIPEA, anhydrous DMSO, 100 °C, 17.5 h, 87%; (b)
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TFA, DCM, 1t, 2 h; (c) tert-butyl 3-bromopropanoate, K2CO3, anhydrous DMF, 60 °C, 24 h, two-step

yield, 48%; (d) tert-butyl 4-(4-aminobenzyl)piperazine-1-carboxylate, dioxane:water (10:1), X-Phos,

K2CO3, Pda(dba)s, argon, 90 °C, 18 h, 48%; () HATU, DIPEA, anhydrous DMF, rt, 16 h, 25% (S4),

35% (S5); (f) Ha, Pd/C, DCM/MeOH, 1t, 16 h, 25% (AP7), 16% (AP8). B: (a) TFA, DCM, tt, 2 h; (b)

tert-butyl 6-aminohexanoate, PyCloP, DIPEA, anhydrous DMF, rt, 17 h, 85%; (c) HATU, DIPEA,

anhydrous DMF, 0 °C tot, 18 h, two-step yield, 82% (S8), 42% (S9); (d) H2, Pd/C, DCM/MeOH, 1t, 16

h, 40% (AP9), 44% (AP10). C: (a) TFA, DCM, rt, 2 h; (b) HATU, DIPEA, anhydrous DMF, rt,

overnight, two step yield, 52%; (c) Hz, Pd/C, EtOH/MeOH, 1t, 25%.
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1H, 13C NMR, HR-MS and HPLC data of AP1-AP10, AP1-N

3.

TH NMR spectrum of AP1 (600 MHz, DMSO-ds)
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HR-MS spectrum of AP1

Intens. CaoHasN;O;, M+nH, 734.3297|
1+
2000 734.3297
1500
1+
1000 735.3327
500
1+
736.3355
1+
a 737.3382
X109, AP1_BD1_01_39972.d: +MS, 0.5-0.6min #31-37|
0.8 734.3304
i
I
0.6 [ ‘
'a
04 ‘ l 7353331
i A
| | I
02 \ [
‘| .\‘ “ ‘\ 736.3323
- . J \ ' J‘ & ' L 737.3352
734 735 736 737 738 739 miz
HPLC chromatogram of AP1 (Purity: 98.1%)
[Chromatogram
e UV_VIS_2 WVL:250 nm
2.000 4 2-10,760
1.750 ]
1.500 ]
2 12507
E
§ 1.000 4
3
g
g 750
500 -
250
0 WfagieRRsse7
3 [ P |
_200 i r T T T T T 1
0,0 5,0 10,0 15,0 20,0 25,0 29,0
Time [min]
Integration Results
No. Peak Name Retention Time Area Height Relative Area Relative Height Amount
min mAU*min mAU % % n.a.
1 10,610 0,623 6,495 0,51 0,33 n.a.
2 10,760 118,778 1932,348 98,07 98,74 na.
3 11,007 1,500 14,838 1,24 0,76 na.
4 11,283 0,153 2,698 0,13 0,14 n.a.
5 11,867 0,061 0,643 0,05 0,03 n.a.
Total: 121,114 1957,022 100,00 100,00
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TH NMR spectrum of AP2 (600 MHz, DMSO-ds)

szT
szT
9T
@
8T
1€T
ZET
EET
PET

15T
€S
bST
197

197
9T
€97
E9'T
€97
61
081

1817
9p-0Ska 0527}
157
5T
z57]
bST
65
097
09
192
197
29
29z
00z
10z
ze
bez
SeT
9T
e
85E
e
e
453
£
£
61
0zh
e
e
433
azh
8zh
0Ed
LES
06'9-)
269
869
669
669
669
0
¢
20
£0¢
£0¢
bOL
90¢
90¢
e
80¢
bEL
SE¢
8E¢
8€¢
8€¢
6EL
bSe
5S¢
95¢
£5¢
bL
[
59¢
59¢

18
[4: ¥4

M

ES90

Fooe

S0'T
w0z
92T
e
% So'T
907
A 801
'z
A oot

Feso

Foor

1.0 0.5 0.0

1.5

11.0 105 10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 25 2.0

1.5

f1 (ppm)

BBC NMR spectrum of AP2 (151 MHz, DMSO-ds)

PhI—

FEIT~
z 91

con\
£891—
zoa
sea"

M

20

40

T T T T T T T T
160 150 140 130 120 110 100 90 70
f1 (ppm)

T
170

30

S12



HR-MS spectrum of AP2

240523_P-575-FH_P031 #4-16 RT: 0.05-0.22 AV: 13 NL: 6.97E6

T: FTMS + p ESI Full ms [250.00-1000.00]

862.42299
100 z=1
90
80
= 854.36073
70; z=1
60— 863.42621
50: z=1
= 859.37693
40 855.36386 2=
= z=1 858.39201
30 i z=7?
. 860.38015
20 z=1 864.42931
B 856.36606 z=1
104 z=1 866.42144
3 A ﬁ z=1
0\\\\\ \\\\\\\\\\\\\\\\'\‘\\\\\A\\h\\”\\\
852 856 858 860 862 864 866 868
m/z
HPLC chromatogram of AP2 (Purity: 95.4%)
|Chromatogram
5500 UV_VIS_2 WVL:250 nm
3-10,977
2.000 -
1.500
5
<
E
8 1.000
8
o
2
<
500 -
I}wj@.&?&‘”
04 T
‘500" T T T T T 1
0,0 5,0 10,0 15,0 20,0 25,0 29,0
Time [min]
Integration Results
No. [Peak Name Retention Time Area Height Relative Area Relative Height Amount
min mAU*min mAU % % n.a.
1 10,540 0,674 11,712 0,3 0,55 n.a.
2 10,597 2,825 39,832 1,25 1,85 n.a.
3 10,977 215,612 2043,851 95,40 95,14 n.a.
4 15 BT 6,905 52,855 3,06 2,46 n.a.
Total: 226,016 2148,250 100,00 100,00
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HR-MS spectrum of AP3

Intens. CisHasN;07, M+nH, 722.3297|
1+
2000 722.3297
1500
1+
1000 723.3327
500
1+
724.3355 i
Q 725.3382
x1 05 APS5_BD3_01_39974.d: +MS, 0.5-0.6min #27-38|
3.0
722.3302
2.5
20
1.5
723.3325
1.0
05
724.3356
00 7253358
) 7215 722.0 7225 723.0 7235 724.0 7245 725.0 7255 miz
HPLC chromatograms of AP3 (Purity: 98.1%)
[Chromatogram |
3.000 UV_VIS_2 WVL:250 nm
2-10,707
2.500 4
2.000 A
=
£ 1.500
8
c
]
S 1.000
2
500
J QAR a7
: it
-500 - r T T T T T 1
0,0 50 10,0 15,0 20,0 25,0 29,0
Time [min]
|Integration Results
No. |Peak Name Retention Time Area Height Relative Area Relative Height Amount
min mAU*min mAU % % na.
1 10,597 2,737 33,722 1,05 1,18 na.
2 10,707 256,219 2801,090 98,13 97,78 na.
3 11,097 0,991 13,746 0,38 0,48 na.
4 11,207 1,150 16,110 0,44 0,56 n.a.
Total: 261,097 2864,668 100,00 100,00
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TH NMR spectrum of AP4 (600 MHz, DMSO-ds)
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HR-MS spectrum of AP4

lmens,_ CysHasNsOg, M+nH, 666.3286|
1+
2000 666.3286
1500
1000 667?3’317
500
1+
668.3346 1+
a 669.3374
X102 AP2_8D2_01_39973.d: +MS, 0.4-0.6min #24-35|
25
666.3292
20 /\
. |
|
] I
10 ‘ \ 667.3314
[
|
051 | \
’ 668.3334
0.0 } \ 662’255
666.0 666.5 667.0 667.5 668.0 668.5 669.0 miz
HPLC chromatograms of AP4 (Purity: 98.9%)
[Chromatogram
S UV_VIS_2 WVL:250 nm
1-10,713
2.000 -
1,500
= i
<
E
8 1.000
g 4
5
2
< i
500
o] | Lllals 199983
-500 : r T T T T T 1
0,0 5,0 10,0 15,0 20,0 25,0 29,0
Time [min]
Integration Results
No. |Peak Name Retention Time Area Height Relative Area Relative Height Amount
min mAU*min mAU % % n.a.
1 10,713 143,563 2270,069 98,89 98,98 n.a.
2 10,953 1,373 20,275 0,95 0,88 n.a.
3 11,253 0,232 3,045 0,16 0,13 n.a.
Total: 145,168 2293,389 100,00 100,00
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TH NMR spectrum of AP5 (600 MHz, DMSO-ds)
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HR-MS spectrum of AP5

240523_P-575-FH_P032 #3-16 RT: 0.04-0.22 AV: 14 NL: 2.51E7
T: FTMS + p ESI Full ms [250.00-1000.00]

790.39088
=1
100 z
90—
80—
70
60—
3 791.39350
50 z=1
40—
3 788.37599
30j z=1
205 789.37927 792.39648
E z=1 z=1
. 786.36089
10— —
3 z=1
0:
784 786 788 790 792 794 796
m/z
HPLC chromatograms of APS (Purity: 98.0%)
Chromatogram
1000 UV_VIS_2 WVL:250 nm
4-10,893
2.500
2.000
>
£ 1.500
8
c
]
S 1.000 -
o
<
500 -
0+ A 17 20
‘500 = r T T T T T 1
0,0 5,0 10,0 15,0 20,0 25,0 29,0
Time [min]
Integration Results
No. Peak Name Retention Time Area Height Relative Area Relative Height Amount
min mAU*min mAU % % n.a.
1 10,227 0,077 1,457 0,04 0,06 n.a.
2 10,597 1,182 17,087 0,64 0,66 n.a.
3 10,740 0,627 10,899 0,34 0,42 n.a.
4 10,893 181,834 2538,158 97,95 97,89 n.a.
5 11,083 0,840 11,344 0,45 0,44 n.a.
6 11,420 0,085 1,271 0,05 0,05 n.a.
i 11,900 0,109 1,070 0,06 0,04 n.a.
8 12,067 0,229 2,376 0,12 0,09 n.a.
9 12,510 0,536 7,382 0,29 0,28 n.a.
10 12,760 0,118 1,941 0,06 0,07 n.a.
Total: 185,637 2592,986 100,00 100,00
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TH NMR spectrum of AP6 (600 MHz, DMSO-ds)
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HR-MS spectrum of AP6

Intens. Cy7HasNsOg, M#nH, 654.3286]
1+
2000 654.3286
1500
1000 1+
655.3317
500
1+
656.3346 1+
Q 657.3374
X109, AP6_BD4_01_39975.d: +MS, 0.5-0.6min #30-38
25 654.3200
20
15
10 655.3317
05
656.3322
0.0 653.3203 657.3354
653 654 655 656 657 658 mz
HPLC chromatograms of AP6 (Purity: 99.2%)
Chromatogram |
5000 UV_VIS_2 WVL:250 nm
1-10,670
2.500
2.000
=}
< 1.500 ]
8
c
3
S 1.000 -
=)
<
500
§%310.8430
04 T
_500 . r T T T T T 1
0,0 50 10,0 15,0 20,0 25,0 29,0
Time [min]
|Integration Results
No. |Peak Name Retention Time Area Height Relative Area Relative Height Amount
min mAU*min mAU % % n.a.
1 10,670 224,818 2798,499 99,22 99,04 n.a.
2 10,843 1,450 23,594 0,64 0,83 n.a.
3 11,180 0,308 3,592 0,14 0,13 n.a.
Total: 226,576 2825,685 100,00 100,00
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TH NMR spectrum of AP7 (600 MHz, DMSO-ds)

b
@
@
o
)
o
1

s

9P-0SWA &'

I A h' |

06—

T~
[ b

w/l‘H

N POE
Faoe
6T
H\-em. [4

Feco

Foso

T
06'0

11.0 105 100 95 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

11.5

f1 (ppm)

BBC NMR spectrum of AP7 (151 MHz, DMSO-ds)

961—
rae—
b9z~
€a—
962—
60E

ozor—

ot

3\3/.
4114
S91T
&an
81T

2611
n:N—”
m.mw—./
vha ==
5921 —
v
PTEIN
GTEI—
m.mﬂﬂ
9561

m.amT\.

0THT—

6obT—

9451
g8t
0851
z8st

reaT~
€991~
09—
m.mm—.\-
voa”
gza-

w/l‘ﬂ

T T T T T T T
160 150 140 130 120 110 100 90

T
170

f1 (ppm)

S22



HR-MS spectrum of AP7
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Total: 96,098 1499,965 100,00 100,00
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TH NMR spectrum of AP8 (600 MHz, DMSO-ds)
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HR-MS spectrum of AP8
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Integration Results
No. [Peak Name Retention Time Area Height Relative Area Relative Height Amount
min mAU*min mAU % % n.a.
1 10,443 0,589 8,761 1,41 1,29 n.a.
2 10,600 40,847 668,249 97,98 98,21 n.a.
3 10,860 0,047 0,797 0,11 0,12 n.a.
4 10,963 0,102 1,195 0,24 0,18 n.a.
5 12,123 0,105 1,441 0,25 0,21 n.a.
Total: 41,691 680,443 100,00 100,00

S25




TH NMR spectrum of AP9 (600 MHz, DMSO-ds)

9T
8zl
621
0e1
Wi
Wi
w1
€51
e
05T
TSI
Z5T—»
e517/

10
10z
we
€0z
PO'T

6ET

- Feoe
0wz
- e

oot

Fooz

e
W
£V
9P-0SWA 052
52
752
bST
55
52
197
e
e
€07
08z
182
8
98z
687 ﬁ
80€
60E
ore
e
721 |
08E
18E
S8E
98€
£8€
THE
9%
69
S0'S
0§
£05
80
'S
589
989
£6'9
[ZX]
56'9
¢
£0¢
£0¢
bO's
S0¢
90¢
¢
60¢
ore
8¢
BEL
ove
e
8be
05¢
z5¢
£5¢
65¢
09¢
bo's
59¢
59¢
99¢

508
wc.m\n

Fue

oot
Far
ST

ooz
[
w.m b6'0
681

Feoe
00T

Froe

oot
Lot
wm::
we
ot
S0t

o1
W 6T

oot

T
70 65 60 55 5.0
f1 (ppm)

7.5

T T
100 9.5

T
10.5

11.0

1.5

BBC NMR spectrum of AP9 (151 MHz, DMSO-ds)

v
vém./.
ST
19—
682~
0TE~
SE—7
mANm.\
' 8E
)

[N
[

TS
v/

G'E9T
m.G—.ﬂ.
891
EE.V
LN T4 St
:2“
&

T T T T T T T T T
160 150 140 130 120 110 100 90 80
f1 (ppm)

T
170

80

S26



HR-MS spectrum of AP9
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TH NMR spectrum of AP10 (600 MHz, DMSO-ds)
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19F NMR spectrum of AP10 (151 MHz, DMSO-ds)
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HPLC chromatograms of AP10 (Purity: 99.9%)

[Chromatogram
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Integration Results
No. |Peak Name Retention Time Area Height Relative Area Relative Height Amount
min mAU*min mAU % % n.a.
1 11,223 0,143 1,750 0,06 0,06 n.a.
2 11,653 259,587 3098,235 99,94 99,94 n.a.
Total: 259,730 3099,985 100,00 100,00
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HR-MS spectrum of AP1-N
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No. Peak Name Retention Time Area Height Relative Area Relative Height Amount
min mAU*min mAU % % n.a.
1 10,947 62,704 1016,594 97,24 98,09 n.a.
2 11,213 0,665 9,823 1,03 0,95 n.a.
3 11,813 0,389 3,512 0,60 0,34 n.a.
4 12,407 0,213 1,379 0,33 0,13 n.a.
5 13,127 0,075 0,624 0,12 0,06 na.
6 13,953 0,110 1,108 0,17 0,11 na.
7 14,113 0,326 3,376 0,51 0,33 n.a.
Total: 64,481 1036,415 100,00 100,00
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4. Immunoblot replicates
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Replicates for Figure 9A
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N1
(The first set of lysates)

API(1pM) - + - - + - + - + APL(L M) || [#]| [« [« |[#]|= |{#][< ]|+
APLN(L M), [=||= [ 1 [{= [[= = [[=|]= || APLN(LpM). |={ [« | [#[[=|[=][=|]=|[= ]|
Tubastatin A (10 M) - = - + + - - - =« Tubastatin A (I0pM) - = - + + - - - =
Pomalidomide (10 yM) - = - - - + + - =« Pomalidomide (10 yM) - = = - - + + - =«
MLN4924 (10 yM) - = = = = = = + + MLN4924 (10pyM) - = = = = = = + +
HDACGI“ ———-—~—| HDAC6 |*== e —— — —
HDAC10 [ o ———— | HDACIO [wmm o o e s e s s e
GAPDH | - o — | GAPDH s o o o o s e e |
N1_replicate 1 N1_replicate 2
N2
(The second set of lysates)
AP1(1pM) - 4+ - - + - + - +
APINQ M) || = | J | = [1=] = | =] 1= ]|
” Tubastatin A (10pM) - - - + 4+ - - - -
N2_rep||cate1 Pomalidomide (10 pM) - - - - -« + + - -
MLN4924 (10pM) - = = = = =« - + +
HDACG |won v o - - -
HDAC10 pndbendhssedesedh,
GAPDH [__ — o —— e .|
API(1uM) - + - - + - + - + APL(LaM). | = |#] [= ||= | |#][=||#]|=]||#
APIN(IpM) - = 4 = = = = = - APL-N(LuM) |- | [s [ [#] s | =] || [=] o ][
Tubastatin A (10 pM) - - - + + - - - - Tubastatin A (10 M) - = =« + + = -« - =«
Pomalidomide (10 pM) . <« <« - -« + 4+ - = Pomalidomide (10 yM) - = = = =« + + - =
MLN4924 (10 M) = - = = = - = + + MLN4924 (10uM) - = = = = = - + +
HDACE [« - v s o s s s HDACG [™ - o s s s s s s |
HDACI0 [« w— e . —— HDACIO [~ e o oo o e e )
GAPDH [s i o v oo o e e o GAPDH [ e o w1
N2_replicate 2 N2_replicate 3

S34



5. Reference

(1) Herbst-Gervasoni, C. J.; Steimbach, R. R.; Morgen, M.; Miller, A. K.; Christianson, D. W. Structural
Basis for the Selective Inhibition of HDAC10, the Cytosolic Polyamine Deacetylase. ACS Chem. Biol.
2020, /5 (8),2154-2163.

(2) Zhao, C.; Tang, C.; Li, C.; Ning, W.; Hu, Z.; Xin, L.; Zhou, H. B.; Huang, J. Novel hybrid conjugates
with dual estrogen receptor alpha degradation and histone deacetylase inhibitory activities for breast
cancer therapy. Bioorg. Med. Chem. 2021, 40, 116185.

S35



Appendix

7.3 Appendix III. Publication II: Discovery of histone deacetylase 8
(HDACS)-specific proteolysis-targeting chimeras with anti-cancer

activity against hematological malignancies

The following pages include the article “Discovery of histone deacetylase 8§ (HDACS)-specific
proteolysis-targeting chimeras with anti-cancer activity against hematological malignancies”

as it was published in the Journal of Medicinal Chemistry by the American Chemical Society.
The article is reprinted with the permission from:

Shiyang Zhai, Marie Kemkes, Cindy-Esther Kponomaizoun, Jan Gerhartz, Felix Feller, Jia-
Wey Tu, Dominika Ewa Pienkowska, Julian-Schliehe Diecks, Ina Dressel, Michael Giitschow,

Radostaw P. Nowak, Christian Steinebach, Sanil Bhatia, Finn K. Hansen.
J. Med. Chem. 2026, 69, 2, 918-943

https://doi.org/10.1021/acs.jmedchem.5¢00939

Sanil Bhatia and Finn K. Hansen share the senior authorship.

Copyright © 2026, American Chemical Society.
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ABSTRACT: Histone deacetylase 8 (HDACS8) has emerged as ~A I
promising therapeutic target for several malignancies. In this study, we \Nf\f, ﬁ ° v N
developed two series of cereblon (CRBN)-recruiting proteolysis-targeting o BP1 BP6 M
chimeras (PROTACs) for targeted HDACS8 degradation, utilizing the I'e 20:6nM DCso, 241 80x1nM A
selective HDACS inhibitor PCI-34051 as warhead. The pomalidomide/ ,,.N/I S8 AL B P
thalidomide-based series (BP1—BPS) exhibited strong antiproliferative " : Ne°s"l;s':a:e e : §
activity against leukemia and multiple myeloma cells, accompanied by [} ol yiotoxiely b
degradation of CRBN neosubstrates. In contrast, the phenyl glutarimide- \@® o Priew BP6 (iM) NN‘; g "2""
based series (BP6—BP10) displayed low cytotoxicity, no neosubstrate o FeiocSsiosS T
degradation, and enhanced chemical stability. The hit compounds from mpacs [ - —

both series, BP1 (DCsg 4, = 20 nM, Dy 541 = 99%) and BP6 CAPDI [ o0 €0 0 O S0 0 & o e l

(DCs0, 241 = 81 nM, Dy, 241, = 93%), demonstrated highly efficient and

selective HDACS8 degradation. Pretreatment with BP6 enhanced the tumor suppressor pS53 stability, thereby significantly increasing
the sensitivity of leukemia cells to the MDM2 antagonist idasanutlin than PCI-34051, highlighting its unique potential for
combinatorial therapy without impacting neosubstrates.

B INTRODUCTION Although numerous HDACS inhibitors have been developed
over the years, most of them have focused on targeting the
catalytic function of HDACS, showing limited selectivity and
efficacy.””'>™'° This underscores the need for novel
therapeutic strategies that target both its deacetylase activity
and nonenzymatic scaffolding functions.'® Among the newer
promising therapeutic strategies, the proteolysis-targeting
chimera (PROTAC) technology for targeted protein degrada-
tion has initiated a new era in drug discovery.'’ > A PROTAC

frequently mentioned catalytic function, HDACS8 also has molecul.e is assemble_d by _combining 2 protein of i.nterest
scaffolding functions that allow it to interact with transcription (POT) ligand, an E3 ligase ligand, and a linker connecting the

factors such as STAT3 CREB, and DECL® Its critical two w.arh.eellds.' These new therapeutic .modalities. induce
polyubiquitination of the target protein, leveraging the

endogenous ubiquitination process to facilitate its degradation
via the 26S proteasome. Rather than simply inhibiting, a
PROTAC molecule degrades the target protein, thereby
eliminating both the catalytic and scaffolding functions of the

Histone deacetylase 8 (HDACS) is a unique member of the
class I zinc-dependent HDAC family, localized in both the
nucleus and cytoplasm."” It is known to play a crucial role in a
wide range of biological processes, particularly in oncology.’
While it is controversial whether HDACS has histones as
substrates, its function extends to the regulation of nonhistone
proteins such as SMC3, p53, ERRa, and cortactin, thereby
affecting various cellular processes.”” In addition to its

involvement in cancer biology is well-established, with
implications in myeloid leukemia, T-cell lymphoma, hepato-
cellular carcinoma, breast, colon, and lung cancer.>™> For
instance, increased HDACS8 expression was observed in
myeloid leukemia,” and its specific inhibition has been
shown to abrogate leukemic stem cells and delay the

progression of acute myeloid leukemia.'® Moreover, HDACS Received: ~ April 4, 2025
is essential for other biological functions, such as mammalian Revised:  December 9, 2025
development,'' oogenesis, and female fertility,'” further Accepted: December 11, 2025

demonstrating its multifaceted biological significance. Thus, Published: January 2, 2026

HDACS emerges as a compelling target for the treatment of
cancer and other diseases.
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Figure 1. Reported HDAC8 PROTACs and their respective degradation efliciencies.

POL'""*° In particular, this method can achieve enhanced
selectivity, providing a new way to achieve selective
inactivation of a specific protein subtype.'”

In the epigenetic field, especially the HDAC-related area, the
PROTAC technology has enabled the degradation of 11
HDAC subtypes over the years, including HDACI-8,
HDACI0, Sirt2,*' as well as Sirt6.>> More recently, targeting
HDACS for degradation with the PROTAC approach has
received considerable attention, with the first HDACS
PROTAC published by Chotitumnavee et al.'® in 2022. In
this report, the authors used a selective HDACS inhibitor as
the POI warhead and pomalidomide as the E3 ligase ligand to
recruit cereblon (CRBN), resulting in substantial HDACS
degradation in Jurkat cells with a half maximal degradation
concentration (DCg, 54 1,) value of 0.70 #M."® The subsequent
development of various HDAC8 PROTACs using different
HDACS ligands and E3 ligase warheads, along with their
respective potencies, is summarized in Figure 1.

The recruitment of CRBN or von Hippel-Lindau (VHL) as
E3 ligases for HDACS8 degradation has been widely reported in
various studies. As HDACS8 warheads, both hydroxamic acid—
based and hydrazide-based HDACS ligands were employed.
Among the representative molecules, the hydroxamic acid—
based PROTAC CT-4 demonstrated exceptional potency,
achieving DCs o4}, values of 1.8 nM in MDA-MB-231 cells
and 4.7 nM in Jurkat cells.”’ In addition, PROTAC 32a was
recently reported to induce HDACS8 degradation with a single-
digit nanomolar DCg; 544, value.”* Other hydroxamic acid—
based PROTACs, such as compound 4c,'® Z(l—23,25 and
16e,”° showed submicromolar DCg, values across different cell
lines, with compound CRBN_ le”’ reported as a potent
HDACS8 degrader. For the three hydrazide-based HDACS
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PROTACs, all exhibited DCg, values in the nanomolar
concentration range. Compounds YX968”° and YX862,”
which recruit VHL as the E3 ligase, demonstrated potent
HDACS degradation in MDA-MB-231 cells, achieving high
D, values (>95%) and low DCg 41, values of 6.1 nM and 2.6
nM, respectively. Another hydrazide-based compound, Z16,
recruits CRBN with a phenyl glutarimide-based ligand and
demonstrated overall potent HDACS8 degradation in four
different cancer cell lines, achieving a minimum DCg,, 4}, value
of 027 nM in AS49 cells.’® Among reported HDACS
PROTACs, two hydrazide-based examples, YX862 (VHL-
recruiting) and Z16 (CRBN-based), have shown both high
potency and selectivity. In contrast, hydroxamic acid—based
PROTACs employing CRBN ligands generally display poor to
moderate degradation potency or limited selectivity.

In the present study, two sets of selective HDACS
PROTACs were designed utilizing the selective HDACS
inhibitor PCI-34051 as well as immunomodulatory drug
(IMiD)- and phenyl glutarimide (PG)-based CRBN ligands.
Compared to previously reported PCI-34051-based HDACS8
PROTACs,*® our compounds from both sets achieved
prominent and selective HDACS8 degradation, with the
IMiD-based degraders additionally exhibiting potent antipro-
liferative activity against MM.1S multiple myeloma and HL60
leukemia cells.

B RESULTS AND DISCUSSION

Molecular Design and Synthesis

The selective HDACS8 ligand PCI-34051 was employed to
develop HDAC8 PROTACs. Molecular modeling analysis was
performed to determine the optimal linker attachment point

https://doi.org/10.1021/acs.jmedchem.5c00939
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PCI-34051

Figure 2. Superimposed structures of smHDACS (PDB: 6HQY, in gray) and human HDACS8 (PDB: 1T64, in blue). PCI-34051 is depicted in
yellow and trichostatin A in orange. A hydrogen bond is shown in a green dashed line, while the metal chelation interaction is represented in an

orange dashed line.

on the molecule. Based on the solved crystal structure of
Schistosoma mansoni HDAC8 (smHDACS) complexed with
PCI-34051 (PDB: 6HQY), this ligand effectively interacts with
residues within the catalytic pocket and exhibits selectivity for
HDACS.>" Superimposing smHDACS8 (in gray) with the
human HDACS-trichostatin A complex (PDB: 1T64, in
blue)*” revealed strong alignments in their catalytic pockets
and the zinc-binding groups of the ligands (Figure 2). In the
human HDACS structure, the hydroxamic acid group of PCI-
34051 complexes the zinc ion and forms a hydrogen bond with
H143 within the binding pocket, while the 4-methoxybenzyl
moiety in the molecule extends to the outside of the pocket.
Similarly, docking of PCI-34051 into the human HDACS8
crystal structure (Figure S1, Supporting Information) con-
firmed that the 4-methoxybenzyl group protrudes from the
binding pocket. These findings identified the 4-methoxybenzyl
group of PCI-34051 as solvent-exposed and a suitable exit
vector, with the para-position on the phenyl ring selected as
the anchor point for designing HDAC8 PROTAC:s. Typically,
a PROTAC molecule consists of a POI warhead, an E3 ligase
recruiter, and a linker to connect both ligands.17 Using PCI-
34051 as the HDACS warhead, we incorporated commonly
used flexible alkyl and PEG linkers into the PROTAC design.
Additionally, IMiD- and PG-based ligands were employed as
CRBN recruiters, as variations in the E3 ligase ligands have
been shown to impact degrader activity and stability.”

As illustrated in Scheme 1A, the synthetic route begins with
the commercially available methyl 1H-indole-6-carboxylate.
The substitution reaction between this starting material and 1-
(bromomethyl)-4-(prop-2-yn-1-yloxy)benzene resulted in the
formation of compound 1. Similarly, the reaction between
methyl 1H-indole-6-carboxylate and tert-butyl 4-
(bromomethyl)benzoate led to the generation of 2. Sub-
sequently, both compound 1 and compound 2 were subjected
to hydrolysis using lithium hydroxide monohydrate, followed
by acidification with hydrochloric acid to yield the carboxylic
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acids 3 and 4. Compound 3 was then subjected to a HATU-
mediated amide coupling reaction with O-tritylhydroxylamine,
resulting in the synthesis of the key intermediate S.
Subsequently, compound 6 was synthesized via another
amide coupling reaction using 4 and O-benzylhydroxylamine
hydrochloride as the reactants. Finally, the key intermediate 7
was obtained by removing the tert-butyl protecting group in 6
using trifluoroacetic acid (TFA).

Scheme 1B displays the synthesis of IMiD-based CRBN
ligands. Starting from commercially available 2-(2,6-dioxopi-
peridin-3-yl)-4-fluoroisoindoline-1,3-dione, substitution reac-
tions between this starting material and either 2-(2-(2-
azidoethoxy)ethoxy)ethan-1-amine (linker 1) or 2-(2-(2-(2-
azidoethoxy)ethoxy)ethoxy)ethan-1-amine (linker 2) yielded
compound 8 and compound 9, respectively. Similarly,
reactions involving tert-butyl (6-aminohexyl)carbamate (linker
3) or tert-butyl (7-aminoheptyl)carbamate (linker 4)
produced compounds 10 and 11, respectively. For the
synthesis of intermediate 12, the phenol hydroxyl group in
the commercially available 2-(2,6-dioxopiperidin-3-yl)-4-hy-
droxyisoindoline-1,3-dione was substituted with 1-chloro-6-
iodohexane, affording the target compound with a chlorine
atom at the terminus of the attached linker. Subsequently, the
chlorine atom in compound 12 was replaced with an azido
group, leading to the formation of compound 13.

Scheme 1C shows the synthesis of PG-based CRBN ligands.
The process begins with the deprotection of the readily
available compound 14 using TFA to release the free
carboxylic acid group. This deprotected product was then
subjected to the HATU-mediated amide coupling reactions
with linker 1—4, resulting in the formations of compound 15—
18. In an analogous fashion, intermediate 19 was obtained via
esterification with 6-chlorohexan-1-ol. Afterward, the chlorine
atom in compound 19 was subsequently replaced with an
azido group to yield compound 20.
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Scheme 1. Synthesis of HDACS8 Ligands and Linker-Attached CRBN Ligands®
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“Reagents and conditions: (A): (a) 1-(Bromomethyl)-4-(prop-2-yn-1-yloxy)benzene or tert-butyl 4-(bromomethyl)benzoate, Cs,CO;, ACN,
Reflux, 2.5—6 h, 88—92%; (b) (i) LiOH x H,0, THF/MeOH/H,0, 50 °C, 21 h, (ii) HCI (0.5 M in H,0), 49—82% (Two-step Yield); (c) O-
Tritylhydroxylamine or O-benzylhydroxylamine Hydrochloride, HATU, DIPEA, Anhydrous DMF, rt, 15—16 h, 54—82%; (d) TFA, CH,Cl,, rt, 2 h.
(B): (a) 2-(2-(2-Azidoethoxy)ethoxy)ethan-1-amine, 2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethan-1-amine, tert-butyl (6-aminohexyl)carbamate,
or tert-butyl (7-aminoheptyl)carbamate, DIPEA, Anhydrous DMF, 90 °C, 15—17 h, 28—41%; (b) 1-Chloro-6-iodohexane, KI, NaHCOj,
Anhydrous DMF, Dark, 50 °C, 16 h, 71%; (c) NaN;, DMF, 90 °C, 17 h, 72%. (C): (a) (i) TFA, CH,CL, rt, 2 h, (ii) 2-(2-(2-
azidoethoxy)ethoxy)ethan-1-amine, 2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethan-1-amine, tert-butyl (6-aminohexyl)carbamate, or tert-butyl (7-
aminoheptyl)carbamate, HATU, DIPEA, Anhydrous DMF, rt, 16—23 h, 40—76%; (b) (i) TFA, CH,Cl,, rt, 2 h, (ii) 6-Chlorohexan-1-ol, HATU,
DIPEA, Anhydrous DMF, tt, 16 h, 67%; (c) NaN,, DMF, 90 °C, 17 h, 86%.

Following the synthesis of HDACS8 ligands and linker-
attached E3 ligase recruiters, the key intermediates for the
desired HDAC8 PROTACs were synthesized using either
Cu(I)-catalyzed azide—alkyne cycloadditions or amide cou-
pling reactions. Scheme 2 summarizes the synthesis of the key
intermediates 21—30, the IMiD-based HDAC8 PROTACs
BP1-BPS, as well as the PG-based degraders BP6—BP10.
Briefly, compounds 8, 9, 13, 15, 16, and 20, each bearing an
azido group at the linker terminus, were subjected to Cu(I)-
catalyzed azide—alkyne cycloaddition reactions with com-
pound §, leading to the formation of compounds 21-23 and
26—28. These key intermediates contain a trityl-protected
hydroxamic acid moiety. Subsequently, the trityl protecting
group in 21—23 were removed by treatment with TFA in the
presence of triisopropylsilane to generate the IMiD-based
HDACS8 PROTACs BP1—BP3. Similarly, the deprotection of
26—28 afforded the PG-based HDAC8 PROTACs BP6-BPS.
For the synthesis of the precursors 24, 25 and 29, 30 with a
benzyl protecting group, compounds 10, 11 and compounds
17, 18 were first treated with TFA to remove the Boc-
protecting group. The resulting deprotected products were
then subjected to amide coupling reactions to yield the key
intermediates 24, 25 and 29, 30. Finally, the benzyl protecting
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groups in compounds 24, 25 were removed under a hydrogen
atmosphere using Pd/C (5%) as a catalyst to release the zinc-
binding groups and to afford the desired IMiD-based HDAC8
PROTACs BP4—BPS. Similarly, the PG-based HDACS8
PROTACs BP9—BP10 were derived from compounds 29,
30 using the same approach. The structures of the synthesized
HDACS8 PROTACs are summarized in Figure 3.

Target Engagement Assays and Physicochemical
Properties

All synthesized PROTACSs were first evaluated for their in vitro
inhibitory activity against HDACS8 in fluorogenic enzyme
inhibition assays using Leu(Ac)-Gly-Lys(TFA)-AMC as
substrate.’**> The results are summarized in Table 1. Overall,
all HDAC8 PROTACs, except BPS, exhibited inhibitory
activities with ICs, values in the submicromolar concentration
range, suggesting effective target engagement of HDACS in
vitro. To further investigate cellular CRBN target engagement,
NanoBRET assays were conducted as described in previously
reported protocols.*™*” All tested compounds exhibited ICs,
values within the single- or double-digit micromolar range,
confirming CRBN target engagement and cell permeability.
Consistent with previous studies,”® most IMiD-based HDAC8

https://doi.org/10.1021/acs.jmedchem.5c00939
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Scheme 2. Synthesis of IMiD- and PG-Based HDAC8 PROTACs"
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“Reagents and conditions: (A and B): (a) applied for 8, 9, 13, 15, 16, and 20: S, L-ascorbic Acid, CuSO,, DMF/H,0 (10:1), rt, 2—4.5 h, 70—94%;
(b) applied for 10, 11, 17, and 18: (i) TFA, DCM, tt, 2 h, (ii) 7, HATU, DIPEA, Anhydrous DMF, rt, 16 h, 38—60% (Two-step Yields); (c)
applied for 21—23 and 26—28: Triisopropylsilane, TFA, DCM, rt, 2.5 h, 21—73%. (d) applied for 24, 25 and 29, 30: H,, Pd/C, EtOH/MeOH, rt,

Overnight, 39—45%.

PROTACs showed autofluorescence signals at high concen-
trations in the NanoBRET assay. Compounds affected with
high background fluorescence are marked with an asterisk in
Table 1 and the reported ICs, values represent upper
estimates. Interestingly, most PG-based HDAC8 degraders
(except for BP8 vs BP3), displayed stronger inhibition of
HDACS but a weaker CRBN engagement compared to their
IMiD-based counterparts. Next, we compared the physico-
chemical property profiles of PROTACs BP1-BP10 along
with the inhibitors PCI-34051 and CC-220. The phthalimide-
based degraders displayed significantly higher lipophilicity
ranging between elog D = 2.2 and 2.8 compared to PG-derived
PROTAC:, except for BP8. Notably, the lipophilicity of BP1
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to BPS is higher than those of the parent inhibitors, which
might positively influence the permeability of the PROTAC:.
Degraders assembled via click chemistry (BP1—BP3, BP6—
BP8) display a higher topological polar surface area due to the
introduction of polar nitrogen atoms in the linker.
Furthermore, we have determined the binding to human
serum albumin, the most abundant protein in human blood
plasma. Due to the presence of the hydroxamic acid group, a
generally high plasma protein binding (PPB) value was
expected. Indeed, the percentage of bound compound was
estimated to be higher than 95% for PCI-34051 and most of
the PROTACs. BP1 and BP6 constitute exceptions from this
trend, presumably due to the PEGylated linker type.
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Figure 3. Structures of the IMiD- and PG-based HDAC8 PROTACs BP1-BP10.

Table 1. Evaluation of BP1—-BP10 for Target Engagement, Physicochemical Properties, and Maximal Degradation of HDAC8

ICqo (uM)
compd HDACS8“ CRBN” M, (g/mol)
BP1 0.46 + 0.05 7.5% 750.8
BP2 0.41 + 0.02 0.13* 794.8
BP3 0.50 + 0.05 1.6 719.8
BP4 0.62 + 0.06 10%* 664.7
BPS 1.07 + 0.03 1.3*% 678.8
BP6 0.26 + 0.00 30 739.8
BP7 0.25 + 0.00 36 783.8
BP8 0.68 + 0.06 1.0 708.8
BP9 0.25 + 0.03 19 653.7
BP10 0.36 + 0.01 11 667.8
PCI-34051 0.16 + 0.01 n.d. 296.3
CC-220 n.d. 0.0015 449.5

elog D ,° TPSA (A%)? PPB (%)° NRotB" Dy, (%)8

g V74 24 h
23 208 95 11 83
22 217 97 21 94
2.5 187 97 16 92
2.5 179 97 15 53
2.8 179 97 16 93
1.6 196 93 21 93
1.6 206 96 24 90
2.5 176 97 19 0
1.7 167 96 18 94
1.9 167 96 19 91
1.8 63 96 5 n.d.
1.6 38 85 6 n.d.

“Biochemical HDACS inhibition assay, Leu(Ac)-Gly-Lys(TFA)-AMC was used as substrate. ®NanoBRET CRBN target engagement assay.
Asterisks (*) indicate compounds with high background fluorescence; ICjj, values should be considered as an upper estimate. n.d.: not determined.
“Distribution coefficients at pH = 7.4 were estimated by a HPLC-based method. “Topological polar surface area is given in A2, “Plasma protein
binding, experimentally determined percentage of compound bound to human serum albumin.”NRotB, number of rotatable bonds. €D, , 1, maximal
degradation of HDACS after treatment of MM.1S cells for 24 h with S uM of the respective degrader.

HDAC8 Degradation, Effects on CRBN Neosubstrates, and
Antiproliferative Activity

In the next step, compounds BP1-BP10 were evaluated for
their HDAC8 degradation efficacy in MM.1S cells. As shown
in Figure 4A, most degraders achieved substantial HDACS
degradation at S yM after 24 h of incubation, except for BP8
from the PG-based series (see Table 1 for D,, }, values). Under
the same conditions, the protein levels of GSPT1 and IKZF3,
known neosubstrates of CRBN ligands, were also assessed. As
expected, strong degradation of IKZF3 was observed for IMiD-
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based degraders but not for the PG-based analogs. Significant
GSPT1 degradation was induced by IMiD-based BP1—BP2
and BP4—BPS, as well as the PG-based BP10.

To investigate the relationship between protein degradation
and antiproliferative activity, we next evaluated the anti-
proliferative activity of the degraders in MM.1S and HL60 cells
(Figure 4B). Interestingly, the IMiD-based PROTACs BP1—
BPS displayed potent cytotoxicity in both cell lines, whereas
the PG-based degraders BP6—BP10 showed minimal or no
antiproliferative effects. Specifically, the IMiD-based BP1—
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Figure 4. (A) Degradation of HDACS8, GSPT1, and IKZF3 mediated by HDAC8 PROTACs BP1-BP10 in MM.1S cells. MM.1S cells were
treated with BP1—BP10 at a concentration of S uM for 24 h. HDACS8, GSPT1 and IKZF3 levels were detected by immunoblot analysis. DMSO
was used as vehicle control and GAPDH as loading control. Representative images from a total of n = 3 replicates. (B) Antiproliferative activity of
BP1-BP10 against MM.1S and HL-60 cells. (C) Determination of HDAC8 DCj, values for IMiD-based BP1 and PG-based BP6. MM.1S cells
treated for 24 h with BP1 and BP6 at different concentrations. HDACS levels were detected by immunoblot analysis. DMSO was used as vehicle
control and GAPDH as loading control. Pooled data from n = 2 biologically independent experiments, each performed in triplicates. One
representative image is shown. (D) Rescue experiment for HDACS. Pretreatments of MM.1S cells for 30 min were carried out in the cotreatment
groups containing the PCI-34051 (10 M), pomalidomide (10 zM), MLN4924 (10 uM), as well as MG132 (1 uM). Afterward, BP1 (1 M) was
added, and the cells were incubated for an additional 6 h. DMSO was used as vehicle control and GAPDH as loading control. BP1 served as
positive control and BP1—N as negative control. Representative image of n = 2 biologically independent experiments, each performed in duplicates.
(E,F) Quantitative proteomics of MOLT-4 cell lysates after treatment with 1 uM of BP1 (E) or BP6 (F) for 24 h. Important hits are labeled in red
dots with the thresholds: Fold change > 2 and P value < 0.001. Other HDAC subtypes are labeled in purple dots.
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Figure S. (A) Analysis of the HDACS selectivity of BP1 and BP6. MM.1S cells were treated with BP1 and BP6 at a concentration of 1 M for 24
h. HDAC1, HDAC3, HDACG6, and HDACS levels were detected by immunoblot analysis. DMSO was used as vehicle control and GAPDH as
loading control. Representative images from a total of n = 3 replicates. (B) Analysis of protein levels of H3K27Ac, acetylated SMC3, a-tubulin, and
histone H3. MM.1S cells were treated with BP1 and BP6 at a concentration of 1 uM for 24 h. Acetylated SMC3, acetylated a-tubulin, acetylated
histone H3, and H3K27Ac levels were detected by immunoblot analysis. DMSO was used as vehicle control, vorinostat (SAHA) as positive control
and GAPDH as loading control. Representative images of n = 2 biologically independent experiments, each performed in duplicates; H3K27Ac
band from n = 2 biologically independent experiments. (C, D) Long-term degradation of HDAC3 and HDACS caused by BP1 and BP6. MM.1S
cells were treated with BP1 and BP6 at a concentration of 1 yM for 48 h (C) and 72 h (D). HDAC3 and HDACS levels were detected by
immunoblot analysis. PCI-34051 was included as negative control. DMSO was used as vehicle control and GAPDH as loading control.
Representative image from a total of n = 3 replicates (E) HDAC3 and HDACS degradation caused by BP1 and BP6 in MDA-MB-231 cells. MDA-
MB-231 cells were treated with BP1 and BP6 at concentrations of 1 and 5 uM for 24 h. HDAC3 and HDACS levels were detected by immunoblot
analysis. DMSO was used as vehicle control and GAPDH as loading control. Representative images from n = 2 replicates.

BPS exhibited ICy, values ranging from 0.73 to 4.10 M in
MM.1S cells, with similar results observed in HL60 cells for
BP1 and BP3. These differences in antiproliferative activity
between IMiD- and PG-based HDACS8 degraders may arise
from their varying abilities to degrade neosubstrates. We
further validated these findings in MM.1S and MV4-11
leukemia cells treated with pomalidomide alone, BP6 alone, or
their combination. While pomalidomide alone significantly
reduced cell viability, BP6 alone had no detectable effect.
Importantly, the combination of BP6 with pomalidomide did
not produce any additional cytotoxicity compared to
pomalidomide alone (Figure S2, Supporting Information).
Based on the protein degradation and antiproliferative activity
data, we selected the IMiD-based degrader BP1 and the PG-
based counterpart BP6 for a detailed investigation.

DC;, Value Determination and Mode of Action Studies

Subsequently, to quantify the HDACS8 degradation efficiency
of BP1 and BP6, we determined their DCy values. As shown
in Figure 4C, both compounds displayed prominent HDACS
degradation at low concentrations (e.g,, 1 #M). A slight “hook
effect” was observed at 10 uM for BP1 but not for BP6. The
quantification of the data revealed a DCy, value of 20 nM for
BP1 (D, 24n = 99%), which was four times lower than that
of BP6 (DCy = 81 nM, Dy, 241 = 93%). Although the use of
different cell lines complicates direct comparison, these results
indicate that BP1 and BP6 exhibit enhanced degradation
efficacy relative to the previously reported PCI-34051-based
HDAC8 PROTAC 16e (DCy, = 580 nM in A549 cells).”

925

Since HDAC3 shares high structural similarity with HDAC8
and a previous study showed the dual degradation of these two
subtypes,”® we also investigated the HDAC3 degradation with
both BP1 and BP6. As a result, HDAC3 levels were not
affected significantly at the tested concentrations (Figure S3,
Supporting Information), confirming the selectivity for both
compounds for HDAC8 over HDAC3. Additionally, time-
course experiments were performed to examine the dynamics
of HDACS8 degradation at 3, 6, 14, and 24 h. As shown in
Figure S4 (Supporting Information), both compounds
significantly degraded HDACS8 starting at 6 h, confirming
their rapid activity in promoting HDACS8 degradation.

To confirm the involvement of ubiquitin-proteasome system
(UPS) in the degradation of HDACS8 by BPI, rescue
experiments were conducted using binding competitors as
well as neddylation and proteasome inhibitors. Furthermore,
the nondegrading control BP1—N (see Scheme S1, Supporting
Information) containing a methylated glutarimide ring to
prevent CRBN binding was synthesized and used for
comparison. Due to the increased cytotoxicity from cotreat-
ments and the confirmed HDAC8 degradation at 6 h, the
treatment duration was reduced to 6 h. In the subsequent
mode of action studies, MM.1S cells were pretreated for 0.5 h
with competitors (PCI-34051 or pomalidomide), MLN4924
(neddylation inhibitor), or MG132 (proteasome inhibitor),
followed by 6 h of treatment with BP1 (1 uM); the results are
summarized in Figure 4D. Only BP1 alone induced significant
HDACS8 degradation, whereas BP1-N had no effect.
Furthermore, the HDACS8 level recovered for the groups
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Figure 6. (A) Ternary complex modeling of HDAC8-BP6-CRBN using an established protocol.*>*' HDACS is shown in light cyan and CRBN in
light orange. Hydrogen bonds are shown as yellow dashes, H—7 interactions are shown as green dashes and metal chelation is indicated as purple
dashes. (B) TR-FRET ternary complex formation between HDAC8 and CRBN in the presence of BP6. CC-200 pretreatment (1 yM) diminished
the formation of HDAC8-BP6-CRBN ternary complex. Data is shown as mean + SD of n = 4 replicates.

with pretreatments, confirming that BP1 induced HDACS8
degradation via HDAC8 and CRBN binding as well as
neddylation-dependent proteasomal degradation.

Quantitative Proteomics, and Selectivity Studies

Next, we assessed the selectivity of BP1 and BP6 for HDAC
subtype degradation using quantitative proteomics analysis. To
this end, MOLT-4 cells were treated with 1 uM of BP1 and
BP6 for 24 h. As shown in Figure 4E and Figure 4F, we
successfully monitored the protein levels of HDAC1—4 and
HDAC6-8. Significant HDAC8 degradation was observed for
both BP1 and BP6. Notably, none of other detected HDAC
isoforms were significantly downregulated in both cases.
Analysis of CRBN neosubstrate degradation revealed notable
differences between BP1 and BP6. PG-based BP6 showed no
reduction of protein levels of typical neosubstrates, whereas
IMiD-based BP1 induced significant degradation of well-
characterized neosubstrates, including IKZF1, IKZF3, ZFP91,
and RAB28. Overall, treatment with BP1 resulted in a
substantial alteration in the expression of approximately 250
and 200 upregulated and downregulated proteins, respectively,
whereas BP6 influenced the expression of only ~60 and ~40
proteins (Figure SS, Supporting Information). A considerable
proportion of these differentially expressed proteins overlapped
between BP1 and BP6. This finding suggests that BP6 exhibits
greater specificity toward HDACS8 with reduced off-target
effects, as indicated by the markedly lower number of proteins
uniquely affected by BP6 compared to BP1. These findings
align closely with the immunoblot analysis results (Figure 4A)
and provide a potential explanation for the distinct activity
profiles observed in the viability assays (Figure 4B).

Based on these proteomics results, we further confirmed the
selectivity of BP1 and BP6 through immunoblot analysis. In
this experiment, HDAC1, HDAC3 and HDACS from class I
HDACs as well as HDAC6 from class IIb were chosen as
representative isoforms. Additionally, the levels of their
substrate proteins Ac-histone H3 (known as a substrate for
HDAC1-3), Ac-a-tubulin (known as HDACS6 substrate), and
Ac-SMC3 (known as HDACS substrate) were also inves-
tigated. The results are summarized in Figure S. As shown in
Figure SA, no significant degradation of HDAC1, HDAC3 and
HDAC6 was observed for both compounds, consistent with
the proteomics results, whereas HDAC8 was almost
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completely degraded. Figure SB displays the levels of the
monitored substrates; vorinostat (SAHA) was taken as a
positive control. Notably, both BP1 and BP6 significantly
upregulated Ac-SMC3 compared to the DMSO and vorinostat
groups, indicating their potent HDACS inactivation. Again, the
IMiD-based degrader BP1 demonstrated stronger effects than
the PG-based BP6, consistent with their DCy, values. Ac-a-
tubulin, a marker of HDAC6 inhibition or degradation, showed
no upregulation following BP1 or BP6 treatment, whereas a
strong increase was observed with vorinostat. Similarly, neither
degrader affected Ac-histone H3 levels, while vorinostat
treatment induced histone H3 hyperacetylation. A previous
study showed that H3K27 acetylation levels were inversely
correlated with global HDACS protein levels.”® Therefore, the
Ac-histone H3 level was also investigated with a site-specific
(Ac-Lys27) antibody. As shown in Figure 5B, H3K27Ac levels
remained unchanged for both HDACS8 degraders. These
results suggest that BP1 and BP6 reduce HDACS activity
without affecting the activity of HDAC1 and HDACG.

In summary, these findings confirm that both the IMiD-
based BP1 and PG-based degrader BP6 selectively degrade
HDACS without impacting other subtypes, identifying them as
potent and selective HDACS8 degraders.

Compound Stability and Degradation in MDA-MB-231
Breast Cancer Cells

Compound stability is a critical factor in degrader develop-
ment. Therefore, we assessed BP1 and BP6 for HDACS
degradation in MM.1S cells following 48- and 72 h incubation
periods. HDAC3 degradation was also investigated at these
two time points. As shown in Figure SC,D, no degradation for
HDAC3 was observed, but both compounds effectively
induced HDACS8 degradation even after 48 or 72 h of
incubation, while the parent inhibitor PCI-34051 showed no
reduction of HDACS level, as expected. However, HPLC
experiments’” indicated that a prolonged incubation of either
PROTAC in PBS buffer at pH 7.4 led to a more pronounced
decomposition of BP1 compared to BP6 (29% and 85%
starting material left after 48 h, Figure S6, Supporting
Information). Furthermore, BP1 (Cl, = 201 uL/min/mg)
and BP6 (Cl, = 320 uL/min/mg) showed limited micro-
somal stability against human liver microsomes. Nevertheless,
based on the data shown in Figure SC,D, both compounds
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Figure 7. Cell proliferation assay was performed on HL60 leukemia cells treated with either DMSO, BP1, BP6, the nondegrading control BP1-N
or PCI-34051 (PCI) at 3 M. Vorinostat (0.5 uM or 1 uM) was included as a reference control. Cell counts were measured after 24, 48, and 72 h
of treatment. The y-axis shows cell number, while the x-axis indicates the treatment conditions. Data represent mean =+ standard deviation of three
replicates per treatment group. Statistical analysis was performed using one-way ANOVA, followed by Tukey’s multiple comparisons test to assess
pairwise differences between groups. All data sets met the assumption of normality. Adjusted P values for all pairwise comparisons are provided in

Supporting Information Table S1.

appear to be sufficiently stable to achieve potent and durable
HDACS depletion.

To confirm that the degradation efficiency of BP1 and BP6
is not restricted to hematological cancers, we selected the
triple-negative breast cancer cell line MDA-MB-231 as a
representative solid cancer cell line. To this end, MDA-MB-
231 cells were incubated with BP1 or BP6 in concentrations of
1 and 5 uM for 24 h; the results are depicted in Figure SE.
Under the tested conditions, significant HDACS8 degradation
was observed in this cell line. The IMiD-based degrader BP1
almost completely degraded HDACS8 and exhibited stronger
HDACS8 degradation compared to PG-based BP6, aligning
with the results from MM.1S cells. These findings highlight
BP1’s superior HDAC8 degradation potency over BP6 in
hematological and solid cancer cells. Consistently, HDAC3
levels were unchanged in this cell line under the tested
conditions.

Ternary Complex Modeling and TR-FRET Ternary Complex
Assays

To elucidate the underlying molecular mechanism of BP1- and
BP6-induced HDACS degradation, the formation of HDACS-
BP1/BP6-CRBN ternary complexes was investigated using
both in silico modeling and in vitro assays. As a result, the
modeling revealed convincing ternary complex formation for
both BP1 (Figure S7A, Supporting Information) and BP6
(Figure 6A). In both models, the hydroxamic acid ZBG
chelated the Zn>" ion in the HDACS active site and engaged in
hydrogen bonds with G151 and Y306. In turn, the glutarimide
group of the CRBN ligand formed a key hydrogen bond with
H378, along with additional hydrogen bonds and arene-H
interactions with the residues within the thalidomide-binding
pocket. Collectively, these interactions stabilize the ternary
complex formation for BP1 and BP6. Consistently, TR-FRET
assays confirmed robust ternary complex formation for BP6,
which was reduced by pretreatment with the CRBN ligand
iberdomide (CC-200) by blocking the CRBN binding site
(Figure 6B). In contrast, autofluorescence interference
precluded reliable assessment of BP1 (Figure S7B, Supporting
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Information), consistent with the observations in the Nano-
BRET CRBN engagement assay.

BP1 Treatment Inhibits Cellular Proliferation of HL60
Leukemia Cells

To evaluate the antileukemic activity of HDACS-targeting
PROTACs, HL60 leukemia cells were treated with BP1, BP6,
the nondegrading control BP1-N, or PCI-34051 (3 uM).
Vorinostat was used as a control for the proliferation assay
(Figure 7). Treatment with BP1 resulted in a significant
reduction in cell proliferation at 72 h compared to BP6 and
BP1—N. These findings are consistent with proteomics data,
which showed that the PG-based BP6 did not reduce the
protein levels of typical neosubstrates. In contrast, the IMiD-
based BP1 induced significant degradation of well-charac-
terized neosubstrates, such as IKZF1 and IKZF3, potentially
contributing to the inhibition of HL60 cell proliferation.

BP6 Synergizes with the MEK Inhibitor Cobimentinib

Since BP6 treatment alone did not induce degradation of
neosubstrates or exhibited antileukemic effects in HL60 cells, it
may serve as a useful tool for studying the specific
consequences of HDACS8 loss. Thus, to identify potential
therapeutic vulnerabilities associated with HDACS8 degrada-
tion, we utilized an ex vivo high-throughput drug screening
platform.”>** This platform included a library of 48 clinically
relevant chemotherapeutics and targeted inhibitors commonly
used in leukemia treatment (Table S2, Supporting Informa-
tion). HL60 cells were pretreated with BP6 (1 uM) for 6 h to
induce HDAC8 degradation before being seeded onto drug
library plates for an additional 72 h (Figure 8A). Notably, BP6-
treated cells exhibited significantly increased sensitivity to the
MEK inhibitor cobimetinib compared to vehicle-treated
control (Figure 8B). To validate these findings, we performed
combination experiments using BP6 with cobimetinib at 500
nM, 1 uM, and 2 uM in HL-60 and MV4—11 leukemia cells.
Across all conditions, particularly at the lower concentrations,
BP6 consistently enhanced the cytotoxic effects of cobimetinib
(Figure 8C,D). As controls, we included HDACS inhibitor
PCI-34051 as well as BP8, a less efficient HDAC8 degrader
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Figure 8. High-throughput drug combination screening. (A) HL60 cells were pretreated with either BP6 (1 4uM) or DMSO as a control for 6 h.
Preprinted library plates containing of 48 FDA-approved agents used to treat leukemia were seeded with pretreated HL60 cells at a density of 0.04
X 10° per mL and incubated for 72 h. Cell viability was assessed via CellTiter-Glo luminescent assay and the ICj, values for the inhibitors were
determined by plotting raw data (normalized to DMSO) with nonlinear regression [log(inhibitor) vs normalized response] variable slope function
in GraphPadPrism. (B) Volcano Plot highlighting differential drug sensitivity after 6 h of BP6 pretreatment vs DMSO. Threshold for significance
was set to p < 0.0S. Logl0(ICy,) differences were calculated by subtracting the logl0(ICs,) of the BP6-pretreated sample from that of the
respective (DMSO) control. (C,D) Cell viability was assessed via CellTiter-Glo luminescent assay after 72 h. The y-axis shows cell death [%]
normalized to each DMSO control, while the x-axis indicates the treatment conditions of cobimetinib (left) or BP6 (middle and right). Error bars
represent mean + SD (n = 3). Statistical analysis was performed using two-way ANOVA, followed by Tukey’s multiple comparisons test to assess
pairwise differences between groups. All data sets met the assumption of normality.

from the same series as BP6. However, both PCI-34051 and suggest that the observed enhancement of cobimetinib
BP8 also increased sensitivity to cobimetinib to a similar extent sensitivity is not solely dependent on HDACS8 degradation
as BP6 (Figure S8, Supporting Information). These findings but is likely mediated by HDAC8 enzymatic inhibition. These
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Figure 9. Effect of HDAC8 modulation on drug-induced cell death. (A) Cells were pretreated with either HDAC8 PROTAC (BP6), negative
control PROTAC (BP8), or HDACS inhibitor (PCI) for 6 h prior to treatment with idasanutlin. Idasanutlin was treated at 1 uM. Apoptotic cells
[%] were measured after 15 or 48 h. Error bars represent mean + SD (n = 3). Statistical analysis was performed using a student’s t-test (unpaired,
two-tailed). (B) MV4—11 cells were pretreated with BP6 for 6 h and followed by 48 h treatment of idasanutlin (IDA). Cell lysates were analyzed
by Western blotting with antibodies against pS3 and GAPDH. (C) Densitometric analysis of Western blot bands corresponding to pS3 protein
levels. Protein expression was normalized to the respective loading control (GAPDH) and presented relative to control conditions. Error bars
represent mean + SD (n = 3). Statistical analysis was performed using a student’s t-test (unpaired, two-tailed).

results align with previous studies demonstrating that HDAC
inhibition can potentiate sensitivity to MEK inhibitors,"*
suggesting that targeting HDAC8 may enhance the therapeutic
efficacy of MEK inhibition in leukemia.

BP6-Mediated HDAC8 Degradation Stabilizes the Tumor
Suppressor p53 and Sensitizes Leukemia Cells to MDM2
Inhibition

Previous studies have shown that HDACS interacts with and
deacetylates pS3, reducing its stability and pro-apoptotic
activity, whereas HDACS8-deficient cells display p53 hyPer:
activation and increased apoptosis under genotoxic stress. >
We therefore hypothesized that HDAC8 degradation would
enhance pS3 activation compared to HDACS inhibition. To
investigate the impact of HDAC8 modulation on pS53 activity
and drug response, we compared selective HDAC8 degrada-
tion (BP6) with HDACS inhibition (PCI-34051) in TPS3

929

wild-type MV4—11 cells. We also included BPS, a less efficient
HDACS degrader from the same series as BP6, as a control.
Pretreatment with BP6 for 6 h sensitized MV4—11 cells to the
MDM?2 antagonist idasanutlin, leading to significantly higher
apoptosis after 15 and 48 h of treatment, in contrast to PCI-
34051 and BP8 (Figure 9A). In line with the previous
studies,'”*> BP6 pretreatment markedly increased p53 stability
compared to PCI-34051 and BP8 (Figure 9B). These findings
highlight that BP6, despite its modest intrinsic cytotoxicity in
leukemia cells, effectively primes pS3-mediated apoptosis and
represents a promising candidate for combinatorial therapeutic
strategies targeting pS3-dependent pathways in leukemia.

B CONCLUSIONS

This study reports on the design, synthesis, and biological
evaluation of two sets of HDAC8 PROTACs. Both series
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utilize PCI-34051 as a selective HDACS8 warhead in
combination with established linkers and either IMiD- or
PG-based CRBN recruiters. This strategy led to the discovery
of IMiD-based BP1 and its PG-based counterpart BP6 as
potent and highly selective HDAC8 degraders with a DCyq 541,
of 20 nM and 81 nM in MM.IS cells, respectively.
Interestingly, BP1 and BP6 exhibited notable differences in
several aspects, particularly in cytotoxicity, neosubstrates
degradation, and chemical stability. Specifically, the IMiD-
based BP1 induced potent degradation of GSPT1 and IKZF3,
accompanied by promising cytotoxicity in MM.1S and HL60
cells, whereas the PG-based BP6 showed neither neosubstrate
degradation nor cellular toxicity. Notably, the PG-based BP6
demonstrated significantly greater chemical stability than the
IMiD-based BP1 in PBS buffer (pH 7.4) after 48 h of
incubation. BP6 pretreatment promoted pS3 stabilization,
leading to a significantly stronger sensitization of leukemia cells
to the MDM2 inhibitor (idasanutlin) than observed with PCI-
34051. These findings highlight BP6 as a promising candidate
for combinatorial approaches that potentiate pS3 signaling
while sparing neosubstrate degradation.

B EXPERIMENTAL SECTION

Chemistry

General Information. Chemicals and solvents are commercially
available and used without further purification, if not stated otherwise.
For all HPLC purposes, acetonitrile in HPLC-grade quality
(HiPerSolv CHROMANORM, VWR) was used. Water was purified
with a PURELAB flex (ELGA VEOLIA). Air-sensitive reactions were
carried out under nitrogen or argon atmosphere. Mixtures of two or
more solvents are specified as “solvent A”/“solvent B”, 3/1, v/v;
meaning that 100 mL of the respective mixture consists of 75 mL of
“solvent A” and 25 mL of “solvent B”. Thin-layer chromatography
(TLC) was carried out on prefabricated plates (silica gel 60, F,q,,
Merck). Components were visualized either by irradiation with
ultraviolet light (254 or 366 nm) or by staining appropriately.
Column Chromatography: If not stated otherwise, column
chromatography was carried out on silica gel (60 A, 40—60 um,
Acros Organics). In addition, a flash column system (puriFlash XS
520 Plus, Advion Interchim Scientific) was utilized for the purification
of the synthesized compounds. Nuclear Magnetic Resonance
Spectroscopy (NMR): Proton (*H) and carbon (3C) NMR spectra
were recorded either on a Bruker AVANCE 500 MHz at a frequency
of 500 MHz ('H) and 126 MHz (**C) or on a Bruker AVANCE III
HD 600 MHz at a frequency of 600 MHz ('H) and 151 MHz (*C).
The chemical shifts are given in parts per million (ppm). As solvents
deuterated chloroform (CDCl;) and deuterated dimethyl sulfoxide
(DMSO-dg) were used. The residual solvent signal (CDCly: 'H
NMR: 7.26 ppm, *C NMR: 77.1 ppm; DMSO-dgs: 'H NMR: 2.50
ppm, *C NMR: 39.52 ppm) was used for calibration. The multiplicity
of each signal is reported as singulet (s), doublet (d), triplet (t),
quartet (q), pentet (p), sextet (sext), multiplet (m) or combinations
thereof. Multiplicities and coupling constants are reported as
measured and might disagree with the expected values. Mass
Spectrometry: High resolution electrospray ionization mass spectra
(HRMS-ESI) were acquired with Bruker Daltonik GmbH micrOTOF
coupled to a an LC Packings Ultimate HPLC system and controlled
by micrOTOFControl3.4 and HyStar 3.2-LC/MS, with a BrukerDal-
tonik GmbH ESI-qTOF Impact II coupled to a Dionex UltiMateTM
3000 UHPLC system and controlled by micrOTOFControl 4.0 and
HyStar 3.2-LC/MS or with a micrOTOF-Q mass spectrometer
(Bruker) with ESI-source coupled with an HPLC Dionex UltiMate
3000 (Thermo Scientific). Low resolution electrospray ionization
mass spectra (LRMS-ESI) were acquired with an Advion expression
compact mass spectrometer (CMS) coupled with an automated TLC
plate reader Plate Express (Advion). High Performance Liquid
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Chromatography (HPLC): A Thermo Fisher Scientific UltiMate 3000
UHPLC system with a Nucleodur 100—SC18 (250 X 4.6 mm,
Macherey Nagel) with a flow rate of 1 mL/min and a temperature of
25 °C or a 100—5 C18 (100 X 3 mm, Macherey Nagel) with a flow
rate of 0.5 mL/min and a temperature of 25 °C with an appropriate
gradient were used. For preparative purposes a AZURA Prep. 500/
1000 gradient system (Knauer) with a Nucleodur 110—5 C18 HTec
(150 x 32 mm, Macherey Nagel) column with 20 mL/min was used.
Detection was implemented by UV absorption measurement at a
wavelength of 4 = 220 nm and 4 = 250 nm. Bidest. H,O (A) and
ACN (B) were used as eluents with an addition of 0.1% TFA for
eluent A. Purity: The purity of all final compounds was 95% or
higher. Purity was determined via HPLC with the Nucleodur 100—$
C18 (250 X 4.6 mm, Macherey Nagel) at 250 nm. After column
equilibration for S min, a linear gradient from 5% A to 95% B in S min
followed by an isocratic regime of 95% B for 12 min was used.

General Procedures

General Procedure a for the Synthesis of Compound 21-23
and 26-28. To the solution of cereblon ligands with an azido group
at the linker terminus (1 equiv) in DMF/H,0 (S mL/0.5 mL),
compound § (1.0S equiv), ascorbic acid (3 equiv), and CuSO, (1
equiv) were added. The mixture was stirred at room temperature for
2—4.5 h. Next, the mixture was poured into water (100 mL) and
extracted with ethyl acetate (3 X 30 mL). The combined organic layer
was then washed with water (3 X 50 mL) and followed by brine (50
mL), dried over anhydrous Na,SO,, filtered, and concentrated in
vacuo to provide the crude products, which were then purified by
silica column chromatography.

General Procedure B for the Synthesis of Compound 24—
25 and 29-30. To a solution of cereblon ligands with an Boc-
protected amino group at the linker terminus (1 equiv) in DCM (§
mL), TFA (2 mL) was added and the mixture was stirred at room
temperature for 2 h. The complete removal of tert-butyl group was
monitored by TLC. Afterward, the mixture was dried in vacuo to
provide the crude product for the next step. To a solution of
compound 7 (1.05 equiv) in anhydrous DMF (3 mL), HATU (2
equiv) and DIPEA (3 equiv) were added. The mixture was stirred at
room temperature for 0.5 h. Afterward, a solution of the respective
Boc-deprotected compound (1 equiv) in anhydrous DMF (2 mL) was
added and the reaction mixture was then stirred for 16 h at room
temperature. The mixture was poured into water (100 mL) and
extracted with ethyl acetate (3 X 30 mL). The combined organic layer
was then washed with water (3 X 50 mL) and brine (50 mL), dried
over anhydrous Na,SO,, filtered, and concentrated in vacuo to yield
the crude products, which were subsequently purified by silica column
chromatography.

General Procedure C for the Synthesis of Compounds BP1—
BP3 and BP6—BP8. To a solution of compound 21-23 and 26—28
in DCM (§ mL), triisopropylsilane (0.5 mL) was added. The mixture
was stirred for 30 min, followed by the addition of TFA (2 mL). The
reaction was then stirred at room temperature for 2.5 h. Subsequently,
the solvents were evaporated under reduced pressure and the crude
product was purified by reverse-phase flash column chromatography
(0—100% ACN in water, 0—30 min).

General Procedure D for the Synthesis of Compounds
BP4—BP5 and BP9—BP10. To a solution of compound 24—25 and
29-30 (1 equiv) in methanol/ethanol (10 mL), Pd/C (5% palladium
on carbon, 0.05 equiv) was added. The flask was evacuated and
flushed with H, and the mixture was stirred at room temperature
under H, atmosphere overnight. The completion of the reaction was
monitored by HPLC and additional Pd(OH),/C (0.05 equiv) was
added to the system if the conversion was not complete.”® The
resulting reaction solution was filtered over Celite and the solvents
were removed under reduced pressure. The subsequent purification
was carried out utilizing reverse-phase flash column chromatography
(0—100% ACN in water, 0—30 min).

Methyl 1-(4-(prop-2-yn-1-yloxy)benzyl)-1H-indole-6-carboxylate
(1). To a solution of 1-(bromomethyl)-4-(prop-2-yn-1-yloxy)benzene
(2.40 g, 10.7 mmol, 1 equiv) and Cs,CO; (6.95 g 21.3 mmol, 2
equiv) in acetonitrile (150 mL), methyl 1H-indole-6-carboxylate
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(2.05 g, 11.7 mmol, 1.1 equiv) was added. The mixture was refluxed
for 2.5 h. The completion of the reaction was monitored by TLC. The
solvent was removed in vacuo. The crude product was then dissolved
in a mixture of ethyl acetate (100 mL) and water (100 mL). The
extraction was performed with the ethyl acetate (3 X 100 mL) and the
combined organic layers were washed with brine and dried over
anhydrous Na,SO,. The filtrate was concentrated in vacuo to afford
the crude product, which was then purified by silica column (CyH/
EtOAc 3:1, v/v) to yield compound 1 (3.01 g, 88%). "H NMR (600
MHz, CDCL,) &: 8.11 (d, ] = 1.3 Hz, 1H), 7.80 (dd, J = 8.3, 1.4 Hz,
1H), 7.65 (d, J = 8.3 Hz, 1H), 7.25 (d, ] = 3.1 Hz, 1H), 7.10 — 7.06
(m, 2H), 6.94 — 6.90 (m, 2H), 6.57 (dd, ] = 3.1, 0.9 Hz, 1H), 5.32 (s,
2H), 4.66 (d, ] = 2.4 Hz, 2H), 3.92 (s, 3H), 2.51 (t, ] = 2.4 Hz, 1H).
13C NMR (151 MHz, CDCL,) §: 168.3, 157.3, 135.8, 132.4, 131.4,
130.1, 1284, 123.5, 120.7, 120.7, 115.4, 112.1, 102.2, 78.5, 75.8, 56.0,
52.1, 49.7. LC—=MS (ESI) [M + H]* m/z: 320.2.

Methyl 1-(4-(tert-butoxycarbonyl)benzyl)-1H-indole-6-carboxy-
late (2). To a solution of tert-butyl 4-(bromomethyl)benzoate (2.00
g, 7.38 mmol, 1 equiv) and Cs,CO; (4.81 g, 14.8 mmol, 2 equiv) in
acetonitrile (150 mL), methyl 1H-indole-6-carboxylate (1.42 g, 8.11
mmol, 1.1 equiv) was added. The mixture was refluxed for 6 h. The
completion of the reaction was monitored by TLC. The crude
product was obtained following the procedures for preparing
compound 1, which was then purified by silica column (CyH/
EtOAc 4:1, v/v) to yield compound 2 (2.47 g, 92%). "H NMR (600
MHz, CDCly) 8: 8.01 (d, J = 1.4 Hz, 1H), 7.92 — 7.89 (m, 2H), 7.80
(dd, J = 8.4, 1.4 Hz, 1H), 7.65 (dd, ] = 8.4, 0.7 Hz, 1H), 7.26 — 7.23
(m, 1H), 7.10 (d, J = 8.1 Hz, 2H), 6.59 (dd, J = 3.1, 0.9 Hz, 1H), 5.41
(s, 2H), 3.88 (s, 3H), 1.55 (s, 9H). '*C NMR (151 MHz, CDCI3) §:
168.2, 1654, 141.7, 135.8, 132.5, 131.7, 131.5, 130.2, 126.5, 123.8,
120.9, 120.8, 112.0, 102.6, 81.3, 52.1, 50.0, 28.3. LC—MS (ESI) [M —
H]™ m/z: 364.1.

1-(4-(Prop-2-yn-1-yloxy)benzyl)- 1H-indole-6-carboxylic Acid (3).
To a solution of compound 1 (3.01 g, 9.43 mmol, 1 equiv) in THF/
MeOH/H,0O (60 mL/12 mL/12 mL), LiOH-H,0 (0.593 g, 14.1
mmol, 1.5 equiv) was added. The mixture was stirred at room
temperature for about 18 h. Heating at 50 °C for additional 1-2 h
was performed when the reaction was not complete. Upon the
completion of the hydrolysis, the solvents were removed in vacuo.
The crude product was dissolved with water (50 mL) and acidified
with HCI (0.5 M in water) until no more precipitate was formed. The
resulting precipitate was collected via filtration, washed with water
and dried in vacuo, followed by the purification with silica column
(CyH/EtOAc 4:1, v/v) to yield compound 3 (2.55 g, 89%). '"H NMR
(500 MHz, DMSO-dy) &: 12.53 (s, 1H), 8.08 (g, J = 1.0 Hz, 1H),
7.70 (d, ] = 3.1 Hz, 1H), 7.65 — 7.60 (m, 2H), 7.18 — 7.12 (m, 2H),
6.95 — 6.90 (m, 2H), 6.57 (dd, J = 3.2, 0.9 Hz, 1H), 5.44 (s, 2H),
4.74 (d, ] = 2.4 Hz, 2H), 3.50 (t, ] = 2.4 Hz, 1H). *C NMR (126
MHz, DMSO-d,) &: 1682, 156.5, 134.9, 132.5, 131.8, 130.7, 128.1,
123.5, 120.1, 120.0, 114.9, 112.1, 101.3, 79.1, 78.1, 55.4, 48.6. LC—
MS (ESI) [M — H]™ m/z: 306.1.

1-(4-(tert-Butoxycarbonyl)benzyl)-1H-indole-6-carboxylic Acid
(4). To a solution of compound 2 (2.00 g, 547 mmol, 1 equiv) in
THF/MeOH/H,0 (60 mL/12 mL/12 mL), LiOH-H,0 (0.574 g,
13.7 mmol, 2.5 equiv) was added. The mixture was stirred at room
temperature for about 20.5 h. The crude product was obtained
following the procedures for preparing compound 3, which was then
purified by silica column (DCM: MeOH 15:1, v/v) to yield
compound 4 (0.94 g, 49%). "TH NMR (600 MHz, CDCl,) §: 8.11
(dd, J = 1.6, 0.9 Hz, 1H), 7.93 (d, ] = 8.3 Hz, 2H), 7.88 (dd, ] = 8.4,
1.4 Hz, 1H), 7.69 (dd, J = 8.3, 0.6 Hz, 1H), 7.30 (d, ] = 3.1 Hz, 1H),
7.14 (d, J = 8.3 Hz, 2H), 6.63 (dd, ] = 3.1, 0.9 Hz, 1H), 5.44 (s, 2H),
1.56 (s, 9H). 3C NMR (151 MHz, CDCL,) 6: 172.9, 165.4, 141.5,
135.8, 1332, 132.0, 131.8, 130.2, 126.6, 122.7, 121.4, 120.9, 112.8,
102.8, 81.3, 50.1, 28.3. LC—MS (ESI) [M — H]™ m/z: 350.2.

1-(4-(Prop-2-yn-1-yloxy)benzyl)-N-(trityloxy)-1H-indole-6-car-
boxamide (5). To a solution of compound 3 (2.50 g 8.19 mmol, 1
equiv) in anhydrous DMF (50 mL) were added HATU (6.23 g, 16.4
mmol, 2 equiv) and DIPEA (3.17 g 24.6 mmol, 3 equiv). The
mixture was stirred for 30 min at room temperature, after which O-
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tritylhydroxylamine (3.38 g, 12.3 mmol, 1.5 equiv) was added into the
system and the mixture was stirred for additional 15 h. Completion of
the reaction was monitored by TLC. The mixture was poured into
water (150 mL) and extracted with ethyl acetate (3 X SO mL). The
combined organic layers were then washed with water (3 X S0 mL),
followed by brine (50 mL), dried over anhydrous Na,SO,, filtered,
and concentrated in vacuo to yield the crude product, which was then
purified by silica column (CyH/EtOAc 4:1, v/v) to afford compound
5 (249 g, 54%). '"H NMR (600 MHz, CDCL,) &: 7.87 (s, 1H), 7.63
(s, 1H), 7.56 (d, ] = 7.6 Hz, SH), 7.50 (d, ] = 8.2 Hz, 1H), 7.37 —
726 (m, 10H), 7.19 (d, J = 3.1 Hz, 1H), 7.06 (d, J = 8.3 Hz, 1H),
7.04 — 7.00 (m, 2H), 6.91 — 6.87 (m, 2H), 6.50 (d, ] = 3.1 Hz, 1H),
522 (s, 2H), 4.66 (d, ] = 2.4 Hz, 2H), 2.51 (t, ] = 2.4 Hz, 1H). 3C
NMR (151 MHz, CDCl,) &: 167.4, 157.3, 142.1, 135.7, 131.6, 130.9,
130.0, 129.8, 129.1, 1284, 128.1, 128.1, 127.9, 127.8, 1274, 125.5,
120.8, 1154, 110.1, 102.0, 93.3, 78.5, 75.8, 56.0, 49.7. LC—MS (ESI)
[M — H]™ m/z: 561.4.

tert-Butyl 4-((6-((benzyloxy)carbamoyl)-1H-indol-1-yl)methyl)-
benzoate (6). To a solution of compound 4 (0.94 g, 2.67 mmol, 1
equiv) in anhydrous DMF (30 mL) were added HATU (2.03 g, 5.35
mmol, 2 equiv) and DIPEA (1.04 g 8.02 mmol, 3 equiv). The
mixture was stirred for 30 min at room temperature, after which O-
benzylhydroxylamine hydrochloride (0.85 g, 5.35 mmol, 2 equiv) was
added into the system and the mixture was stirred for 16 h. The crude
product was obtained following the procedures for preparing
compound S, which was then purified by silica column (CyH/
EtOAc 2:1, v/v) to yield compound 6 (1.00 g, 82%). "H NMR (600
MHz, CDCL,) &: 7.92 — 7.87 (m, 2H), 7.79 — 7.76 (m, 1H), 7.61 (d,
J=8.3Hz, 1H), 7.47 — 7.41 (m, 2H), 7.40 — 7.33 (m, 3H), 7.29 (dd,
] =82, 1.4 Hz, 1H), 7.24 (d, ] = 3.1 Hz, 1H), 7.09 (d, ] = 8.1 Hg,
2H), 6.59 (dd, J = 3.1, 0.8 Hz, 1H), 5.39 (s, 2H), 5.03 (s, 2H), 1.57
(s, 9H). *C NMR (151 MHz, CDCl,) 8: 167.3, 165.4, 141.5, 136.0,
135.6, 131.8, 131.8, 131.1, 130.2, 129.5, 128.9, 128.8, 126.6, 125.3,
121.2, 117.7, 110.0, 102.6, 81.3, 78.4, 50.1, 28.3. LC—MS (ESI) [M +
H]" m/z: 457.4. Compound 7 was obtained by removing the tert-
butyl protecting group in compound 6 using TFA.

4-((2-(2-(2-Azidoethoxy)ethoxy)ethyl)amino)-2-(2,6-dioxopiperi-
din-3-yl)isoindoline-1,3-dione (8). As reported,47 to a solution of 2-
(2,6-dioxopiperidin-3-yl)-4-fluoroisoindoline-1,3-dione (0.20 g, 0.72
mmol, 1 equiv) in anhydrous DMF (10 mL) were added linker 1
(0.14 g, 0.80 mmol, 1.1 equiv) and DIPEA (0.19 g 1.5 mmol, 2
equiv). The mixture was stirred at 90 °C for 17 h. The completion of
the reaction was monitored by HPLC. The mixture was cooled and
poured into water (100 mL) and extracted with ethyl acetate (3 X 30
mL). The combined organic layer was then washed with water (3 X
50 mL), followed by brine (50 mL), dried over anhydrous Na,SO,,
filtered, and concentrated in vacuo to yield the crude product, which
was then purified by silica column (CyH/EtOAc, 1:1, v/v) to afford
compound 8 (0.17 g, 34%). "H NMR (600 MHz, CDCl,) &: 8.37 (s,
1H), 7.48 (dd, J = 8.5, 7.1 Hz, 1H), 7.09 (d, ] = 7.1 Hz, 1H), 6.92 (d,
J = 8.5 Hz, 1H), 649 (t, ] = 5.7 Hz, 1H), 491 (dd, ] = 12.4, 5.3 Hz,
1H), 3.73 (t, ] = 5.4 Hz, 2H), 3.67 (s, 6H), 3.47 (q, ] = 5.5 Hz, 2H),
3.37 (t, ] = 5.0 Hz, 2H), 2.90 — 2.68 (m, 3H), 2.11 (ddt, ] = 10.5, 5.4,
2.5 Hz, 1H). 3C NMR (151 MHz, CDCl;) &: 171.3, 169.4, 168.6,
167.7, 147.0, 1362, 132.6, 116.9, 111.8, 110.4, 70.8, 70.8, 70.2, 69.7,
50.8, 49.0, 42.5, 31.5, 22.9. LC—MS (ESI) [M + H]* m/z: 431.3.

4-((2-(2-(2-(2-Azidoethoxy)ethoxy)ethoxy)ethyl)amino)-2-(2,6-
dioxopiperidin-3-yl)isoindoline-1,3-dione (9). To a solution of 2-
(2,6-dioxopiperidin-3-yl)-4-fluoroisoindoline-1,3-dione (0.20 g, 0.72
mmol, 1 equiv) in anhydrous DMF (10 mL) were added linker 2
(0.17 g, 0.80 mmol, 1.1 equiv) and DIPEA (0.19 g, 1.45 mmol, 2
equiv). The mixture was stirred at 90 °C for 17 h. The crude product
was obtained following the procedures for preparing compound 8,
which was then purified by silica column (CyH/EtOAc 1:2, v/v) to
yield compound 9 (0.14 g, 41%). "H NMR (600 MHz, CDCl;) §:
8.12 (s, 1H), 7.49 (dd, J = 8.5, 7.1 Hz, 1H), 7.10 (d, ] = 7.1 Hz, 1H),
6.93 (d, ] = 8.5 Hz, 1H), 491 (dd, J = 12.3, 5.4 Hz, 1H), 3.72 (t, ] =
5.4 Hz, 2H), 3.70 — 3.63 (m, 10H), 3.47 (t, ] = 5.4 Hz, 2H), 3.38 (t, ]
= 5.0 Hz, 2H), 2.92 — 2.85 (m, 1H), 2.84 — 2.69 (m, 2H), 2.12 (dtd,
J=11.7,4.6,4.1,2.2 Hz, 1H). 3C NMR (151 MHz, CDCL,) &: 171.1,
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169.4, 168.4, 167.7, 147.0, 136.2, 132.6, 117.0, 111.8, 110.4, 70.9,
70.8, 70.2, 69.6, 50.8, 49.0, 42.6, 31.6, 22.9. LC—MS (ESI) [M + H]*
m/z: 475.3.

tert-Butyl (6-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-
yl)amino)hexyl)carbamate (10). To a solution of 2-(2,6-dioxopiper-
idin-3-yl)-4-fluoroisoindoline-1,3-dione (0.225 g, 0.81 mmol, 1 equiv)
in anhydrous DMF (10 mL) were added linker 3 (0.18 g, 0.81 mmol,
1 equiv) and DIPEA (0.21 g, 1.63 mmol, 2 equiv). The mixture was
stirred at 90 °C for 15.5 h. The crude product was obtained following
the procedures for preparing compound 8, which was then purified by
silica column (DCM/EtOAc S:1, v/v) to yield compound 10 (0.11 g,
28%). "H NMR (600 MHz, CDCl,) &: 8.22 (s, 1H), 7.48 (dd, ] = 8.5,
7.1 Hz, 1H), 7.08 (d, ] = 7.0 Hz, 1H), 6.87 (d, ] = 8.5 Hz, 1H), 4.91
(dd, J = 12.3, 5.3 Hz, 1H), 3.25 (t, ] = 7.1 Hz, 2H), 3.10 (t, J = 7.1
Hz, 2H), 2.88 (dt, ] = 16.7, 2.8 Hz, 1H), 2.84 — 2.69 (m, 2H), 2.15 —
2.09 (m, 1H), 1.66 (p, ] = 7.2 Hz, 2H), 1.49 (p, ] = 7.3 Hz, 2H), 1.43
(s, 9H), 1.41 (d, J = 7.1 Hz, 2H), 1.39 — 1.32 (m, 2H). 3C NMR
(151 MHz, CDCL,) &: 171.2, 169.6, 168.5, 167.8, 156.2, 147.1, 136.3,
132.6, 116.8, 111.6, 110.0, 79.3, 49.0, 42.7, 40.6, 31.5, 30.1, 29.3, 28.6,
26.7, 26.6, 22.9. LC—MS (ESI) [M — H]~ m/z: 4713.

tert-Butyl (7-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-
yl)amino)heptyl)carbamate (11). To a solution of 2-(2,6-dioxopi-
peridin-3-yl)-4-fluoroisoindoline-1,3-dione (0.22 g, 0.80 mmol, 1
equiv) in anhydrous DMF (10 mL) were added linker 4 (0.18 g, 0.80
mmol, 1 equiv) and DIPEA (021 g 1.59 mmol, 2 equiv). The
mixture was stirred at 90 °C for 15 h. The crude product was obtained
following the procedures for preparing compound 8, which was then
purified by silica column (DCM/EtOAc S:1, v/v) to yield compound
11 (0.14 g, 37%). "H NMR (600 MHz, CDCl;) &: 8.18 (s, 1H), 7.49
(dd, J=8.5,7.1 Hz, 1H), 7.08 (d, ] = 7.0 Hz, 1H), 6.87 (d, ] = 8.5 Hz,
1H), 6.22 (s, 1H), 491 (dd, J = 12.3, 5.3 Hz, 1H), 4.56 (s, 1H), 3.25
(t, ] = 7.0 Hz, 2H), 3.09 (d, ] = 7.2 Hz, 2H), 2.88 (dd, ] = 16.4, 4.0
Hz, 1H), 2.84 — 2.69 (m, 2H), 2.17 — 2.09 (m, 1H), 1.65 (p, J = 7.1
Hz, 2H), 1.47 (dd, ] = 14.6, 7.5 Hz, 2H), 1.44 (s, 9H), 1.42 — 1.38
(m, 2H), 1.37 — 130 (m, 4H). *C NMR (151 MHz, CDCL) &:
171.1, 169.7, 168.6, 167.8, 156.2, 147.1, 136.3, 132.6, 116.8, 111.6,
110.0, 79.3, 49.0, 42.7, 40.7, 31.6, 30.1, 29.2, 29.0, 28.6, 26.9, 26.8,
23.0. LC—MS (ESI) [M — H]~ m/z: 485.3.

4-((6-Chlorohexyl)oxy)-2-(2,6-dioxopiperidin-3-yl)isoindoline-
1,3-dione (12). Following a reported method,*® to a solution of 2-
(2,6-dioxopiperidin-3-yl)-4-hydroxyisoindoline-1,3-dione (0.20 g,
0.73 mmol, 1 equiv) and I-chloro-6-iodohexane (0.27 g, 1.09
mmol, 1.5 equiv) in DMF (10 mL) were added potassium iodide
(72.6 mg, 0.44 mmol, 0.6 equiv) and NaHCO; (0.37 g, 4.38 mmol, 6
equiv). The mixture was stirred at 60 °C in the dark for 20 h. The
completion of the reaction was monitored by TLC. After cooling to
room temperature, the solution was filtered through Celite to remove
the insoluble material, washed with ethyl acetate, and the filtrate was
concentrated under reduced pressure to afford the crude product,
which was then purified by silica column (CyH/EtOAc, 1:1, v/v) to
yield compound 12 (0.20 g, 71%). '"H NMR (600 MHz, CDCL,) &:
8.11 (s, 1H), 7.67 (dd, J = 8.5, 7.3 Hz, 1H), 7.45 (d, ] = 7.2 Hz, 1H),
7.21 (d, ] = 8.4 Hz, 1H), 4.95 (dd, ] = 12.5, 5.4 Hz, 1H), 4.18 (t, ] =
6.4 Hz, 2H), 3.55 (t, ] = 6.6 Hz, 2H), 2.93 — 2.85 (m, 1H), 2.85 —
2.69 (m, 2H), 2.12 (dtd, J = 12.4, 4.8, 2.2 Hz, 1H), 1.94 — 1.86 (m,
2H), 1.85 — 1.77 (m, 2H), 1.54 (tdd, J = 13.6, 6.2, 3.1 Hz, 4H). 3C
NMR (151 MHz, CDCl,) 8: 171.0, 168.2, 167.2, 165.8, 156.8, 136.7,
134.0, 119.0, 117.3, 115.9, 69.3, 49.2, 45.1, 32.5, 31.5, 28.9, 26.6, 25.3,
22.8. LC—MS (ESI) [M + H]* m/z: 393.2.

4-((6-Azidohexyl)oxy)-2-(2,6-dioxopiperidin-3-yl)isoindoline-1,3-
dione (13). To a solution of compound 12 (0.20 g, 0.52 mmol, 1
equiv) in DMF (10 mL) was added sodium azide (0.17 g, 2.60 mmol,
S equiv). The mixture was stirred at 90 °C for 16 h. The mixture was
cooled, poured into water (100 mL), and extracted with ethyl acetate
(3 X 30 mL). The combined organic layers were then washed with
water (3 X S0 mL) and followed by brine (50 mL), dried over
anhydrous Na,SO,, filtered, and concentrated in vacuo to yield the
crude product, which was then purified by silica column (CyH/
EtOAc, 1:1, v/v) to afford compound 13 (0.15 g, 72%). 'H NMR
(600 MHz, CDCL,) &: 8.12 (s, 1H), 7.67 (dd, J = 8.5, 7.3 Hz, 1H),
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7.45 (d,J = 7.3 Hz, 1H), 7.21 (d, ] = 8.5 Hz, 1H), 4.95 (dd, ] = 12.5,
5.4 Hz, 1H), 4.18 (t, ] = 6.4 Hz, 2H), 3.29 (t, ] = 6.9 Hz, 2H), 2.93 —
2.85 (m, 1H), 2.85 — 2.69 (m, 2H), 2.12 (dtd, J = 12.6, 4.9, 2.3 Hz,
1H), 1.94 — 1.85 (m, 2H), 1.64 (dt, ] = 14.5, 7.0 Hz, 2H), 1.56 (dtd, |
=9.2,72,57 Hz, 2H), 1.51 — 1.43 (m, 2H). *C NMR (151 MHz,
CDCL) &: 171.0, 1682, 167.2, 165.8, 156.8, 136.6, 134.0, 119.0,
117.3, 115.9, 69.3, 51.5, 49.2, 31.5, 28.9, 28.9, 26.5, 25.6, 22.8. LC—
MS (ESI) [M — H]™ m/z: 398.2.

N-(2-(2-(2-Azidoethoxy)ethoxy)ethyl)-2-(4-(2,6-dioxopiperidin-3-
yl)phenoxy)acetamide (15). The tert-butyl 2-(4-(2,6-dioxopiperidin-
3-yl)phenoxy)acetate (compound 14, 2.00 g) was synthesized
following a previously reported method.>* To a solution of compound
14 (0.125 g, 0.39 mmol, 1 equiv) in DCM (§ mL), TFA (2 mL) was
added and the mixture was stirred at room temperature for 2 h. The
complete removal of tert-butyl group was monitored by TLC.
Afterward, the mixture was dried in vacuo to provide the crude
product for the next step. To a solution of the resulting crude product
in anhydrous DMF (5 mL), HATU (0.29 g, 0.76 mmol, 2 equiv) and
DIPEA (0.15 g, 1.14 mmol, 3 equiv) were added. The mixture was
stirred for 30 min at room temperature. Next, 2-(2-(2-azidoethoxy)-
ethoxy)ethan-1-amine (0.10 g, 0.57 mmol, 1.5 equiv) was added to
the reaction mixture and stirred for 23 h. The completion of the
reaction was monitored by HPLC. The mixture was poured into water
(100 mL) and extracted with ethyl acetate (3 X 30 mL). The
combined organic layers were then washed with water (3 X S0 mL),
followed by brine (50 mL), dried over anhydrous Na,SO,, filtered,
and concentrated in vacuo to yield the crude product, which was then
purified by silica column (EtOAc) to afford compound 15 (0.11 g,
70%). "H NMR (600 MHz, CDCl;) §: 8.10 (s, 1H), 7.20 — 7.12 (m,
2H), 6.99 (t, ] = 5.8 Hz, 1H), 6.96 — 6.90 (m, 2H), 4.49 (s, 2H), 3.73
(dd, J = 10.1, 5.1 Hz, 1H), 3.66 (t, ] = 5.0 Hz, 2H), 3.65 — 3.58 (m,
6H), 3.56 (dd, ] = 6.2, 4.6 Hz, 2H), 3.36 (t, ] = 5.1 Hz, 2H), 2.74 (dt,
J=17.7, 5.1 Hz, 1H), 2.65 (ddd, J = 17.8, 10.3, 5.3 Hz, 1H), 2.33 —
2.17 (m, 2H). 3C NMR (151 MHz, CDCl,) &: 1732, 172.3, 168.2,
156.9, 130.7, 129.6, 115.3, 70.7, 70.5, 70.2, 69.9, 67.6, 50.8, 47.4, 38.9,
31.2, 26.5. LC—MS (ESI) [M + H]" m/z: 420.3.

N-(2-(2-(2-(2-Azidoethoxy)ethoxy)ethoxy)ethyl)-2-(4-(2,6-dioxo-
piperidin-3-yl)phenoxy)acetamide (16). Compound 16 was synthe-
sized following the procedure for compound 15. After the reaction of
deprotected compound 14 (65 mg, 0.25 mmol, 1 equiv), 2-(2-(2-(2-
azidoethoxy)ethoxy)ethoxy)ethan-1-amine (81 mg, 0.37 mmol, 1.5
equiv), HATU (0.19 g, 0.49 mmol, 2 equiv) and DIPEA (96 mg, 0.74
mmol, 3 equiv) in anhydrous DMF (S mL) for 23 h, compound 16
(45.5 mg, 40%) was obtained after the workup and purification (silica
column, EtOAc) steps. "H NMR (600 MHz, CDCl,) 6&: 8.14 (s, 1H),
7.19 — 7.13 (m, 2H), 7.02 (t, ] = 5.8 Hz, 1H), 6.95 — 6.90 (m, 2H),
4.49 (s, 2H), 3.73 (dd, J = 10.2, 5.1 Hz, 1H), 3.68 — 3.62 (m, 8H),
3.62 — 3.57 (m, 4H), 3.55 (q, J = 5.3 Hz, 2H), 3.36 (t, ] = 5.0 Hz,
2H), 2.74 (dt, ] = 17.7, 5.1 Hz, 1H), 2.65 (ddd, ] = 17.8, 10.3, 5.3 Hz,
1H), 2.31 — 2.17 (m, 2H). *C NMR (151 MHz, CDCl,) &: 173.3,
172.3, 168.2, 156.9, 130.7, 129.6, 115.3, 70.8, 70.7, 70.7, 70.5, 70.2,
69.8, 67.6, 50.8, 47.4, 38.9, 31.2, 26.5. LC—MS (ESI) [M — H]™ m/z:
462.3.

tert-Butyl (6-(2-(4-(2,6-dioxopiperidin-3-yl)phenoxy)acetamido)-
hexyl)carbamate (17). Compound 17 was synthesized following the
procedure for compound 15. After the reaction of deprotected
compound 14 (0.16 g, 0.63 mmol, 1 equiv), tert-butyl (6-
aminohexyl)carbamate (0.14g, 0.66 mmol, 1.05 equiv), HATU
(0.48 g 1.25 mmol, 2 equiv) and DIPEA (0.24 g, 1.88 mmol, 3
equiv) in anhydrous DMF (10 mL) for 16 h, compound 17 (0.22 g,
76%) was obtained after the workup and purification (silica column,
CyH/EtOAg, 2:1, v/v) steps. '"H NMR (600 MHz, CDCl;) &: 8.11 (s,
1H), 7.17 (d, ] = 8.5 Hz, 2H), 6.96 — 6.89 (m, 2H), 6.56 (t, J = 5.6
Hz, 1H), 4.49 (s, 2H), 3.74 (dd, ] = 102, 5.2 Hz, 1H), 3.33 (qd, ] =
6.9, 3.6 Hz, 2H), 3.08 (t, ] = 7.1 Hz, 2H), 2.74 (dt, ] = 17.7, 5.0 Hz,
1H), 2.66 (ddd, ] = 17.7, 10.3, 5.3 Hz, 1H), 2.33 — 2.18 (m, 2H),
1.72 (s, 2H), 1.53 (h, J = 7.0, 5.9 Hz, 2H), 1.44 (s, 9H), 1.31 (p, ] =
3.8 Hz, 4H). 3C NMR (151 MHz, CDCl;) &: 173.3, 172.2, 168.1,
156.9, 156.2, 130.8, 129.7, 115.3, 79.4, 67.6, 47.4, 40.7, 39.0, 31.2,
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30.1, 29.6, 28.6, 26.5, 26.5, 26.4. LC—MS (ESI) [M — H]™ m/z:
460.3.
tert-Butyl (7-(2-(4-(2,6-dioxopiperidin-3-yl)phenoxy)acetamido)-
heptyl)carbamate (18). Compound 18 was synthesized following the
procedure for compound 15. After the reaction of deprotected
compound 14 (0.14 g, 0.52 mmol, 1 equiv), tert-butyl (7-
aminoheptyl)carbamate (0.13g, 0.54 mmol, 1.05 equiv), HATU
(0.39 g, 1.03 mmol, 2 equiv) and DIPEA (0.20 g, 1.55 mmol, 3 equiv)
in anhydrous DMF (10 mL) for 16 h, compound 18 (0.18 g, 73%)
was obtained after the workup and purification (silica column, CyH/
EtOAc, 2:1, v/) steps. "H NMR (600 MHz, CDCL,) &: 8.10 (s, 1H),
7.20 — 7.13 (m, 2H), 6.96 — 6.89 (m, 2H), 6.52 (d, J = 6.3 Hz, 1H),
4.49 (s, 2H), 3.74 (dd, ] = 10.2, 5.1 Hz, 1H), 3.33 (dh, J = 13.1, 6.6
Hz, 2H), 3.09 (t, ] = 7.1 Hz, 2H), 2.74 (dt, ] = 17.7, 5.1 Hz, 1H), 2.66
(ddd, J = 17.7, 10.3, 5.3 Hz, 1H), 2.32 — 2.17 (m, 2H), 1.91 (s, 2H),
1.52 (p, J = 6.7 Hz, 2H), 1.44 (s, 9H), 1.34 — 1.24 (m, 6H). BC
NMR (151 MHz, CDCl,) &: 173.3, 172.2, 168.1, 156.9, 156.2, 130.8,
129.7, 115.3, 79.3, 67.6, 47.4, 40.7, 39.2, 31.3, 30.1, 29.6, 29.1, 28.6,
26.9, 26.8, 26.5. LC—MS (ESI) [M — H]™ m/z: 474.3.
6-Chlorohexyl 2-(4-(2,6-dioxopiperidin-3-yl)phenoxy)acetate
(19). Compound 19 was synthesized following the procedure for
compound 15. After the reaction of deprotected compound 14 (0.10
g, 0.38 mmol, 1 equiv), 6-chlorohexan-1-ol (62 mg, 0.46 mmol, 1.2
equiv), HATU (0.29 g, 0.76 mmol, 2 equiv) and DIPEA (0.15 g, 1.14
mmol, 3 equiv) in anhydrous DMF (S mL) for 16 h, compound 19
(97 mg, 67%) was obtained after the workup and purification (silica
column, CyH/EtOAc/EN, 1:1:0.1, v/v/v) steps. "H NMR (600
MHz, CDCL,) &: 7.98 (s, 1H), 7.14 (d, ] = 8.6 Hz, 2H), 6.91 (d, ] =
8.8 Hz, 2H), 4.62 (s, 2H), 4.21 (t, ] = 6.6 Hz, 2H), 3.74 (dd, ] = 9.9,
5.0 Hz, 1H), 3.52 (td, J = 6.7, 1.7 Hz, 2H), 2.73 (dt, ] = 17.7, 5.2 Hz,
1H), 2.64 (ddd, J = 17.8, 10.1, 5.2 Hz, 1H), 2.32 — 2.16 (m, 2H),
1.76 (p, ] = 6.9 Hz, 2H), 1.67 (p, ] = 6.9 Hz, 2H), 1.50 — 1.42 (m,
2H), 1.40 — 1.31 (m, 2H). "*C NMR (151 MHz, CDCl,) §: 173.3,
172.3, 169.0, 157.5, 130.3, 129.4, 115.2, 65.6, 65.4, 47.3, 45.0, 32.5,
31.1, 28.5, 26.5, 26.5, 25.3. LC—MS (ESI) [M — H]™ m/z: 380.1.
6-Azidohexyl 2-(4-(2,6-dioxopiperidin-3-yl)phenoxy)acetate
(20). Compound 20 was synthesized following the procedure for
compound 13. After the reaction of compound 19 (91 mg, 024
mmol, 1 equiv), sodium azide (77 mg, 1.19 mmol, S equiv) in
anhydrous DMF (5 mL) for 16 h at 90 °C, compound 20 (79 mg,
86%) was obtained after the workup and purification (silica column,
CyH/EtOAc/Et;N, 1:1:0.1, v/v/v) steps. 'H NMR (600 MHz,
CDClL,) 6: 7.98 (s, 1H), 7.14 (d, ] = 8.7 Hz, 2H), 6.91 (d, ] = 8.7 Hz,
2H), 4.62 (s, 2H), 4.21 (t, ] = 6.6 Hz, 2H), 3.74 (dd, ] = 9.9, 5.1 Hz,
1H), 3.26 (t, ] = 6.9 Hz, 2H), 2.73 (dt, J = 17.7, 5.2 Hz, 1H), 2.64
(ddd, J = 17.7, 10.1, 5.2 Hz, 1H), 2.32 — 2.16 (m, 2H), 1.71 — 1.63
(m, 2H), 1.58 (d, ] = 8.0 Hz, 2H), 1.44 — 1.31 (m, 4H). *C NMR
(151 MHz, CDCL,) &: 173.3, 172.3, 169.0, 157.5, 130.3, 129.4, 115.2,
65.6, 65.4,51.4,47.3,31.1, 28.8, 28.5, 26.5, 26.4, 25.5. LC—MS (ESI)
[M — H]™ m/z: 387.2.
1-(4-((1-(2-(2-(2-((2-(2,6-Dioxopiperidin-3-yl)-1,3-dioxoisoindo-
lin-4-yl)amino)ethoxy)ethoxy)-ethyl)-1H-1,2,3-triazol-4-yl)-
methoxy)benzyl)-N-(trityloxy)-1H-indole-6-carboxamide (21).
Compound 21 was prepared following the General procedure A
starting from compound 8 (0.10 g, 0.23 mmol, 1 equiv), compound §
(0.14 g, 0.25 mmol, 1.0S equiv), ascorbic acid (0.12 g, 0.70 mmol, 3
equiv), and CuSO, (37 mg, 0.23 mmol, 1 equiv). The crude product
was purified by silica column (DCM/MeOH, 50:1, v/v) to provide
compound 21 (0.20 g, 85%). "H NMR (600 MHz, CDCL,) &: 8.23 (s,
1H), 7.95 (s, 1H), 7.81 (s, 1H), 7.64 (s, 1H), 7.55 (d, J = 7.7 Hg,
SH), 7.49 (d, ] = 8.3 Hz, 1H), 7.40 (dd, ] = 8.5, 7.1 Hz, 1H), 7.31 (q,
] =6.5,5.5Hz, 6H), 7.29 — 7.27 (m, 2H), 7.26 — 7.22 (m, 1H), 7.18
(d,J=3.1Hz, 1H), 7.04 (d, ] = 7.1 Hz, 2H), 6.98 (d, ] = 8.4 Hz, 2H),
6.88 — 6.79 (m, 3H), 6.49 (d, ] = 3.1 Hz, 1H), 5.19 (s, 2H), 5.10 (s,
2H), 4.85 (dd, J = 12.3, 5.3 Hz, 1H), 4.54 (t, ] = 5.1 Hz, 2H), 3.87 (t,
] = 5.0 Hz, 2H), 3.63 (t, ] = 5.2 Hz, 2H), 3.62 — 3.54 (m, 4H), 3.38
(t, ] = 5.2 Hz, 2H), 2.83 — 2.77 (m, 1H), 2.75 — 2.63 (m, 2H), 2.08 —
2.03 (m, 1H). '*C NMR (151 MHz, CDCL,) &: 171.6, 171.2, 169.5,
168.6, 167.7, 158.0, 147.0, 145.4, 1422, 1362, 132.6, 131.3, 130.9,
129.8, 129.1, 128.5, 128.1, 128.1, 127.9, 127.9, 127.4, 125.4, 124.2,
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123.7, 121.2, 120.8, 116.8, 115.2, 111.9, 102.0, 82.2, 70.7, 70.6, 69.6,
69.4, 62.2, 50.5, 49.8, 49.0, 42.4, 31.5, 22.8. LC—MS (ESI) [M — H]~
m/z: 991.6.
1-(4-((1-(2-(2-(2-(2-((2-(2,6-Dioxopiperidin-3-yl)-1,3-dioxoisoin-
dolin-4-ylJamino)ethoxy)ethoxy)-ethoxy)ethyl)-1H-1,2,3-triazol-4-
yl)methoxy)benzyl)-N-(trityloxy)-1H-indole-6-carboxamide (22).
Compound 22 was prepared following the General procedure A
starting from compound 9 (0.13 g, 0.27 mmol, 1 equiv), compound §
(0.16 g, 0.29 mmol, 1.05 equiv), ascorbic acid (0.14 g, 0.82 mmol, 3
equiv), and CuSO, (43 mg, 0.27 mmol, 1 equiv). The crude product
was purified by silica column (DCM/MeOH, 50:1, v/v) to provide
compound 22 (0.21 g, 75%). "H NMR (600 MHz, CDCl,) 6: 8.22 (s,
1H), 7.93 (s, 1H), 7.81 (s, 1H), 7.64 (s, 1H), 7.55 (d, ] = 7.6 Hz,
SH), 7.48 (d, ] = 8.2 Hz, 1H), 7.43 (dd, ] = 8.5, 7.1 Hz, 1H), 7.31 (q,
] =68, 6.3 Hz, 6H), 7.28 (d, J = 7.1 Hz, 2H), 7.24 (dd, ] = 4.4, 1.6
Hz, 1H), 7.18 (d, ] = 3.1 Hz, 1H), 7.06 (d, J = 7.1 Hz, 1H), 7.03 (d, |
=7.7 Hz, 1H), 7.00 (d, J = 8.4 Hz, 2H), 6.88 (d, J = 8.5 Hz, 2H), 6.84
(d, J = 8.5 Hz, 1H), 6.48 (d, ] = 3.1 Hz, 1H), 5.20 (s, 2H), 5.14 (s,
2H), 4.87 (dd, ] = 12.3, 5.4 Hz, 1H), 4.51 (t, ] = 5.0 Hz, 2H), 3.85 (t,
] = 5.0 Hz, 2H), 3.63 (t, ] = 5.4 Hz, 2H), 3.62 — 3.58 (m, 4H), 3.57
(s, 4H), 3.38 (t, ] = 5.4 Hz, 2H), 2.87 — 2.79 (m, 1H), 2.78 — 2.65
(m, 2H), 2.07 (ddd, J = 12.2, 6.2, 3.2 Hz, 1H). '3C NMR (151 MHz,
CDCly) &: 171.6, 1712, 169.4, 168.5, 167.7, 158.0, 146.9, 1454,
1422, 1362, 132.6, 131.4, 130.9, 129.8, 129.1, 128.5, 128.1, 128.1,
127.9, 127.9, 127.4, 125.4, 124.3, 123.7, 121.2, 120.8, 116.9, 115.2,
111.8, 102.0, 82.2, 70.8, 70.7, 70.6, 69.6, 69.5, 69.5, 62.2, S0.5, 49.8,
49.0, 42.4, 31.5, 22.9. LC—MS (ESI) [M — H]™ m/z: 1035.7.
1-(4-((1-(6-((2-(2,6-Dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-
yl)oxy)hexyl)-1H-1,2,3-triazol-4-yl)methoxy)benzyl)-N-(trityloxy)-
TH-indole-6-carboxamide (23). Compound 23 was prepared
following the General procedure A starting from compound 13
(0.10 g, 0.24 mmol, 1 equiv), compound 5 (0.14 g, 0.25 mmol, 1.05
equiv), ascorbic acid (0.13 g, 0.72 mmol, 3 equiv), and CuSO, (38
mg, 0.24 mmol, 1 equiv). The crude product was purified by silica
column (DCM/MeOH, 30:1, v/v) to provide compound 23 (0.18 g,
78%). '"H NMR (600 MHz, CDCl,) &6: 8.24 (s, 1H), 7.95 (s, 1H),
7.64 (t,] = 7.9 Hz, 3H), 7.54 (d, ] = 7.7 Hz, SH), 7.48 (d, ] = 8.3 Hz,
1H), 7.42 (d, ] = 7.2 Hz, 1H), 7.32 (t, ] = 7.5 Hz, 6H), 7.28 (d, ] = 7.2
Hz, 2H), 7.24 (dd, ] = 4.0, 1.8 Hz, 1H), 7.20 — 7.14 (m, 2H), 7.04 (d,
J = 8.4 Hz, 1H), 7.00 (d, ] = 8.4 Hz, 2H), 6.91 — 6.86 (m, 2H), 6.48
(d, ] = 3.1 Hz, 1H), 5.20 (s, 2H), 5.16 (s, 2H), 4.90 (dd, J = 12.4, 5.4
Hz, 1H), 4.36 (t, ] = 7.1 Hz, 2H), 4.12 (tt, ] = 9.3, 4.6 Hz, 2H), 2.78
(dtd, J = 30.0, 13.1, 12.7, 3.7 Hz, 2H), 2.66 (ddd, J = 16.3, 13.1, 4.8
Hz, 1H), 2.07 (dtd, ] = 12.4, 7.0, 6.5, 3.9 Hz, 1H), 1.95 (p, ] = 7.3 Hz,
2H), 1.83 (dt, ] = 12.6, 6.1 Hz, 2H), 1.57 (p, J = 7.6 Hz, 2H), 1.40
(ddd, J = 15.2, 8.5, 6.2 Hz, 2H). 3C NMR (151 MHz, CDCl,) é:
171.1, 168.3, 167.1, 165.9, 158.0, 156.7, 147.0, 145.4, 142.1, 136.7,
133.9, 131.3, 130.9, 129.8, 129.1, 128.4, 128.1, 128.0, 127.9, 127.8,
127.4, 125.4, 123.0, 121.2, 120.8, 119.0, 116.0, 115.3, 110.2, 102.0,
82.1, 69.2, 62.3, 53.6, 50.2, 49.7, 49.2, 30.0, 28.6, 26.0, 25.3, 22.7.
LC—MS (ESI) [M — H]™ m/z: 960.6.
N-(Benzyloxy)-1-(4-((6-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoi-
soindolin-4-yl)lamino)hexyl)-carbamoyl)benzyl)-1H-indole-6-car-
boxamide (24). Compound 24 was prepared following the General
procedure B starting from deprotected compound 10 (42 mg, 0.11
mmol, 1 equiv), compound 7 (47 mg, 0.12 mmol, 1.0S equiv), HATU
(85 mg, 0.22 mmol, 2 equiv), and DIPEA (43 mg, 0.34 mmol, 3
equiv). The crude product was purified by silica column (CyH/
EtOAg, 1:5, v/v) to provide compound 24 (51 mg, 60%). '"H NMR
(600 MHz, DMSO-d,) &: 11.61 (s, 1H), 11.07 (s, 1H), 8.35 (t, ] = 5.7
Hz, 1H), 7.91 (dt, J = 1.6, 0.8 Hz, 1H), 7.78 — 7.73 (m, 2H), 7.68 (d,
J = 3.1 Hz, 1H), 7.61 (dd, ] = 8.4, 0.7 Hz, 1H), 7.55 (dd, ] = 8.6, 7.1
Hz, 1H), 7.44 (ddd, J = 8.2, 4.2, 1.6 Hz, 3H), 7.41 — 7.33 (m, 3H),
7.25 — 7.21 (m, 2H), 7.06 (d, ] = 8.6 Hz, 1H), 7.00 (d, ] = 7.0 Hz,
1H), 6.57 (dd, ] = 3.1, 0.9 Hz, 1H), 6.51 (t, ] = 5.9 Hz, 1H), 5.53 (s,
2H), 5.04 (dd, J = 12.8, 5.5 Hz, 1H), 4.92 (s, 2H), 3.27 (q, ] = 6.7 Hz,
2H), 3.22 (q, J = 6.7 Hz, 2H), 2.87 (ddd, ] = 17.1, 13.9, 5.5 Hz, 1H),
2.63 —2.51 (m, 2H), 2.02 (dtd, J = 10.3, 5.2, 2.5 Hz, 1H), 1.56 (h, ] =
7.0 Hz, 2H), 1.50 (p, J = 7.2 Hz, 2H), 1.34 (tdd, ] = 15.2, 8.5, 4.8 Hz,
4H). 3C NMR (151 MHz, DMSO-d) §: 172.8, 170.0, 168.9, 167.3,
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165.8, 165.3, 146.4, 140.9, 136.2, 136.0, 135.1, 134.0, 132.2, 131.9,
130.8, 128.9, 128.3, 128.2, 127.4, 126.6, 125.2, 120.2, 118.0, 117.1,
110.3, 109.7, 109.0, 101.4, 77.0, 48.8, 48.5, 41.8, 40.1, 30.9, 29.0, 28.6,
26.1, 26.0, 22.1. LC—MS (ESI) [M + H]" m/z: 755.5.

N-(Benzyloxy)-1-(4-((7-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoi-
soindolin-4-yl)lamino)heptyl)-carbamoyl)benzyl)-1H-indole-6-car-
boxamide (25). Compound 25 was prepared following the General
procedure B starting from deprotected compound 11 (67 mg, 0.17
mmol, 1 equiv), compound 7 (73 mg, 0.18 mmol, 1.05 equiv), HATU
(0.13 g 0.35 mmol, 2 equiv), and DIPEA (68 mg, 0.52 mmol, 3
equiv). The crude product was purified by silica column (CyH/
EtOAc, 1:5, v/v) to provide compound 25 (78 mg, 59%). "H NMR
(600 MHz, DMSO-d) 6: 11.61 (s, 1H), 11.07 (s, 1H), 8.34 (t, ] = 5.7
Hz, 1H), 7.93 — 7.88 (m, 1H), 7.79 — 7.72 (m, 2H), 7.68 (d, J = 3.1
Hz, 1H), 7.63 — 7.59 (m, 1H), 7.55 (dd, ] = 8.6, 7.0 Hz, 1H), 7.44
(ddd, J = 8.2, 4.4, 1.6 Hz, 3H), 7.40 — 7.33 (m, 3H), 7.23 (d, ] = 8.2
Hz, 2H), 7.07 (d, ] = 8.6 Hz, 1H), 7.00 (d, ] = 7.0 Hz, 1H), 6.57 (dd,
J=3.1,0.9 Hz, 1H), 6.50 (t, ] = 5.9 Hz, 1H), 5.53 (s, 2H), 5.04 (dd, J
=12.9, 5.5 Hz, 1H), 4.92 (s, 2H), 3.27 (q, ] = 6.6 Hz, 2H), 3.21 (q, J
= 6.7 Hz, 2H), 2.87 (ddd, ] = 17.0, 13.9, 5.4 Hz, 1H), 2.62 — 2.51 (m,
2H), 2.05 — 1.99 (m, 1H), 1.56 (p, J = 6.9 Hz, 2H), 1.49 (p,J = 7.2
Hz, 2H), 1.37 — 1.26 (m, 6H). *C NMR (151 MHz, DMSO-d,) &:
172.8, 170.0, 168.9, 167.3, 165.7, 165.3, 146.4, 140.9, 136.2, 136.0,
135.1, 134.0, 132.2, 131.9, 130.7, 128.8, 128.3, 128.2, 127.4, 126.6,
1252, 1202, 118.0, 117.1, 110.3, 109.7, 109.0, 101.4, 76.9, 48.8, 48.5,
41.8,40.1, 30.9, 29.0, 28.6, 28.4, 26.4, 26.3, 22.1. LC—MS (ESI) [M +
H]" m/z: 769.5.

1-(4-((1-(2-(2-(2-(2-(4-(2,6-Dioxopiperidin-3-yl)phenoxy)-
acetamido)ethoxy)ethoxy)ethyl)-1H-1,2,3-triazol-4-yl)methoxy)-
benzyl)-N-(trityloxy)-1H-indole-6-carboxamide (26). Compound 26
was prepared following the General procedure A starting from
compound 15 (60 mg, 0.14 mmol, 1 equiv), compound § (85 mg,
0.15 mmol, 1.05 equiv), ascorbic acid (76 mg, 0.43 mmol, 3 equiv),
and CuSO, (23 mg, 0.14 mmol, 1 equiv). The crude product was
purified by silica column (DCM/MeOH, 1S5:1, v/v) to provide
compound 26 (0.10 g, 72%). "H NMR (600 MHz, CDCL,) 5: 8.00 (d,
J = 5.6 Hz, 2H), 7.75 (s, 1H), 7.63 (s, 1H), 7.55 (d, ] = 7.7 Hz, SH),
749 (d, ] = 8.3 Hz, 1H), 7.31 (q, ] = 7.1 Hz, 6H), 7.29 — 7.27 (m,
2H), 7.24 (dd, ] = 4.6, 1.6 Hz, 1H), 7.19 (4, ] = 3.1 Hz, 1H), 7.12 —
7.08 (m, 2H), 7.04 (d, ] = 8.2 Hz, 1H), 7.00 (d, J = 8.5 Hz, 2H), 6.94
(d, ] = 9.2 Hz, 1H), 6.89 — 6.83 (m, 4H), 6.49 (d, ] = 3.1 Hz, 1H),
5.20 (s, 2H), 5.15 (s, 2H), 449 (t, ] = 5.1 Hz, 2H), 441 (s, 2H), 3.84
(t, J = 5.1 Hz, 2H), 3.67 (dd, ] = 10.3, 5.1 Hz, 1H), 3.53 (dd, ] = 6.0,
3.2 Hz, 2H), 2.70 (dt, ] = 17.7, 4.9 Hz, 1H), 2.61 (ddd, J = 17.8, 10.5,
5.3 Hz, 1H), 2.19 (dtd, J = 22.3, 10.4, 9.5, 4.9 Hz, 2H), 1.69 (s, 6H).
13C NMR (151 MHz, CDCL,) 8: 173.5, 172.5, 168.5, 168.2, 158.0,
156.8, 147.0, 145.4, 143.9, 135.7, 132.0, 131.5, 130.9, 129.8, 129.7,
129.1, 128.5, 128.3, 128.1, 128.1, 127.9, 127.4, 124.2, 124.1, 1212,
118.0, 115.3, 115.2, 109.8, 102.1, 82.2, 70.6, 70.3, 69.8, 69.4, 67.5,
62.2,49.8, 47.3,45.9, 38.9, 31.2, 26.5. LC—MS (ESI) [M — H]™ m/z:
980.7.

1-(4-((1-(1-(4-(2,6-Dioxopiperidin-3-yl)phenoxy)-2-oxo-6,9, 12-tri-
oxa-3-azatetradecan-14 yl)-1H-1,2,3-triazol-4-yl)methoxy)benzyl)-
N-(trityloxy)-1H-indole-6-carboxamide (27). Compound 27 was
prepared following the General procedure A starting from compound
16 (46 mg, 0.098 mmol, 1 equiv), compound § (58 mg, 0.10 mmol,
1.0S equiv), ascorbic acid (52 mg, 0.29 mmol, 3 equiv), and CuSO,
(16 mg, 0.098 mmol, 1 equiv). The crude product was purified by
silica column (DCM/MeOH, 15:1, v/v) to provide compound 27 (70
mg, 70%). 'H NMR (600 MHz, CDCI;) 6: 8.37 (s, 1H), 7.86 (s, 1H),
7.79 (d, ] = 3.3 Hz, 1H), 7.63 (d, ] = 8.3 Hz, 1H), 7.46 (dd, ] = 8.3,
1.5 Hz, 1H), 7.33 — 7.28 (m, 1SH), 7.25 — 7.23 (m, 1H), 7.08 — 7.04
(m, 3H), 7.00 (d, J = 8.2 Hz, 2H), 6.90 — 6.86 (m, 1H), 6.83 (dd, ] =
17.1, 8.5 Hz, 4H), 6.56 (d, ] = 3.2 Hz, 1H), 5.26 (s, 2H), 5.12 (s, 2H),
4.49 (dt, ] = 9.9, 5.1 Hz, 2H), 4.39 (s, 2H), 3.81 (dt, J = 20.7, 5.2 Hz,
2H), 3.66 (dd, ] = 10.3, 5.1 Hz, 1H), 3.56 — 3.53 (m, 2H), 3.46 (t, ] =
4.9 Hz, 2H), 3.42 (q, ] = 5.3 Hz, 2H), 2.78 — 2.06 (m, 10H). 3C
NMR (151 MHz, CDCl,) 8: 173.6, 172.6, 168.5, 167.7, 157.9, 156.8,
147.0, 145.4, 143.7, 135.7, 131.9, 131.4, 130.8, 129.8, 129.6, 129.1,
128.4, 1283, 128.1, 127.9, 127.4, 124.5, 123.7, 121.2, 118.0, 115.3,
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115.3, 109.8, 102.2, 82.2, 70.6, 70.5, 70.5, 70.4, 69.7, 69.4, 67.5, 62.0,
49.8, 47.3, 45.9, 38.9, 31.2, 26.4. LC—MS (ESI) (M — H]™ m/z:
1024.6.
6-(4-((4-((6-((Trityloxy)carbamoyl)-1H-indol-1-yl)methyl)-
phenoxy)methyl)-1H-1,2,3-triazol-1-yl)hexyl 2-(4-(2,6-dioxopiperi-
din-3-yl)phenoxy)acetate (28). Compound 28 was prepared
following the General procedure A starting from compound 20
(73 mg, 0.19 mmol, 1 equiv), compound 5 (0.11 g, 0.20 mmol, 1.05
equiv), ascorbic acid (99 mg, 0.56 mmol, 3 equiv) and CuSO, (30
mg, 0.19 mmol, 1 equiv). The crude product was purified by silica
column (DCM/MeOH, 20:1, v/v) to provide compound 28 (0.17 g,
94%). "H NMR (600 MHz, CDCL,) é: 8.00 (d, ] = 16.3 Hz, 1H), 7.90
(s, 1H), 7.63 (s, 1H), 7.59 — 7.52 (m, 6H), 7.49 (d, ] = 8.3 Hz, 1H),
7.35 = 7.27 (m, 9H), 7.26 — 7.23 (m, 1H), 7.19 (d, ] = 3.1 Hz, 1H),
7.12 (dd, J = 9.6, 3.1 Hz, 2H), 7.02 (dd, J = 15.8, 8.6 Hz, 3H), 6.93 —
6.85 (m, 4H), 6.49 (d, J = 3.1 Hz, 1H), 5.21 (s, 2H), 5.17 (s, 2H),
4.61 (s, 2H), 432 (t, ] = 7.1 Hz, 2H), 4.17 (t, ] = 6.5 Hz, 2H), 3.70
(dd, J = 9.9, 5.0 Hz, 1H), 2.69 (dt, ] = 17.7, 5.2 Hz, 1H), 2.61 (ddd, J
=17.7,10.1, 5.3 Hz, 1H), 2.26 — 2.14 (m, 2H), 1.87 (p, ] = 7.3 Hz,
2H), 1.62 (q, ] = 6.9 Hz, 2H), 1.32 (dq, J = 12.7, 8.5, 6.1 Hz, 4H).
13C NMR (151 MHz, CDCL,) &: 173.4, 172.5, 169.1, 168.1, 158.0,
157.4, 147.0, 145.4, 144.0, 135.8, 132.3, 132.0, 131.4, 130.3, 129.8,
129.4, 129.1, 128.5, 128.4, 128.1, 127.9, 127.4, 122.8, 122.7, 121.3,
117.5, 115.4, 115.2, 110.0, 102.1, 82.2, 65.6, 65.2, 62.3, 50.4, 49.8,
47.3,31.1,30.2, 28.4, 26.5, 26.1, 25.3. LC—MS (ESI) [M — H]™ m/z:
949.7.
N-(Benzyloxy)-1-(4-((6-(2-(4-(2,6-dioxopiperidin-3-yl)phenoxy)-
acetamido)hexyl)carbamoyl)-benzyl)-1H-indole-6-carboxamide
(29). Compound 29 was prepared following the General procedure B
starting from deprotected compound 17 (70 mg, 0.20 mmol, 1 equiv),
compound 7 (82 mg, 0.20 mmol, 1.05 equiv), HATU (0.15 g, 0.39
mmol, 2 equiv), and DIPEA (76 mg, 0.58 mmol, 3 equiv). The crude
product was purified by silica column (EtOAc/MeOH, 30:1, v/v) to
provide compound 29 (67 mg, 46%). "H NMR (600 MHz, DMSO-
dg) 6: 11.61 (s, 1H), 10.77 (s, 1H), 8.34 (t, ] = 5.7 Hz, 1H), 8.01 (t, ]
= 5.8 Hz, 1H), 7.91 (s, 1H), 7.78 — 7.72 (m, 2H), 7.68 (d, ] = 3.1 Hz,
1H), 7.61 (d, ] = 8.3 Hz, 1H), 7.45 (ddd, ] = 8.2, 4.9, 1.6 Hz, 3H),
741 — 7.32 (m, 3H), 7.23 (4, ] = 8.1 Hz, 2H), 7.16 — 7.10 (m, 2H),
6.93 — 6.86 (m, 2H), 6.57 (dd, J = 3.1, 0.8 Hz, 1H), 5.53 (s, 2H),
4.92 (s,2H), 4.43 (s,2H), 3.78 (dd, J = 11.5,4.9 Hz, 1H), 3.20 (q, ] =
6.7 Hz, 2H), 3.10 (q, ] = 6.8 Hz, 2H), 2.63 (ddd, J = 17.0, 11.7, 5.2
Hz, 1H), 2.49 — 2.43 (m, 1H), 2.14 (dtd, ] = 13.2, 11.7, 4.4 Hz, 1H),
2.04 — 1.95 (m, 1H), 1.47 (p, ] = 7.2 Hz, 2H), 1.41 (dd, ] = 8.6, 5.5
Hz, 2H), 1.28 — 1.23 (m, 4H). '*C NMR (151 MHz, DMSO-d,) 6:
174.3, 173.4, 167.4, 165.7, 165.3, 156.7, 140.9, 136.0, 135.1, 134.0,
131.9, 131.7, 130.7, 129.5, 128.8, 128.3, 128.2, 127.4, 126.6, 125.2,
1202, 118.0, 114.5, 109.7, 101.4, 77.0, 67.1, 48.8, 46.5, 45.8, 38.2,
31.3, 29.0, 29.0, 26.1, 26.0, 26.0. LC—MS (ESI) [M + H]" m/z:
744.6.
N-(Benzyloxy)-1-(4-((7-(2-(4-(2,6-dioxopiperidin-3-yl)phenoxy)-
acetamido)heptyl)carbamoyl)-benzyl)-1H-indole-6-carboxamide
(30). Compound 30 was prepared following the General procedure B
starting from deprotected compound 18 (71 mg, 0.19 mmol, 1 equiv),
compound 7 (80 mg, 0.20 mmol, 1.05 equiv), HATU (0.14 g, 0.38
mmol, 2 equiv), and DIPEA (73 mg, 0.57 mmol, 3 equiv). The crude
product was purified by silica column (EtOAc/MeOH, 30:1, v/v) to
provide compound 30 (55 mg, 38%). "H NMR (600 MHz, DMSO-
dg) 6: 11.61 (s, 1H), 10.77 (s, 1H), 8.34 (t, ] = 5.7 Hz, 1H), 8.01 (t,]
= 5.9 Hz, 1H), 7.93 — 7.90 (m, 1H), 7.78 — 7.73 (m, 2H), 7.68 (d, J
= 3.1 Hz, 1H), 7.61 (d, ] = 8.3 Hz, 1H), 7.45 (ddd, J = 8.2, 5.1, 1.6
Hz, 3H), 7.41 — 7.33 (m, 3H), 7.25 — 7.20 (m, 2H), 7.15 — 7.10 (m,
2H), 6.92 — 6.87 (m, 2H), 6.57 (dd, J = 3.1, 0.9 Hz, 1H), 5.52 (s,
2H), 4.92 (s, 2H), 4.43 (s, 2H), 3.78 (dd, ] = 11.5, 4.9 Hz, 1H), 3.20
(q,J=6.7 Hz,2H), 3.10 (q, ] = 6.7 Hz, 2H), 2.64 (ddd, ] = 17.3, 1 1.9,
5.4 Hz, 1H), 2.49 — 2.44 (m, 1H), 2.15 (dtd, ] = 13.2, 11.7, 4.4 Hz,
1H), 1.99 (dq, ] = 13.2, 4.9 Hz, 1H), 1.47 (t, ] = 7.0 Hz, 2H), 1.41 (p,
J=7.2Hz, 2H), 125 (qd, J = 11.0, 9.1, 4.7 Hz, 6H). 3C NMR (151
MHz, DMSO-d,) 8: 174.8, 173.9, 167.9, 166.2, 165.8, 157.2, 141.4,
136.5, 135.6, 134.5, 132.4, 132.2, 131.2, 130.0, 129.3, 128.8, 128.7,
127.9, 127.1, 125.7, 120.7, 118.5, 115.0, 110.2, 101.9, 77.5, 67.6, 49.3,
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47.0, 40.6, 38.7, 31.8, 29.5, 29.5, 28.9, 26.9, 26.8, 26.5. LC—MS (ESI)
[M + H]* m/z: 758.6.
1-(4-((1-(2-(2-(2-((2-(2,6-Dioxopiperidin-3-yl)-1,3-dioxoisoindo-
lin-4-yl)amino)ethoxy)ethoxy)ethyl)-1H-1,2,3-triazol-4-yl)-
methoxy)benzyl)-N-hydroxy-1H-indole-6-carboxamide (BP1).
Compound BP1 was prepared following General procedure C.
Starting from compound 21 (0.15 g, 0.15 mmol, 1 equiv), the crude
product was purified by reverse-phase flash column chromatography
to yield compound BP1 (29 mg, 26%). "H NMR (600 MHz, DMSO-
dg) &: 11.10 (d, ] = 5.8 Hz, 2H), 8.90 (s, 1H), 8.15 (s, 1H), 7.98 (s,
1H), 7.64 (d, ] = 3.1 Hz, 1H), 7.60 (d, ] = 8.3 Hz, 1H), 7.55 (dd, J =
8.6,7.1 Hz, 1H), 7.47 (dd, J = 8.3, 1.5 Hz, 1H), 7.22 — 7.16 (m, 2H),
7.11 (d, J = 8.6 Hz, 1H), 7.04 (d, ] = 7.0 Hz, 1H), 7.00 — 6.94 (m,
2H), 6.59 (t, ] = 5.8 Hz, 1H), 6.54 (dd, J = 3.1, 0.8 Hz, 1H), 5.39 (s,
2H), 5.12 — 5.01 (m, 3H), 4.52 (t, J = 5.2 Hz, 2H), 3.83 (t, ] = 5.2
Hz, 2H), 3.57 (t, ] = 5.4 Hz, 2H), 3.53 (hept, ] = 2.7 Hz, 4H), 3.43
(g, J = 5.5 Hz, 2H), 2.89 (ddd, ] = 17.1, 13.9, 5.4 Hz, 1H), 2.65 —
2.53 (m, 2H), 2.03 (ddt, J = 13.0, 5.5, 2.4 Hz, 1H). *C NMR (151
MHz, DMSO-dy) &: 172.7, 170.0, 168.9, 167.2, 165.2, 157.4, 146.3,
1424, 136.2, 135.0, 132.0, 131.4, 130.4, 130.2, 128.4, 125.6, 124.8,
120.0, 117.8, 117.4, 114.7, 110.7, 109.3, 109.2, 101.1, 69.5, 69.5, 68.8,
68.7, 61.1, 49.4, 48.6, 48.5, 41.6, 30.9, 22.1. HRMS (ESI): m/z [M +
H]* caled for Cy3H,;gNgO,, 751.283S; found, 751.2848.
1-(4-((1-(2-(2-(2-(2-((2-(2,6-Dioxopiperidin-3-yl)-1,3-dioxoisoin-
dolin-4-yl)amino)ethoxy)ethoxy)ethoxy)ethyl)-1H-1,2,3-triazol-4-
yl)methoxy)benzyl)-N-hydroxy-1H-indole-6-carboxamide (BP2).
Compound BP2 was prepared following General procedure C.
Starting from compound 22 (0.19 g, 0.18 mmol, 1 equiv), the crude
product was purified by reverse-phase flash column chromatography
to yield compound BP2 (40 mg, 28%). "H NMR (600 MHz, DMSO-
dg) 6: 11.07 (s, 2H), 8.87 (s, 1H), 8.13 (s, 1H), 7.95 (s, 1H), 7.61 (d,
] =3.1Hz, 1H), 7.59 — 7.53 (m, 2H), 7.44 (dd, ] = 8.3, 1.5 Hz, 1H),
7.19 — 7.15 (m, 2H), 7.10 (d, ] = 8.6 Hz, 1H), 7.03 (d, ] = 7.0 Hz,
1H), 6.98 — 6.94 (m, 2H), 6.57 (t, ] = 5.8 Hz, 1H), 6.51 (dd, J = 3.1,
0.9 Hz, 1H), 5.37 (s, 2H), 5.07 (s, 2H), 5.04 (dd, J = 13.0, 5.6 Hz,
1H), 4.49 (t, ] = 5.2 Hz, 2H), 3.78 (t, ] = 5.2 Hz, 2H), 3.56 (t, ] = 5.4
Hz, 2H), 3.51 (dd, ] = 5.8, 3.3 Hz, 2H), 3.50 — 3.43 (m, 6H), 3.42 (q,
J = 5.6 Hz, 2H), 2.87 (ddd, ] = 17.1, 13.9, 5.4 Hz, 1H), 2.62 — 2.51
(m, 2H), 2.01 (dtd, ] = 13.0, 5.4, 2.4 Hz, 1H). 3C NMR (126 MHz,
DMSO-d,) 8: 172.7, 170.0, 168.9, 167.2, 165.2, 157.4, 146.4, 142.4,
1362, 135.0, 132.0, 131.3, 130.4, 130.2, 128.4, 125.6, 124.7, 120.0,
117.8, 117.4, 114.7, 110.6, 109.3, 109.2, 101.1, 69.7, 69.6, 69.5, 68.8,
68.6, 61.1, 49.3, 48.5, 41.6, 30.9, 22.1. HRMS (ESI): m/z [M + H]*
caled for C,oH,,N3O,0, 795.3097; found, 795.3107.
1-(4-((1-(6-((2-(2,6-Dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-
yl)oxy)hexyl)-1H-1,2,3-triazol-4-yl)methoxy)benzyl)-N-hydroxy-1H-
indole-6-carboxamide (BP3). Compound BP3 was prepared
following General procedure C. Starting from compound 23 (0.15
g, 0.16 mmol, 1 equiv), the crude product was purified by reverse-
phase flash column chromatography to yield compound BP3 (24 mg,
21%). '"H NMR (600 MHz, DMSO-d,) &: 11.08 (s, 2H), 8.87 (s,
1H), 8.18 (s, 1H), 7.95 (s, 1H), 7.79 (dd, J = 8.5, 7.3 Hz, 1H), 7.62
(d, ] =3.1Hz, 1H),7.57 (d, ] = 8.3 Hz, 1H), 7.49 (d, ] = 8.5 Hz, 1H),
7.46 — 740 (m, 2H), 7.21 — 7.15 (m, 2H), 6.99 — 6.93 (m, 2H), 6.51
(dd, J = 3.1,0.9 Hz, 1H), 5.37 (s, 2H), 5.12 — 5.02 (m, 3H), 4.34 (t, ]
=7.1Hz, 2H), 4.17 (t, ] = 6.3 Hz, 2H), 2.87 (ddd, J = 17.1, 13.9, 5.5
Hz, 1H), 2.63 — 2.51 (m, 2H), 2.02 (dtd, ] = 12.4, 5.1, 2.2 Hz, 1H),
1.83 (p, J = 7.3 Hz, 2H), 1.77 — 1.69 (m, 2H), 1.47 (p, ] = 7.6 Hz,
2H), 1.30 (qd, J = 9.6, 8.8, 6.3 Hz, 2H). 3C NMR (151 MHz,
DMSO-d,) 8: 172.7, 169.9, 166.8, 165.3, 165.2, 157.4, 156.0, 142.5,
137.0, 135.0, 133.2, 131.4, 130.4, 130.3, 128.4, 125.6, 124.3, 120.0,
119.8, 117.8, 116.2, 115.1, 114.7, 109.3, 101.1, 68.6, 61.1, 49.3, 48.7,
48.5, 30.9, 29.5, 28.1, 25.4, 24.6, 22.0. HRMS (ESI): m/z [M + H]*
caled for C35H;3,N,Oq, 720.2776; found, 720.2781.
1-(4-((6-((2-(2,6-Dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)-
amino)hexyl)carbamoyl)benzyl)-N-hydroxy-1H-indole-6-carboxa-
mide (BP4). Compound BP4 was prepared following General
procedure D. Starting from compound 24 (41 mg, 0.055 mmol, 1
equiv), the crude product was purified by reverse-phase flash column
chromatography to yield compound BP4 (16 mg, 45%). "H NMR
(600 MHz, DMSO-dy) &: 11.06 (s, 2H), 8.86 (s, 1H), 8.34 (t, ] = 5.7
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Hz, 1H), 7.89 (s, 1H), 7.78 — 7.70 (m, 2H), 7.66 (d, ] = 3.1 Hz, 1H),
7.59 (d, ] = 8.3 Hz, 1H), 7.55 (dd, ] = 8.6, 7.1 Hz, 1H), 7.45 (dd, J =
8.3, 1.4 Hz, 1H), 7.24 (d, ] = 8.1 Hz, 2H), 7.07 (d, ] = 8.6 Hz, 1H),
7.01 (d, ] = 7.0 Hz, 1H), 6.56 (d, ] = 3.1 Hz, 1H), 6.51 (t, ] = 5.9 Hz,
1H), 5.52 (s, 2H), 5.04 (dd, J = 12.8, 5.5 Hz, 1H), 3.27 (t, ] = 6.7 Hz,
2H), 3.21 (q, J = 6.6 Hz, 2H), 2.87 (ddd, ] = 17.0, 13.9, 5.4 Hz, 1H),
2.63 — 2.51 (m, 2H), 2.02 (dtd, J = 12.8, 5.3,2.3 Hz, 1H), 1.56 (p, ] =
7.1 Hz, 2H), 1.50 (p, ] = 7.1 Hz, 2H), 1.41 — 1.28 (m, 4H). BC
NMR (151 MHz, DMSO-ds) 6: 172.8, 170.0, 168.9, 167.3, 165.8,
165.2, 146.4, 140.9, 136.2, 135.1, 134.0, 132.2, 131.6, 130.4, 127.4,
126.6, 125.7, 120.1, 117.9, 117.1, 110.3, 109.3, 109.0, 101.3, 48.8,
48.5, 41.8, 40.1, 30.9, 29.0, 28.6, 26.1, 26.0, 22.1. HRMS (ESI): m/z
[M + HJ* caled for C34H;36NgOg, 665.2718; found, 665.2722.
1-(4-((7-((2-(2,6-Dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)-
amino)heptyl)carbamoyl)benzyl)-N-hydroxy-1H-indole-6-carboxa-
mide (BP5). Compound BPS was prepared following General
procedure D. Starting from compound 25 (61 mg, 0.079 mmol, 1
equiv), the crude product was purified by reverse-phase flash column
chromatography to yield compound BPS (21 mg, 39%). '"H NMR
(600 MHz, DMSO-dy) 6: 11.07 (s, 2H), 8.88 (s, 1H), 8.34 (t, ] = 5.6
Hz, 1H), 7.89 (s, 1H), 7.77 — 7.71 (m, 2H), 7.66 (d, ] = 3.1 Hz, 1H),
7.61 — 7.52 (m, 2H), 7.45 (dd, J = 8.3, 1.4 Hz, 1H), 7.23 (d, ] = 8.2
Hz, 2H), 7.07 (d, ] = 8.6 Hz, 1H), 7.01 (d, ] = 7.0 Hz, 1H), 6.56 (dd,
J=3.1,0.8 Hz, 1H), 6.51 (t,] = 5.9 Hz, 1H), 5.52 (s, 2H), 5.04 (dd, J
= 12.8, 5.5 Hz, 1H), 3.29 — 3.25 (m, 2H), 3.20 (q, ] = 6.7 Hz, 2H),
2.88 (ddd, J = 17.1, 13.9, 5.5 Hz, 1H), 2.62 — 2.51 (m, 2H), 2.02
(dtd, J = 13.0, 5.4, 2.4 Hz, 1H), 1.56 (p, J = 7.0 Hz, 2H), 148 (p, ] =
7.2 Hz, 2H), 1.34 — 1.27 (m, 6H). 3C NMR (151 MHz, DMSO-d,)
5: 172.8, 170.0, 168.9, 167.3, 165.7, 165.1, 146.4, 140.9, 136.2, 135.1,
134.0, 132.2, 131.6, 130.4, 127.4, 126.6, 125.8, 120.1, 117.9, 117.1,
110.3, 109.3, 109.0, 101.3, 48.8, 48.5, 41.8, 40.1, 30.9, 29.0, 28.6, 28.4,
26.4,26.3,22.1. HRMS (ESI): m/z [M + H]* calcd for C3,H;gNO,,
679.2875; found, 679.2877.
1-(4-((1-(2-(2-(2-(2-(4-(2,6-Dioxopiperidin-3-yl)phenoxy)-
acetamido)ethoxy)ethoxy)ethyl)-1H-1,2,3-triazol-4-yl)methoxy)-
benzyl)-N-hydroxy-1H-indole-6-carboxamide (BP6). Compound
BP6 was prepared following General procedure C. Starting from
compound 26 (96 mg, 0.097 mmol, 1 equiv), the crude product was
purified by reverse-phase flash column chromatography to yield
compound BP6 (52 mg, 73%). '"H NMR (600 MHz, DMSO-d,) &:
11.08 (s, 1H), 10.77 (s, 1H), 8.87 (s, 1H), 8.14 (s, 1H), 8.01 (t, ] =
5.8 Hz, 1H), 7.95 (s, 1H), 7.61 (d, ] = 3.1 Hz, 1H), 7.59 — 7.55 (m,
1H), 7.44 (dd, ] = 8.2, 1.5 Hz, 1H), 7.21 — 7.15 (m, 2H), 7.15 — 7.09
(m, 2H), 7.00 — 6.93 (m, 2H), 6.93 — 6.86 (m, 2H), 6.51 (dd, J =
3.1, 0.9 Hz, 1H), 5.37 (s, 2H), 5.08 (s, 2H), 4.50 (t, J = 5.2 Hz, 2H),
4.45 (s, 2H), 3.86 — 3.71 (m, 3H), 3.48 (dd, J = 5.8, 3.4 Hz, 2H),
3.46 — 3.42 (m, 2H), 3.39 (t, J = 5.9 Hz, 2H), 3.26 (q, ] = 5.9 Hz,
2H), 2.64 (ddd, J = 17.2, 11.8, 5.3 Hz, 1H), 2.49 — 2.44 (m, 1H),
2.14 (dtd, J = 13.1, 11.7, 4.4 Hz, 1H), 2.02 — 1.96 (m, 1H). 3*C NMR
(151 MHz, DMSO-dy) 8: 174.4, 173.4, 167.7, 165.3, 157.4, 156.6,
142.5, 135.0, 131.8, 131.4, 130.4, 130.3, 129.5, 128.4, 125.6, 124.8,
120.0, 117.8, 114.7, 114.5, 109.3, 101.1, 69.5, 69.3, 68.7, 68.6, 67.0,
61.1, 49.4, 48.5, 46.5, 38.2, 31.4, 25.9. HRMS (ESI): m/z [M + H]*
caled for C35H, N,O,, 740.3039; found, 740.3044.
1-(4-((1-(1-(4-(2,6-Dioxopiperidin-3-yl)phenoxy)-2-oxo-6,9, 12-tri-
oxa-3-azatetradecan-14 yl)-1H-1,2,3-triazol-4-yl)methoxy)benzyl)-
N-hydroxy-1H-indole-6-carboxamide (BP7). Compound BP7 was
prepared following General procedure C. Starting from compound
27 (64 mg, 0.063 mmol, 1 equiv), the crude product was purified by
reverse-phase flash column chromatography to yield compound BP7
(29 mg, 59%). "H NMR (600 MHz, DMSO-dy) 6: 11.08 (s, 1H),
10.77 (s, 1H), 8.87 (s, 1H), 8.14 (s, 1H), 8.02 (t, ] = 5.8 Hz, 1H),
7.95 (s, 1H), 7.61 (d, J = 3.1 Hz, 1H), 7.57 (d, ] = 8.2 Hz, 1H), 7.44
(dd, J = 8.2, 1.5 Hz, 1H), 7.21 — 7.16 (m, 2H), 7.16 — 7.10 (m, 2H),
7.00 — 6.94 (m, 2H), 6.93 — 6.87 (m, 2H), 6.51 (dd, J = 3.1, 0.9 Hz,
1H), 5.37 (s, 2H), 5.08 (s, 2H), 4.50 (t, ] = 5.2 Hz, 2H), 4.45 (s, 2H),
3.82 — 3.74 (m, 3H), 3.52 — 3.48 (m, 2H), 3.45 (dq, ] = 4.3, 2.9, 2.3
Hz, 6H), 3.41 (t, ] = 6.0 Hz, 2H), 3.27 (q, ] = 6.0 Hz, 2H), 2.64 (ddd,
J=172,11.8, 5.3 Hz, 1H), 2.49 — 2.44 (m, 1H), 2.14 (dtd, ] = 13.1,
11.7, 44 Hz, 1H), 2.03 — 196 (m, 1H). 3C NMR (151 MHz,
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DMSO—dé) 0: 174.4, 173.4, 167.7, 165.2, 157.4, 156.6, 142.4, 135.0,
131.8, 131.4, 130.4, 130.3, 129.5, 128.4, 125.6, 124.8, 120.0, 117.8,
114.7, 114.5, 109.3, 101.1, 69.6, 69.6, 69.5, 68.7, 68.6, 67.0, 61.1, 49.4,
48.6, 48.5, 46.5, 38.2, 31.4, 25.9. HRMS (ESI): m/z [M + H]* calcd
for C4oH,sN,0,,, 784.3301; found, 784.3307.
6-(4-((4-((6-(Hydroxycarbamoyl)-1H-indol-1-yl)methyl)-
phenoxy)methyl)-1H-1,2,3-triazol-1-yl)hexyl 2-(4-(2,6-dioxopiperi-
din-3-yl)phenoxy)acetate (BP8). Compound BP8 was prepared
following General procedure C. Starting from compound 28 (0.16
mg, 0.17 mmol, 1 equiv), the crude product was purified by reverse-
phase flash column chromatography to yield compound BP8 (79 mg,
66%). '"H NMR (600 MHz, DMSO-d,) 8: 11.08 (s, 1H), 10.77 (s,
1H), 8.87 (s, 1H), 8.17 (s, 1H), 7.97 — 7.93 (m, 1H), 7.62 (d, ] = 3.1
Hz, 1H), 7.57 (dd, ] = 8.3, 0.6 Hz, 1H), 7.44 (dd, ] = 8.3, 1.5 Hz,
1H), 7.21 — 7.16 (m, 2H), 7.14 — 7.10 (m, 2H), 6.99 — 6.95 (m,
2H), 6.89 — 6.84 (m, 2H), 6.52 (dd, J = 3.1, 0.9 Hz, 1H), 5.38 (s,
2H), 5.07 (s, 2H), 4.76 (s, 2H), 4.32 (t, ] = 7.1 Hz, 2H), 4.09 (t, ] =
6.5 Hz,2H), 3.77 (dd, ] = 11.6, 4.9 Hz, 1H), 2.64 (ddd, J = 17.2, 11.8,
5.3 Hz, 1H), 2.49 — 2.43 (m, 1H), 2.14 (dtd, J = 13.2, 11.7, 4.4 Hz,
1H), 2.02 — 1.95 (m, 1H), 1.78 (p, J = 7.2 Hz, 2H), 1.55 (p, ] = 6.7
Hz, 2H), 1.32 — 1.25 (m, 2H), 1.25 — 1.17 (m, 2H). *C NMR (151
MHz, DMSO-d,) 8: 174.3, 173.4, 168.8, 165.2, 157.4, 156.5, 142.5,
135.0, 131.8, 131.4, 130.4, 130.3, 129.5, 128.4, 125.6, 124.3, 120.0,
117.8, 114.7, 114.3, 109.3, 101.1, 64.6, 64.3, 61.1, 49.2, 48.5, 46.5,
31.4,29.5, 27.8, 25.9, 25.3, 24.6. HRMS (ESI): m/z [M + H]" calcd
for C33H,oN4Og, 709.2980; found, 709.2981.
1-(4-((6-(2-(4-(2,6-Dioxopiperidin-3-yl)phenoxy)acetamido)-
hexyl)carbamoyl)benzyl)-N-hydroxy-1H-indole-6-carboxamide
(BP9). Compound BP9 was prepared following General procedure
D. Starting from compound 29 (61 mg, 0.083 mmol, 1 equiv), the
crude product was purified by reverse-phase flash column
chromatography to yield compound BP9 (21 mg, 39%). '"H NMR
(600 MHz, DMSO-dg) &: 11.06 (s, 1H), 10.77 (s, 1H), 8.86 (s, 1H),
8.33 (t, ] = 5.7 Hz, 1H), 8.02 (t, ] = 5.9 Hz, 1H), 7.89 (s, 1H), 7.78 —
7.71 (m, 2H), 7.66 (d, J = 3.2 Hz, 1H), 7.62 — 7.56 (m, 1H), 7.45
(dd, J = 8.3, 1.4 Hz, 1H), 7.27 — 7.20 (m, 2H), 7.17 — 7.09 (m, 2H),
6.94 — 6.86 (m, 2H), 6.56 (dd, J = 3.1, 0.8 Hz, 1H), 5.52 (s, 2H),
4.43 (s,2H), 3.78 (dd, J = 11.5, 4.9 Hz, 1H), 3.20 (q, ] = 6.8 Hz, 2H),
3.10 (q, ] = 6.7 Hz, 2H), 2.64 (ddd, ] = 17.1, 11.7, 5.2 Hz, 1H), 2.49
— 243 (m, 1H), 2.15 (dtd, J = 13.1, 11.7, 4.4 Hz, 1H), 2.00 (dq, ] =
13.2, 4.9 Hz, 1H), 1.44 (dp, J = 30.3, 7.1 Hz, 4H), 1.25 (dq, ] = 10.5,
5.5, 4.8 Hz, 4H). 3C NMR (151 MHz, DMSO-d) &: 174.4, 173.4,
167.4, 165.8, 165.2, 156.7, 140.9, 135.1, 134.0, 131.7, 131.6, 130.4,
129.5, 127.4, 126.6, 125.7, 120.1, 117.9, 114.5, 109.3, 101.4, 67.1,
48.8, 46.5, 40.1, 38.2, 31.3, 29.0, 29.0, 26.1, 26.0, 26.0. HRMS (ESI):
m/z [M + H]* caled for C3sH3oN;O-, 654.2922; found, 654.2927.
1-(4-((7-(2-(4-(2,6-Dioxopiperidin-3-yl)phenoxy)acetamido)-
heptyl)carbamoyl)benzyl)-N-hydroxy-1H-indole-6-carboxamide
(BP10). Compound BP10 was prepared following General procedure
D. Starting from compound 30 (49 mg, 0.065 mmol, 1 equiv), the
crude product was purified by reverse-phase flash column
chromatography to yield compound BP10 (18 mg, 41%). '"H NMR
(600 MHz, DMSO-d;) &: 11.06 (s, 1H), 10.77 (s, 1H), 8.86 (s, 1H),
8.33 (t, ] = 5.7 Hz, 1H), 8.01 (t, ] = 5.9 Hz, 1H), 7.89 (s, 1H), 7.78 —
7.71 (m, 2H), 7.66 (d, ] = 3.1 Hz, 1H), 7.59 (d, J = 8.2 Hz, 1H), 7.45
(dd, J = 8.3, 1.4 Hz, 1H), 7.24 (d, J = 8.3 Hz, 2H), 7.16 — 7.10 (m,
2H), 6.93 — 6.87 (m, 2H), 6.56 (dd, J = 3.1, 0.8 Hz, 1H), 5.52 (s,
2H), 4.43 (s, 2H), 3.78 (dd, J = 11.5, 4.9 Hz, 1H), 3.20 (q, ] = 6.6 Hz,
2H), 3.10 (q, J = 6.7 Hz, 2H), 2.64 (ddd, ] = 17.4, 11.9, 5.4 Hz, 1H),
2.49 — 2.44 (m, 1H), 2.15 (dtd, J = 13.2, 11.7, 4.5 Hz, 1H), 2.00 (dq,
J =132, 48 Hz, 1H), 147 (p, J = 7.1 Hz, 2H), 1.41 (p, ] = 7.2 Hz,
2H), 1.29 — 1.19 (m, 6H). C NMR (151 MHz, DMSO-d;) &:
174.3, 173.4, 167.4, 165.7, 165.1, 156.7, 140.9, 135.1, 134.0, 131.7,
131.6, 130.4, 129.5, 127.4, 126.6, 125.8, 120.1, 117.9, 114.5, 109.3,
101.3, 67.1, 48.8, 46.5, 40.1, 382, 31.3, 29.0, 29.0, 28.4, 26.4, 26.3,
26.0. HRMS (ESI): m/z [M + H]* calcd for C;,H,;N;O,, 668.3079;
found, 668.3080.
N-Hydroxy-1-(4-((1-(2-(2-(2-((2-(1-methyl-2,6-dioxopiperidin-3-
yl)-1,3-dioxoisoindolin-4-yl)Jamino)ethoxy)ethoxy)ethyl)-1H-1,2,3-
triazol-4-yl)methoxy)benzyl)-1H-indole-6-carboxamide (BP1—N).
Compound BP1—N was prepared following General procedure C.
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Starting from compound S3 (0.10 g, 0.10 mmol, 1 equiv), the crude
product was purified by reverse-phase flash column chromatography
to yield compound BP1-N (31 mg, 40%). "H NMR (600 MHz,
DMSO-dg) &: 11.08 (s, 1H), 8.87 (s, 1H), 8.12 (s, 1H), 7.96 (s, 1H),
7.61 (d, J = 3.1 Hz, 1H), 7.57 (d, ] = 8.3 Hz, 1H), 7.54 (dd, ] = 8.5,
7.1 Hz, 1H), 7.44 (dd, ] = 8.2, 1.4 Hz, 1H), 7.21 — 7.12 (m, 2H), 7.09
(d, ] = 8.6 Hz, 1H), 7.02 (d, ] = 7.0 Hz, 1H), 6.98 — 6.90 (m, 2H),
6.57 (t, ] = 5.8 Hz, 1H), 6.51 (d, J = 3.1 Hz, 1H), 5.37 (s, 2H), S.11
(dd, J = 13.0, 5.4 Hz, 1H), 5.05 (s, 2H), 4.49 (t, ] = 5.2 Hz, 2H), 3.80
(t, ] = 5.2 Hz, 2H), 3.55 (t, ] = 5.4 Hz, 2H), 3.50 (hept, ] = 2.7 Hz,
4H), 3.41 (q, J = 5.5 Hz, 2H), 2.99 (s, 3H), 2.93 (ddd, ] = 17.2, 13.9,
5.4 Hz, 1H), 2.74 (ddd, ] = 17.2, 4.5, 2.6 Hz, 1H), 2.56 — 2.51 (m,
1H), 2.02 (dtd, J = 13.0, 5.4, 2.5 Hz, 1H). 3C NMR (151 MHz,
DMSO-dy) 8: 171.7, 169.8, 168.9, 167.2, 165.2, 157.4, 146.4, 142.4,
136.2, 135.0, 132.0, 131.3, 130.4, 130.2, 128.4, 125.6, 124.7, 120.0,
117.8, 117.4, 114.7, 110.7, 109.3, 109.2, 101.1, 69.5, 69.5, 68.7, 68.7,
61.1,49.4, 49.1, 48.5, 41.6, 31.1, 26.5, 21.3. HRMS (ESI): m/z [M +
H]* caled for C39H,oNgO,, 765.2991; found, 765.2997.

4-((2-(2-(2-Azidoethoxy)ethoxy)ethyl)amino)-2-(1-methyl-2,6-di-
oxopiperidin-3-yl)isoindoline-1,3-dione (52). Compound S1 was
synthesized following a reported method.*” To a solution of
compound S1 (0.10 g, 0.34 mmol, 1 equiv) in anhydrous DMSO
(S mL) were added linker 1 (63 mg, 0.36 mmol, 1.05 equiv) and
DIPEA (0.09 g, 0.69 mmol, 2 equiv). The mixture was stirred at 90
°C for 17 h. The crude product was obtained following the
procedures for preparing compound 8, which was then purified by
silica column (CyH/EtOAc 1:1, v/v) to yield compound S2 (74 mg,
48%). "H NMR (600 MHz, CDCl,) &: 7.49 (dd, J = 8.5, 7.2 Hz, 1H),
7.10 (d, J = 7.1 Hz, 1H), 6.92 (d, ] = 8.5 Hz, 1H), 495 — 4.87 (m,
1H), 3.73 (t, ] = 5.4 Hz, 2H), 3.68 (t, ] = 5.4 Hz, 6H), 3.48 (t, ] = 5.4
Hz, 2H), 3.38 (t, ] = 5.0 Hz, 2H), 3.21 (s, 3H), 2.98 — 2.89 (m, 1H),
2.81 — 2.70 (m, 2H), 2.12 — 2.06 (m, 1H). 3C NMR (151 MHz,
CDCL,) &: 171.4, 169.6, 169.1, 167.9, 146.9, 136.1, 132.7, 116.9,
111.8, 110.6, 70.9, 70.9, 70.3, 69.8, 50.8, 49.8, 42.5, 32.1, 27.4, 22.3.
LC—MS (ESI) [M + H]* m/z: 445.2.

1-(4-((1-(2-(2-(2-((2-(1-Methyl-2,6-dioxopiperidin-3-yl)-1,3-diox-
oisoindolin-4-yl)Jamino)ethoxy)ethoxy)ethyl)-1H-1,2,3-triazol-4-yl)-
methoxy)benzyl)-N-(trityloxy)-1H-indole-6-carboxamide (53).
Compound S3 was prepared following the General procedure A
starting from compound $2 (67 mg, 0.15 mmol, 1 equiv), compound
5 (89 mg, 0.16 mmol, 1.0S equiv), ascorbic acid (80 mg, 0.45 mmol, 3
equiv) and CuSO, (24 mg, 0.15 mmol, 1 equiv). The crude product
was purified by silica column (EtOAc/MeOH, 100:1, v/v) to provide
compound 83 (0.11 g, 75%). 'H NMR (600 MHz, CDCl,) 6: 7.85 (s,
1H), 7.80 (d, J = 2.9 Hz, 1H), 7.65 — 7.58 (m, 1H), 7.58 — 7.47 (m,
2H), 741 (td, ] = 8.5, 1.9 Hz, 1H), 7.39 — 7.34 (m, 1H), 7.34 — 7.26
(m, 12H), 7.26 — 7.22 (m, 2H), 7.06 — 6.96 (m, 3H), 6.87 — 6.77
(m, 3H), 6.56 — 6.47 (m, 1H), 5.23 (s, 2H), 5.07 (s, 2H), 4.86 (dt, J
=12.5, 4.9 Hz, 1H), 4.52 (dt, ] = 9.9, 4.9 Hz, 2H), 3.86 (dt, J = 15.1,
5.0 Hz, 2H), 3.66 — 3.51 (m, 6H), 3.37 (dt, J = 15.1, 5.4 Hz, 2H),
3.13 (s, 3H), 2.93 — 2.84 (m, 1H), 2.74 — 2.62 (m, 2H), 2.00 (m,
1H). C NMR (151 MHz, CDCl,) &: 171.5, 171.3, 169.6, 169.3,
167.9, 157.9, 147.0, 145.4, 143.7, 136.2, 132.6, 132.0, 131.4, 129.8,
129.1, 128.3, 128.1, 128.1, 127.9, 127.9, 127.4, 124.4, 124.2, 123.5,
121.2, 117.7, 116.8, 115.3, 111.8, 102.2, 82.2, 70.6, 70.6, 69.5, 69.5,
62.0, 50.6, 50.0, 49.8, 42.4, 32.0, 27.3, 22.1. LC—MS (ESI) [M — H]~
m/z: 1005.6.

Biological and Physicochemical Evaluation

HDACS8 Inhibition Assays. Dilutions of test compounds and
reference inhibitor PCI-34051 were prepared in clear 96-well
microplates (SpectraPlate, 96-well, PerkinElmer Inc.). To this end,
the respective DMSO stock solutions were prediluted appropriately in
DMSO followed by a 3-fold serial dilution in assay buffer (50 mM
Tris—HCl, 137 mM NaCl, 2.7 mM KCl, 1 mM MgCl,; pH 8.0; 1.0
mg/mL BSA). A total of 11 different concentrations, starting from
100 uM, for each compound were produced. Next, 5.0 uL of these
serial dilutions in assay buffer were transferred into black 96-well
microplates (OptiPlate, 96-well, black, PerkinElmer Inc.). 35 uL (100
uM) of the fluorogenic substrate Leu(Ac)-Gly-Lys(TFA)-AMC ((S)-
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2-[2-((S)-2-acetamido-4-methylpentanamido)acetamido]-N-(4-meth-
yl-2-0x0-2H-chromen-7-yl)-6-(2,2,2-trifluoroacetamido)-
hexanamide)**** and 10 yL of human recombinant HDAC8 (BPS
Bioscence, Catalog#50008) enzyme solution in assay buffer were
added, and the assay was incubated for 90 min at 37 °C (total volume:
50 pL, max. 1% DMSO). Afterward, 50 uL of trypsin (1 mg/mL) in
trypsin buffer (S0 mM Tris HCl, 100 mM NaCl; pH 8.0) were added,
followed by incubation at 37 °C for 30 min. Fluorescence (excitation:
355 nm, emission: 460 nm) was measured using a FLUOstar
OPTIMA microplate reader (BMG LABTECH). Compounds were
tested at least twice in duplicates; the 50% inhibitory concentration
(ICsy) was determined by plotting normalized dose response curves
using nonlinear regression (GraphPad Prism 9.5).

CRBN Target Engagement Assay. The assay was performed as
previously described by Zerfas et al*® HEK293T cells stably
expressing NanoLuc-CRBN were cultured in DMEM (Gibco, Life
Technologies) supplemented with 10% FBS. Cells were resuspended
at 2 X 10° cells/mL in 21 mL Opti-MEM 1 (Gibco, Life
Technologies) and mixed with 600 yuL BODIPY-lenalidomide
fluorescent tracer (stock at 10 uM diluted in tracer dilution buffer
31.25% PEG-400, 12.5 mM HEPES, pH 7.5, filtered using a 0.22 ym
nitrocellulose membrane) to reach final concentration of the tracer at
278 nM. The cell-tracer mixture was then plated in a white
polystyrene 384-well plate (Corning, 3570) at SO uL/well. After
plating, the assay plate was centrifuged (400g, S min) and protected
from light. Compounds for testing were added to the plate using a
D300e Digital Dispenser (Tecan) in duplicate 12 pt titrations from a
10 mM stock in DMSO, with DMSO normalized to 1% total volume.
The plate was then placed in an incubator at 37 °C, 5% CO, for 2 h.
After incubation, the plate was removed and set on the bench to cool
to room temperature (~10 min). The NanoLuc substrate (500X
solution, Promega Catalog number N2160 for 1000 assay kit) and
extracellular inhibitor (1500X solution, Promega Catalog number
N2160 for 1000 assay kit) were diluted in Opti-MEM 1 (Gibco, Life
Technologies) to prepare a 3X solution, which was added to each well
(25 pL/well). The plate was read on a Pherastar FSX (BMG Labtech)
microplate reader with simultaneous dual emission capabilities at 450
and 520 nm for 10 cycles. The NanoBRET ratio was calculated by
dividing the signal at 520 nm by the signal at 450 nm and multiplying
by 1000 for each sample and averaged across 10 read cycles to create
each data point. The data was plotted in GraphPad Prism 10 and the
curves were fitted using Variable Slope equation to obtain the ECy,
values.

Determination of Physicochemical Properties. Log D;,
Measurements. The determination of the log D,, values was
performed by a chromatographic method as described previously.*’
Briefly, the system was calibrated by plotting the retention times of six
different drugs (atenolol, metoprolol, labetalo], diltiazem, tripheny-
lene, permethrin) versus their literature known log D, values to
obtain a calibration line (R* > 0.95). Subsequently, the mean
retention times of the analytes were taken to calculate their log D,,
values with aid of the calibration line.

Plasma Protein Binding Studies. HSA binding was estimated by
correlating the logarithmic retention times of the analytes on a
CHIRALPAK HSA 50 X 3 mm, S ym column with the literature
known %PPB values (converted into log K values) of the following
drugs: warfarin, ketoprofen, budesonide, nizatidine, indomethacin,
acetylsalicylic acid, carbamazepine, piroxicam, nicardipine, and
cimetidine according to previously published methods.”’ Samples
were dissolved in MeCN/DMSO 9:1 to achieve a final concentration
of 0.5 mg/mL. The mobile phase A was 50 mM NH,Ac adjusted to
pH 7.4 with ammonia, while mobile phase B was iPrOH. The flow
rate was set to 1.0 mL/min, the UV detector was set to 254 nm, and
the column temperature was kept at 30 °C. After injecting 2 L of the
sample, a linear gradient from 100% A to 30% iPrOH in 5.4 min was
applied. From 5.4 to 18 min, 30% iPrOH was kept, followed by
switching back to 100% A in 1.0 min and a re-equilibration time of 6
min. With the aid of the calibration line (R* > 0.95), the log K values
of new substances were calculated and converted to their %HSA
values.
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Metabolic Stability in Microsomes

Assays were performed in 96-deepwell-plates (“incubation plate”).
Experiments were conducted on a horizontal shaker with a fitted
heating block (“Thermomixer”, Eppendorf). Test and reference items
stock solutions were prepared in DMSO or ACN, respectively. The
test item stock solutions were further diluted in DMSO/H,0 (1:1, v/
v) and the verapamil stock solution was diluted in ACN to obtain
working solutions of 100-fold higher strength than the intended final
test concentration in experimental incubations (1 #M in the presence
of 0.5% DMSO for test items, 1% ACN for verapamil). The assay was
performed using human liver microsomes at 0.5 mg/mL.

The incubation solutions (final volume: 700 uL) consisted of 350
HL of a microsomal suspension (1 mg/mL protein; i.e. final 0.5 mg/
mL in incubation) in reaction buffer (potassium phosphate buffer S0
mM, pH 7.4, supplemented with 3 mM MgCl, and 1 mM EDTA),
273 uL reaction buffer, and 7 uL of test item or positive control
working solution, respectively. Components were pipetted into the
respective wells of the “incubation plate” in the order given above and
prewarmed on a horizontal shaker equipped with a fitted heating
block. For the test item, two wells were prepared as reaction wells, and
two wells were prepared as negative control wells.

The experiment was initiated by the addition of 70 yL of a 10 mM
NADPH solution in reaction buffer to the prewarmed (37 °C)
microsomes/buffer/test item mix to facilitate Phase I metabolism. 70
4L samples were removed from the incubations after 0, 10, 30, and 60
min and transferred to the “quenching plate” for sample preparation
containing ACN supplemented with the internal standards (ISTD, 1
uM diazepam, 1 yM griseofulvin and 10 uM diclofenac). Verapamil
was used as high clearance positive control in order to demonstrate
the microsomal CYP enzyme activity. Incubations containing
verapamil were run in parallel with test item incubations. Samples
were drawn after 0 and 30 min. Microsomal metabolic activity was
assessed in terms of verapamil turnover, i.e. loss of verapamil.

Negative controls using microsome without NADPH were run in
parallel to experimental incubations to verify that any apparent loss of
test item in the assay incubation was due to metabolism. For negative
controls, 70 uL assay buffer instead of 70 L NADPH solution was
added to the negative control incubations. All incubations were run in
duplicates (n = 2).

All incubations were stopped and precipitated by addition of 2
volumes of ACN containing the internal standards. After vigorously
shaking (10 s) the samples were centrifuged (2200g) for S min at
room temperature. Aliquots of the particle-free supernatants were
diluted with an equal volume of H,0 and subsequently subjected to
LC—MS analysis.

Western Blotting

Western blots on HDAC]I, 3, 6, 8, acetylated histone H3 (Lys9/
Lys14), H3K27Ac, acetylated SMC-3, GSPT1, IKZF3 and GAPDH in
MM.1S cells, HDAC8 and GAPDH in MDA-MB-231 cells, as well as
p53 in MV4-11 cells were performed according to a previously
published protocol.>~>* In brief, MM.1S or MDA-MB-231 were
collected and lysed with cell extraction buffer (ThermoFisher
Scientific Inc.; Waltham, MA, USA), supplemented with 0.1 mM
PMSF, Halt Protease Inhibitor (Thermo Fisher), and sodium
orthovanadate (ThermoFisher Scientific Inc.; Waltham, MA, USA).
Protein concentration was determined using a BCA kit (Thermo-
Fisher Scientific Inc.; Waltham, MA, USA). Equal amounts of protein
(25 pg) from the lysates was denatured by Laemmli 2X Concentrate
(Catalog#53401-10VL, Sigma-Aldrich, St. Louis, MO, USA), and
Precision Plus Protein Unstained Standard was used as molecular
weight marker (Catalog#1610363, Bio-Rad, Hercules, CA, USA).
SDS-PAGE was performed with precast gels with a polymerization
degree of 4—15% (for ac-histone H3) and 10% or 12% for other
proteins (Mini-PROTEAN TGX Stain-Free; Bio-Rad Laboratories
GmbH, Germany). Afterward, proteins were transferred to Trans-Blot
Turbo-PVDF membranes (Bio-Rad). The membrane was blocked
with skimmed milk powder in Tris-buffered saline-Tween 20 (with
0.2% Tween 20) for 60 min, followed by three washing cycles of 10
min using Tris-buffered saline-Tween 20. Next, membranes were
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incubated with primary antibodies for a total of 60 min at room
temperature under slight agitation and then incubated at 4 °C
overnight. Membranes were rinsed again three times before applying
the secondary antirabbit IgG HRP-conjugated mAbs (R&D Systems,
Inc,, Minneapolis, USA) or antimouse IgG HRP-conjugated mAbs
(Santa Cruz Biotechnology, Texas, USA) for 90 min. After rinsing of
the secondary antibody, membranes were detected using the
ClarityECL Western Blotting Substrate (Bio-Rad). For quantitative
determination, the StainFree technique was employed (Bio-Rad),
which allows the imaging of whole lysates in SDS-PAGE before
blotting and normalization against the total protein. Normalization for
Figure 9B,C was conducted against the housekeeping protein
GAPDH. Pixel density analysis was performed with the IMAGE
LAB software (Bio-Rad). Primary antibodies were used as antibody
solutions in 1:1000—1:20000 dilutions. Anti-HDAC1 (Cata-
log#5356S, Cell Signaling Technology, Denver, MA, USA), anti-
HDAC3 (Catalog#85057S, Cell Signaling Technology, Denver, MA,
USA), anti-HDAC6 (Catalog#7558S, Cell Signaling Technology,
Denver, MA, USA), anti-HDAC8 (Catalog#66042S, Cell Signaling
Technology, Denver, MA, USA), antiacetyl-histone H3 (Lys9/Lys14)
(Catalog#9677S, Cell Signaling Technology, Denver, MA, USA),
H3K27Ac (Catalog#4353S, Cell Signaling Technology, Denver, MA,
USA), antiacetyl-a-tubulin (Catalog#533S, Cell Signaling Technol-
ogy, Denver, MA, USA), antiacetyl-SMC3 (MABE1925-100UG,
EMD Millipore Corp, USA), anti-IKZF3 (Catalog#14859S, Cell
Signaling Technology, Denver, MA, USA), anti-GSPT1 (Catalog#sc-
66000, Santa Cruz Biotechnology, Texas, USA), anti-p5S3 (Cata-
log#9282, Cell Signaling Technology, Denver, MA, USA) anti-
GAPDH (Catalog#T0004, Affinity Biosciences, Cincinnati, OH,
USA), anti-GAPDH (Catalog#2118S and #5174, Cell Signaling
Technology, Denver, MA, USA).

Cell Culture

MM.1S cells were obtained by the American Type Culture Collection
(ATCC, Manassas, VA, USA). Cells were cultured in RPMI 1640
(Life Technologies, Darmstadt, Germany) supplemented with 10%
fetal bovine serum (PAN Biotech GmbH, Aidenbach, Germany), 100
IU/mL penicillin and 0.1 mg/mL streptomycin (PAN Biotech
GmbH, Aidenbach, Germany) and 1 mM sodium pyruvate (Thermo-
Fisher Scientific Inc.; Waltham, MA, USA) and were incubated at 37
°C under humidified air with 5% CO,. MDA-MB-231 cells were
obtained by the American Type Culture Collection (ATCC,
Manassas, VA, USA). Cells were cultured in Dulbecco’s Modified
Eagle’s Medium (DMEM, Gibco) already containing L-glutamine and
pyruvate, and supplemented with 10% fetal bovine serum (PAN
Biotech GmbH, Aidenbach, Germany), 100 IU/mL penicillin and 0.1
mg/mL streptomycin (PAN Biotech GmbH, Aidenbach, Germany),
and were incubated at 37 °C under humidified air with 5% CO,. HL-
60 (acute myeloid leukemia or AML) and MV4—11 (AML) cells were
obtained from DSMZ, Braunschweig, Germany. HL-60 and MV4—11
cells were cultured in RPMI1640 GlutaMAX (Gibco) supplemented
with 10—20% FBS (Sigma-Aldrich) and penicillin streptomycin
(Gibco) and maintained at 37 °C with 5% CO,.

Proliferation Assessment by Trypan Blue

To evaluate cell viability and proliferation under different compound
treatments trypan blue based exclusion test was performed on HL60
cells that were treated for time intervals 24, 48, and 72 h with either
DMSO or novel HDAC8 PROTACs at 3 M or positive controls
PCI-34051 and vorinostat at 0.5 uM and 1 yM by using Vi-CELL
BLU cell counter (Beckman Coulter).

IC5, Determination

HL-60 and MM.1S cells were seeded at a density of 0.04 X 10° per
mL in a white 384-well plate (Corning), in which increasing
concentrations (0.05—50 uM) of novel PROTACs, alongside the
positive controls PCI-34051 and vorinostat were preprinted (D300e
Digital Dispenser, Tecan). After 72 h of incubation, cell viability was
assessed using the ATP-based CellTiter-Glo luminescent assay
(Promega), following the manufacturer’s instructions. To determine
the ICy, values for each tested PROTAC, raw data (acquired in
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triplicates) were normalized to the DMSO control and analyzed using
nonlinear regression curve in GraphPad Prism.

High Throughput Drug Screening of Pretreated Cells

HL-60 cells (0.25 X 10° per mL) were treated with the HDACS
PROTAC BP6 (1 uM) or DMSO as a control for 6 h. After 6 h of
pretreatment, ex vivo high throughput drug screening was performed
(list of the drugs, Table S2, Supporting Information). To this end,
treated cells were seeded at a density of 0.04 X 10° per mL in a white
384-well plate (Corning), in which increasing concentrations (0.005—
25 uM) of 48 FDA-approved agents routinely used to treat leukemia,
were preprinted (D300e Digital Dispenser, Tecan). After 72 h of
incubation, cell viability was assessed using the ATP-based CellTiter-
Glo luminescent assay (Promega), following the manufacturer’s
instructions. To determine the ICy, values for each tested drug, raw
data (acquired in triplicates) were normalized to the DMSO control
and analyzed using nonlinear regression curve in GraphPad Prism.

Cell Viability Determination of Cobimetinib Treated Cells

MV4—11 and HL-60 cells were seeded at a density of 0.1 X 10° per
mL on a white 384-well plate (Corning), in which increasing
concentrations (0.005—25 uM) of BP6, cobimetinib and the
combination of a fix cobimetinib concentration (0.5, 1, 2 M) and
increasing concentration of BP6, were preprinted (D300e Digital
Dispenser, Tecan). After 72 h of incubation, cell viability was assessed
using the ATP-based CellTiter-Glo luminescent assay (Promega),
following the manufacturer’s instructions. Raw data were normalized
to each DMSO control and analyzed in GraphPad Prism.

FACS-Based Analysis of Apoptotic Cell Death

MV4—11 cells (025 X 10° per mL) were pretreated with either
HDACS8 PROTAC (BP6), negative control PROTAC (BP8) or
HDACS inhibitor (PCI) for 6 h prior to treatment with 1 uM
idasanutlin. Apoptotic cells were quantified 15 or 48 h after treatment
by flow cytometry based on DNA content. Nuclei displaying
hypodiploid DNA, observed as a sub-G1 population to the left of
the diploid (2N) peak in the DNA histogram, were classified as
apoptotic. Nuclei were prepared by lysing cells in a hypotonic lysis
buffer (1% sodium citrate, 0.1% Triton X-100, SO pg/mL propidium
iodide) and subsequently analyzed by flow cytometry.
Quantitative Proteomics. Sample Preparation LFQ Quantita-
tive mass Spectrometry. MOLT-4 Cells were lysed by addition of
lysis buffer (8 M Urea, SO mM NaCl, 50 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (EPPS) pH 8.5, Protease and
Phosphatase inhibitors) and homogenization by bead beating
(BioSpec) for three repeats of 30 at 2400 strokes/min. Bradford
assay was used to determine the final protein concentration in the
clarified cell lysate. Fifty micrograms of protein for each sample was
reduced, alkylated and precipitated using methanol/chloroform as
previously described®® and the resulting washed precipitated protein
was allowed to air-dry. Precipitated protein was resuspended in 4 M
urea, S0 mM HEPES pH 7.4, followed by dilution to 1 M urea with
the addition of 200 mM EPPS, pH 8. Proteins were digested with the
addition of LysC (1:50; enzyme/protein) and trypsin (1:50; enzyme/
protein) for 12 h at 37 °C. Sample digests were acidified with formic
acid to a pH of 2—3 before desalting using C18 solid phase extraction
plates (SOLA, Thermo Fisher Scientific). Desalted peptides were
dried in a vacuum-centrifuged and reconstituted in 0.1% formic acid
for liquid chromatography—mass spectrometry analysis. Data were
collected using a TimsTOF HT (Bruker Daltonics, Bremen,
Germany) coupled to a nanoElute LC pump (Bruker Daltonics,
Bremen, Germany) via a CaptiveSpray nanoelectrospray source.
Peptides were separated on a reversed-phase C18 column (25 cm X
75 pum ID, 1.6 uM, IonOpticks, Australia) containing an integrated
captive spray emitter. Peptides were separated using a 50 min gradient
of 2—30% buffer B (acetonitrile in 0.1% formic acid) with a flow rate
of 250 nL/min and column temperature maintained at S0 °C. The
TIMS elution voltages were calibrated linearly with three points
(Agilent ESI-L Tuning Mix lons; 622, 922, 1222 m/z) to determine
the reduced ion mobility coefficients (1/K,). To perform diaPASEF,
we used py diAID,”® a python package, to assess the precursor
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distribution in the m/z-ion mobility plane to generate a diaPASEF
acquisition scheme with variable window isolation widths that are
aligned to the precursor density in m/z. Data was acquired using 20
cycles with three mobility window scans each (creating 60 windows)
covering the diagonal scan line for doubly and triply charged
precursors, with singly charged precursors able to be excluded by their
position in the m/z-ion mobility plane. These precursor isolation
windows were defined between 350—1250 m/z and 1/k, of 0.6—1.45
V-s/cm?

LC—MS Data Analysis. The diaPASEF raw file processing and
controlling peptide and protein level false discovery rates, assembling
proteins from peptides, and protein quantification from peptides were
performed using library free analysis in DIA-NN 1.8.%" Library free
mode performs an in silico digestion of a given protein sequence
database alongside deep learning-based predictions to extract the DIA
precursor data into a collection of MS2 spectra. The search results are
then used to generate a spectral library which is then employed for the
targeted analysis of the DIA data searched against a Swissprot human
database (January 2021). Database search criteria largely followed the
default settings for directDIA including: tryptic with two missed
cleavages, carbamidomethylation of cysteine, and oxidation of
methionine and precursor Q-value (FDR) cutoff of 0.01. Precursor
quantification strategy was set to Robust LC (high accuracy) with RT-
dependent cross run normalization. Proteins with low sum of
abundance (<2000 X no. of treatments) were excluded from further
analysis and resulting data was filtered to only include proteins that
had a minimum of 3 counts in at least 4 replicates of each
independent comparison of treatment sample to the DMSO control.
Protein abundances were scaled using in-house scripts in the R
framework (R Development Core Team, 2014) and proteins with
missing values were imputed by random selection from a Gaussian
distribution either with a mean of the nonmissing values for that
treatment group or with a mean equal to the median of the
background (in cases when all values for a treatment group are
missing). Significant changes comparing the relative protein
abundance of these treatment to DMSO control comparisons were
assessed by moderated t-test as implemented in the limma package
within the R framework.”® Graphs in the paper were generated with
Python 3.10. Venn diagrams were generated by comparing the
significant protein entries with FDR < 0.1 of both BP1 and BP6.
Gene set enrichment was performed by adding all significant proteins
to the string framework and comparing the enriched terms (FDR <
0.05).

Time-Resolved Fluorescence Resonance Energy Transfer
Assays. Expression and Purification of SpyCatcher S50C.
SpyCatcher SSOC was expressed in Escherichia coli Rosetta (DE3).
Cultures were grown in LB medium supplemented with kanamycin
(100 pug/mL) and chloramphenicol (100 yg/mL) at 37 °C, 130 rpm,
to an OD600 of 0.87. Protein expression was induced with 1 mM
IPTG at 18 °C overnight. Cells were harvested by centrifugation
(4000g, 20 min, 4 °C) and lysed via sonification in lysis buffer (S0
mM Tris—HC], pH 8.0, 200 mM NaCl, 10 mM imidazole, 1 mM
TCEP, 1 mM PMSF). After ultracentrifugation, the supernatant was
batch-bound to Ni—NTA agarose beads, washed with wash buffer (50
mM Tris—HCI, pH 8.0, 200 mM NaCl, 20 mM imidazole, 1 mM
TCEP), and eluted with buffer containing 50 mM Tris—HCI pH 8.0,
200 mM NaCl, 400 mM imidazole, and 1 mM TCEP. Eluted protein
was further purified by size-exclusion chromatography on a Superdex
75 16/600 GL column (Cytiva) equilibrated in SEC buffer (50 mM
HEPES, pH 7.5, 200 mM NaCl, 0.1 mM TCEP). Fractions containing
SpyCatcher SSO0C were concentrated and flash-frozen in liquid
nitrogen.

Labeling of SpyCatcher S50C with BODIPY-FL-maleimide.
Purified SpyCatcher SS0C was incubated with 8 mM DTT at 4 °C
for 1 h. DTT was removed by size-exclusion chromatography
(Superdex 75 16/600 GL, Cytiva) in S0 mM Tris pH 7.5, 150 mM
NaCl, 0.1 mM TCEP). BODIPY-FL-maleimide (Thermo Fisher),
dissolved in DMSO, was added at a 1.1-fold molar excess over
SpyCatcher SSOC, and labeling was carried out overnight at 4 °C.
Labeled protein was purified by size-exclusion chromatography
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(Superdex 75 16/600 GL, Cytiva) in SO mM Tris pH 7.5, 150 mM
NaCl, 1 mM TCEP, concentrated, flash-frozen in liquid nitrogen, and
stored at — 80 °C.

CRBN-DDB1 Expression and Labeling. Human Flag-Spy-TEV-
CRBN and His6-TEV-DDB1AB* in pAV-derived vectors®® were
expressed in Trichoplusia ni High-Five insect cells using the
baculovirus expression system (Invitrogen). Cells were lysed via
sonification in 50 mM Tris—HCl pH 8.0, 200 mM NaCl, 1 mM
TCEP, 1 mM PMSF and 1x cOmplete Tablet (Roche, Cat. No.
11836170001). Following ultracentrifugation, Benzonase Nuclease
(Millipore, Cat. No. 70664-3) was added at 0.001% and the soluble
fraction was incubated with Flag-M2 sepharose beads, washed with 50
mM Tris—HCI pH 8.0, 200 mM NaCl, 1 mM TCEP and eluted by
wash buffer supplemented with 0.15 mg/mL Flag peptide (Gene-
Script, Cat. No. RP10586-1). The elution was further purified via ion
exchange chromatography (Poros SOHQ). The resulting fractions
were pooled and covalently labeled with BODIPY-FL-SpyCatch-
erSS0C by overnight incubation at 4 °C in a stoichiometric ratio. The
labeled protein was purified via size exclusion chromatography in 25
mM HEPES pH 7.5, 200 mM NaCl and 1 mM TCEP. The protein-
containing fractions were concentrated using ultrafiltration (Milli-
pore), flash frozen in liquid nitrogen and stored at —80 °C.

Time-Resolved Fluorescence Resonance Energy Transfer. The
compounds were dispensed into 384-well microplates (Corning, Cat.
No. 4514) using a D300e Digital Dispenser (Tecan) at a final
concentration of 1% DMSO. Assay mixtures contained 100 nM GST-
HDACS (SinoBiological, cat. No. 10864-H09B), 500 nM BODIPY-
FL-SpyCatcher-CRBN-DDBI1, and 1:80 HTRF Anti-GST mAb Tb-
Conjugate (Revvity, Cat. No. 61GSTTLF) in buffer (S0 mM HEPES,
pH 7.5, 200 mM NaCl, 1 mM TCEP, 0.1% Poloxamer 188).
Reactions were incubated for 10 min at room temperature prior to
TR-FRET measurements. Plates were read on a PHERAstar FSX
microplate reader (BMG Labtech). Following excitation of terbium at
337 nm, emissions at 490 nm (terbium) and 520 nm (BODIPY-FL)
were recorded, and TR-FRET signals were calculated as the 520/490
nm ratio. Data represents experiments with n = 4, each consisting of
ten technical replicates per well, and were analyzed in GraphPad
Prism v10.2.2.

Molecular Modeling. For the preparation of small molecules and
protein, the chemical structures of docked and modeled molecules
were prepared and optimized based on the MMFF94X force field;
The receptors (crystal complexes) were processed as follows: removal
of water molecules, addition of hydrogen atoms and partial charges,
protonation based on the Amberl0:EHT force field. For figure
generation, the obtained modeling results were saved as PDB format
and the figures were generated using the PyMOL software (https: //
pymol.org/2/).

Molecular Docking. Molecular docking was performed in the
MOE software (version 2022). The crystal structures of S. mansoni
HDACS8 (PDB: 6HQY) and human HDACS (PDB: 1T64) were
obtained from the Protein Data Bank. Superimposing was conducted
with the “superpose” function in the software. For docking analysis,
the binding site of the native ligand in each receptor was used to
define the docking sites. Other MOE-docking parameters were set to
default values and 30 predicted poses were retained during the
docking process. The best poses were kept based upon the docking
score and the results from ligand interactions, followed by visually
inspection.

Ternary Complex Modeling. The crystal structure human CRBN
(PDB ID: 80IZ) were obtained from the Protein Data Bank. The
complex of human HDAC8 with PCI-34051 docked inside was
obtained from molecular docking section. The isolated CRBN was
obtained by deleting the DDB1 part in the CRBN-DDB1 complex.
Ternary complex modelin§ was performed in MOE software (version
2022). The method 4B*>*' was conducted in the software by
submitting the prepared HDACS8 complex, CRBN as well as the
degraders. The best pose was kept based on the modeling score and
the result from ligand interactions, followed by visual inspection.

PAINS Analysis. We filtered all compounds for pan-assay
interference compounds (PAINS) using the online filter http://
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B ABBREVIATIONS

ACN, acetonitrile; AMC, 7-amino-4-methylcoumarin; BODI-
PY, $5,5-difluoro-SH-445-dipyrrolo[1,2-¢:2",1"-f][1,3,2]-
diazaborinin-4-ylium-5-uide; CREB, cAMP response element-
binding protein; DCsy, half maximal degradation; DCM,
dichloromethane; DECI1, deleted in esophageal cancer 1;
DIPEA, N,N-diisopropylethylamine; D, maximal degrada-
tion, DMF, N,N-dimethylformamide; DMSO, dimethyl sulf-
oxide; EDTA, ethylenediaminetetraacetic acid; ERRa, estro-
gen-related receptor alpha; FBS, fetal bovine serum; FDA,
Food and Drug Administration; FDR, false discovery rate;
GAPDH, glyceraldehyde 3-phosphate dehydrogenase; GSPT1,
eukaryotic peptide chain release factor GTP-binding subunit
ERF3A; HATU, 1-[bis(dimethylamino)methylene]-1H-1,2,3-
triazolo[4,5-b]pyridinium 3-oxide hexafluorophosphate; HCI,
hydrogen chloride; HDAC(s), histone deacetylase(s); HEPES,
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; IKZF1,
Ikaros family zinc finger protein 1; IKZF3, Ikaros family zinc
finger protein 3; IPTG, isopropyl -D-1-thiogalactopyranoside;
LiOH, lithium hydroxide; MEK, mitogen-activated protein
kinase kinase; NADPH, nicotinamide adenine dinucleotide
phosphate; NanoBRET, nano bioluminescence resonance
energy transfer; NanoLuc-CRBN, nanoluciferase cereblon;
PBS, phosphate-buffered saline; RAB28, Ras-related protein
Rab-28; PMSF, phenylmethylsulfonyl fluoride; PROTAC(s),
proteolysis-targeting chimera(s); SMC3, structural mainte-
nance of chromosomes protein 3; STAT3, signal transducer
and activator of transcription 3; Sirt2, sirtuin 2; Sirt6, sirtuin 6;
TCEP, tris(2-carboxyethyl)phosphine; THF, tetrahydrofuran;
TR-FRET, time-resolved fluorescence resonance energy trans-
fer; ZFP91, zinc finger protein 91.
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1. Synthesis of non-degrading control BP1-N
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Scheme S1. (a) 2-(2-(2-Azidoethoxy)ethoxy)ethan-1-amine, DIPEA, anhydrous DMSO, 90 °C, 17
h, 48%; (b) 5, L-ascorbic acid, CuSOs4, DMF/H,0 (10:1), rt, 22 h, 75%; (c) triisopropylsilane, TFA,

DCM, rt, 2.5 h, 40%.

2. Supplementary Figures and Table

~
= e ———

PCI-34051

Figure S1. Docking pose of PCI-34051 in the human HDACS8 (PDB: 1T64). PCI-34051 is depicted
in yellow. A hydrogen bond is shown in a green dashed line, while the metal chelation interaction

is represented in an orange dashed line.
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Figure S2. Cell viability was assessed via CellTiter-Glo luminescent assay after 72h. The y-
axis shows cell viability [%] normalized to each DMSO control, while the x-axis indicates the

treatment conditions [uM].
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Figure S3. HDAC3 degradation induced by IMiD-based BP1 and PG-based BP6 at different
concentrations. MM. 1S cells treated for 24 h with BP1 and BP6 at different concentrations. HDAC3
levels were detected by immunoblot analysis. DMSO was used as vehicle control and GAPDH as
loading control. Representative image from n = 2 biologically independent experiments, each

performed in duplicates.
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Figure S4. HDACS degradation by IMiD-based BP1 and PG-based BP6 at different time points.

MM.1S cells treated for 3, 6, 14, and 24 h, respectively, with BP1 and BP6 at 1 uM. HDACS
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levels were detected by immunoblot analysis. DMSO samples from different incubation time
points were used as vehicle control and GAPDH as loading control. Representative image from

n =2 replicates.
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Figure S5. Comparisons of proteomics result of BP1 and BP6. (A) Venn diagrams comparing the
deregulated protein entries (upper row) or differential enriched gene sets (lower row) that were
found either in BP1, BP6 or shared between both. The inclusion cut-off for the protein entries was
set to FDR<0.1. Gene set enrichment analysis was performed via String and included genes had to
pass FDR<0.05. (B) Tables comparing the log2(FC) and —loglO(FDR) of the 10 most
positively/negatively enriched proteins that are either shared (left column) or exclusive found in
BP1 or BP6.
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Figure S6. Compound stability in PBS buffer at pH 7.4. Percentage remaining compound left after
incubation of ACN/buffer mixtures for the indicated times. The content was determined by an HPLC

method.! All of the data were the average of at least three independent experiments.

B
e HDAC8-BP1-CRBN a 1 uM CC-220 pretreatment
HDAC8-BP1-CRBN
0.9
o] i
s- 0.8 .
° i
E 0.7 4 °
i A
I 0.6
[ ° ® P [ ] A
[T e ® i
n': 0.5 A A A A A I
'—
0.4 1 1 1 1 1
10° 108 107 10€ 105 10

[BP1]M

Figure S7. (A) Ternary complex modeling of HDAC8-BP1-CRBN. Hydrogen bonds are shown as
yellow dashes, H-r interactions are shown as green dashes and metal chelation is indicated as purple
dashes. (B) TR-FRET ternary complex formation between HDAC8 and CRBN in presence of BP1 and
in presence of CC-200 pretreatment (1 uM). Data is shown as mean + SD of n = 4 replicates. Note that

autofluorescence interference was observed.
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Figure S8. (A, B) Cell viability of HL60 (A) and MV4-11 (B) cells was assessed via CellTiter-Glo

luminescent assay after 72h. The y-axis shows cell death [%] normalized to each DMSO control, while

the x-axis indicates the treatment conditions of Cobimetinib (left), BP8 (middle) or PCI-340510or PCI

(right). Error bars represent mean+ SD (n=3). Statistical analysis was performed using two-way
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ANOVA, followed by Tukey’s multiple comparisons test to assess pairwise differences between groups.

All datasets met the assumption of normality.

Table S1. Adjusted P values for all pairwise comparisons among the treatment conditions shown in

Figure 7.

Condition 24 h 48 h 72 h

DMSO - BP1 3 pM ns ns otk
p=0.1700 P=0.0759 P<0.0001

DMSO - BP6 3 pM ns ns otk
p=0.7419 P=0.9942 P<0.0001

DMSO - BP1-N 3 uM ns * Rl
p=0.8836 p=0.0244 p<0.0001

DMSO - PCI 3 pM ns ns otk
p>0.9999 p=0.0759 p<0.0001

DMSO - Vorinostat 0.5 pM ns oAk Rl
p=0.7419 p<0.0001 p<0.0001

DMSO - Vorinostat 1 pM ns oAk Rl
p=0.2687 p<0.0001 p<0.0001

BP13 pM - BP6 3 uM ns ns Rl
p=0.8836 p=0.2163 p<0.0001

BP13 pM - BP1-N 3 utM ns ns ns

p=0.7419 p=0.9942 p>0.9999

BP13 pM - PCI 3 pM ns ns Rl
p=0.2687 p>0.9999 p<0.0001
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BP1 3 pM - Vorinostat 0.5 pM

sesksksk

shskoskook

p=0.0122 p<0.0001 p<0.0001

BP1 3 uM - Vorinostat 1 pM o oAk Rl
p=0.0024 p<0.0001 p<0.0001

BP6 3 pM - BP1-N 3 utM ns ns oAk
p>0.9999 p=0.0759 p<0.0001

BP6 3 pM - PCI 3 pM ns ns Ak
p=0.8836 p=0.2163 p<0.0001

BP6 3 uM — Vorinostat 0.5 pM ns oAk Rl
p=0.1037 p<0.0001 p<0.0001

BP6 3 uM — Vorinostat 1 pM * oAk Ak
p=0.0210 p<0.0001 p<0.0001

BP1-N 3 uM - PCI 3 pM ns ns otk
p=0.9668 p=0.9942 p<0.0001

BP1-N 3 uM - Vorinostat 0.5 ns oAk Rl
M p=0.1700 p<0.0001 p<0.0001

BP1-N 3 pM — Vorinostat 1 pM * oAk Rl
p=0.0362 p<0.0001 p<0.0001

PCI 3 uM - Vorinostat 0.5 pM ns oAk Rl
p=0.5698 p<0.0001 p<0.0001

PCI 3 pM — Vorinostat 1 pM ns oAk Rl
p=0.1700 p<0.0001 p<0.0001
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Table S2. List of 48 FDA-approved drugs along with their target used for high-throughput drug

screening.
Compounds Target Compounds Target
5-Azacytidine Antimetabolite Panobinostat HDAC inhibitor
5-Fluorouracil Antimetabolite Romidepsin HDAC inhibitor
6-Mercaptopurine Antimetabolite Bortezomib Proteasome inhibitor
6-Thioguanine Antimetabolite Carfilzomib Proteasome inhibitor
Clofarabine Antimetabolite Ibrutinib BTK inhibitor
Cytarabine Antimetabolite Dinaciclib CDK inhibitor
Cyclocytidine Antimetabolite Imatinib Bcer-Abl inhibitor
Nelarabine Antimetabolite Nilotinib Bcer-Abl inhibitor

Ber-Abl; FGFR;
Gemcitabine Antimetabolite Ponatinib

FLT3; VEGFR
Methotrexate Antimetabolite Bosutinib Ber-Abl; Src
Cladribine Antimetabolite Dasatinib Ber-Abl; Src
Decitabine Antimetabolite Olaparib PARP inhibitor

PKC; VEGFR2;
Vinblastine Antimitotic Midostaurin

PDGFR; FLT3
Vincristine Antimitotic Quizartinib FLT3 inhibitor
Cyclophosphamide Alkylating agent Baricitinib JAK inhibitor
Idarubicin Topoisomerase inhibitor Momelotinib JAK inhibitor
Epirubicin Topoisomerase inhibitor Ruxolitinib JAK inhibitor
Etoposide Topoisomerase inhibitor Everolimus mTOR inhibitor
Mitoxantrone Topoisomerase inhibitor Rapamycin mTOR inhibitor
Daunorubicin Topoisomerase inhibitor Trametinib MEK inhibitor
Doxorubicin Topoisomerase inhibitor Cobimetinib MEK inhibitor
Amsacrine Topoisomerase inhibitor Venetoclax BCL-2 inhibitor
Dexamethasone GC/GCR complex Enasidenib IDH2 inhibitor
Prednisone GC/GCR complex Ivosidenib IDH1 inhibitor
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3. 'H, BC NMR, HR-MS spectra and HPLC chromatograms of BP1-BP10, BP1-N

"H NMR spectrum of BP1 (600 MHz, DMSO-ds)
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HR-MS spectrum of BP1
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HPLC chromatogram of BP1 (Purity: 99.3%)
[Chromatogram
1.400 - UV_VIS_2 WVL:250 nm
1-11,713
1.200
1.000
= 800
<
E
@
2 600
8
g
< 400
200
of—— pgpaman
_200 - r T T T T T 1
0,0 5,0 10,0 15,0 20,0 25,0 29,0
Time [min]
Integration Results
No. Peak Name Retention Time Area Height Relative Area Relative Height Amount
min mAU*min mAU % % n.a.
1 11,713 91,201 1238,556 99,34 99,30 n.a.
2 11,967 0,139 1,989 0,15 0,16 n.a.
3 12,243 0,282 4,014 0,31 0,32 n.a.
4 12,610 0,101 1,483 0,11 0,12 n.a.
5 12,787 0,088 1,195 0,10 0,10 n.a.
Total: 91,811 1247,237 100,00 100,00
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"H NMR spectrum of BP2 (600 MHz, DMSO-ds)
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HR-MS spectrum of BP2

Intens.
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HPLC chromatogram of BP2 (Purity: 97.6%)
[Chromatogram
3500 - UV_VIS_2 WVL:250 nm
4-11,700
3.000 -
2.500 -
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<
£
@
2 1.500 -
©
o
2
o
<C 1.000
500
3
0+ III I IT
_500 - r T T T T T 1
0,0 5,0 10,0 15,0 20,0 25,0 29,0
Time [min]
Integration Results
No. |Peak Name Retention Time Area Height Relative Area Relative Height Amount
min mAU*min mAU % % n.a.
1 11,073 0,177 3,312 0,06 0,10 n.a.
2 11,190 0,412 6,700 0,13 0,21 n.a.
3 11,590 1,213 15,888 0,38 0,49 n.a.
4 11,700 309,517 3127,964 97,60 97,27 n.a.
5 11,963 2,609 19,559 0,82 0,61 n.a.
6 12,227 0,418 6,011 0,13 0,19 n.a.
7 12,587 2,622 34,179 0,83 1,06 n.a.
8 12,763 0,150 2,168 0,05 0,07 n.a.
Total: 317,117 3215,781 100,00 100,00
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"H NMR spectrum of BP3 (600 MHz, DMSO-ds)
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HR-MS spectrum of BP3

Intens. CagH37N;0s, M+nH, 720.2776
1+
2000 720.2776
1500
1000 7215807
500
1+
722.2834 1
0 723.2861
x10% BP3_BD8_01_39979.d: +MS, 0.6-0.7min #38-43|
5
720.2781
4
3
2 7212816
4
722.2894
0. 723.2974
720 721 722 723 724 725 miz
HPLC chromatogram of BP3 (Purity: 99.7%)
[Chromatogram
3.500 - UV_VIS_2 WVL:250 nm
2-11,947
3.000 -
2.500 -
= 2.000
<
£
8 1500
8
S
3
<C 1.000
500
04 R
_500 - r T T T T T 1
0,0 5,0 10,0 15,0 20,0 25,0 29,0
Time [min]
Integration Results
No. Peak Name Retention Time Area Height Relative Area Relative Height Amount
min mAU*min mAU % % n.a.
1 11,697 0,325 5,052 0,11 0,16 n.a.
2 11,947 302,388 3119,375 99,68 99,53 n.a.
3 12,357 0,129 2,216 0,04 0,07 n.a.
4 12,417 0,028 0,000 0,01 0,00 n.a.
5 12,803 0,235 3,467 0,08 0,11 n.a.
6 12,980 0,264 3,933 0,09 0,13 n.a.
Total: 303,369 3134,044 100,00 100,00
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"H NMR spectrum of BP4 (600 MHz, DMSO-ds)
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HR-MS spectrum of BP4

Intens. CaeH36N6O7, M+nH, 665.2718
1+
2000] 665.2718
1500
1000 1+
666.2749
500
1+
667.2777
a 668.2803
x104 BP4_BE1_01_39980.d: +MS, 0.5-0.7min #27-42)
5]
665.2722
4 “‘
| ‘\
3 |
2 : | 656.?757
1 f
667.?794
0 668,.2832
664 665 666 667 668 669 miz
HPLC chromatogram of BP4 (Purity: 99.4%)
[chromatogram
2,000 - UV_VIS_2 WVL:250 nm
] 1-11,973
1.750
1.500
1.250 ]
5 ]
< 1
=1.000
8 1
[ =
S
S 750
3
< ]
500 1
2501
o] l L2 (PIpoTesSZ0
] TIITT
_200 _- r T T T T T 1
0,0 5,0 10,0 15,0 20,0 25,0 29,0
Time [min]
Integration Results
No. |Peak Name Retention Time Area Height Relative Area Relative Height Amount
min mAU*min mAU % % n.a.
1 11,973 142,965 1890,421 99,38 99,62 n.a.
2 12,480 0,547 3,183 0,38 0,17 n.a.
3 12,943 0,082 1,091 0,06 0,06 n.a.
4 13,110 0,191 1,971 0,13 0,10 n.a.
5 13,520 0,075 1,013 0,05 0,05 n.a.
Total: 143,860 1897,679 100,00 100,00




"H NMR spectrum of BP5 (600 MHz, DMSO-ds)
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HR-MS spectrum of BPS

C37H38Ns07, M+nH, 679.2875
3000
2500 1
2000 679.2875
1500
1+
1000 680.2905
500 By 1
681.2933
o0 682.2960
678 679 680 681 662 683 miz
x1 Og BP5_BE2_01_39981.d: +MS, 0.1-0.3min #8-18
4
679.2877
3 h
[
| {
2 Il
‘\ \‘ 680.2906
1 [ \
678.3012 “ | ‘\\ 681.2968
oJ677.6821 i | '680.4760 681.4876 682.2998 683.2892
678 679 680 681 682 683 miz
HPLC chromatogram of BP5 (Purity: 98.1%)
[Chromatogram
1.800 - UV_VIS_2 WVL:250 nm
2-12,197
1.500
1.250
2 1.000]
E
8
8 750
S
2
<
500
250 4
o] . s e
IR
-200 - r T T T T T 1
0,0 5,0 10,0 15,0 20,0 25,0 29,0
Time [min]
Integration Results
No. Peak Name Retention Time Area Height Relative Area Relative Height Amount
min mAU*min mAU % % n.a.
1 11,967 1,217 12,468 0,94 0,75 n.a.
2 12,197 126,703 1649,987 98,06 98,66 n.a.
8 12,520 1,061 6,421 0,82 0,38 n.a.
4 13,093 0,025 0,523 0,02 0,03 n.a.
5 13,220 0,135 1,764 0,10 0,11 n.a.
6 13,407 0,042 0,673 0,03 0,04 n.a.
7 13,507 0,027 0,507 0,02 0,03 n.a.
Total: 129,210 1672,344 100,00 100,00
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"H NMR spectrum of BP6 (600 MHz, DMSO-ds)
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HR-MS spectrum of BP6

Intens._ CasHaiN;0s, M+nH, 740.3039)
1+
20001 740.3039
1500
1000 7413089
500
1+
742.3096 14
Q 743.3122
x104 BP6_BE3_01_39982.d: +MS, 0.5-0.6min #31-38|
5]
740.3044
4]
3]
2] 741.3063
4]
742.3097
o 743.3103
739.5 740.0 740.5 741.0 7415 742.0 7425 743.0 7435 miz
HPLC chromatogram of BP6 (Purity: 99.5%)
[chromatogram
2,500 UV_VIS_2 WVL:250 nm
1 3-11,153
3.000 ]
2.500 ]
5 2.000]
<
£ ]
@ ]
2 1.500
I
o 4
2 ]
<C 1.000
500
] 1- QVQM'M 102457
01 L=
_500 _- r T T T T 1
0,0 10,0 15,0 20,0 25,0 29,0
Time [min]
Integration Results
No. |Peak Name Retention Time Area Height Relative Area Relative Height Amount
min mAU*min mAU % % n.a.
1 9,780 0,989 3,252 0,27 0,10 n.a.
2 11,027 0,679 8,924 0,18 0,28 n.a.
3 11,153 367,029 3204,680 99,54 99,62 n.a.
4 11,457 0,045 0,000 0,01 0,00 n.a.
Total: 368,742 3216,856 100,00 100,00
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HR-MS spectrum of BP7

Intens. CaoHasN7010, M+nH, 784.3301
1+
2000 784.3301
1500
1+
1000 785.3331
500 14
786.3359 1
o 787.3385
x1 01 BP7_BE4_01_39983.d: +MS, 0.5-0.8min #31-45|
6 784.3307
4
785.3335
2
786.3353
0 787.3357 788.3151
784 785 786 787 788 789 miz
HPLC chromatogram of BP7 (Purity: 97.7%)
[chromatogram
2,500 - UV_VIS_2 WVL:250 nm
] 4-11,157
3.000
2.500
= 2.000
2 )
E ]
8 1,500
§ ]
s 1
2 ]
< 1.0004
5004
o] 110 A eleRS
_500 —- r T T T T T 1
0,0 5,0 10,0 15,0 20,0 25,0 29,0
Time [min]
Integration Results
No. |Peak Name Retention Time Area Height Relative Area Relative Height Amount
min mAU*min mAU % % n.a.
1 9,777 1,081 3,305 0,33 0,10 n.a.
2 10,950 1,529 11,291 0,47 0,34 n.a.
3 11,027 0,946 12,931 0,29 0,39 n.a.
4 11,157 320,789 3216,630 97,71 97,80 n.a.
5 11,360 3,717 41,433 1,13 1,26 n.a.
6 11,653 0,230 3,239 0,07 0,10 n.a.
Total: 328,291 3288,829 100,00 100,00

S24



15 1.0 0.5 0.0

2.0

25

10

20

30

9
81
6T
86’1

SS'T
951 Fvzl

"H NMR spectrum of BP8 (600 MHz, DMSO-ds)

TET
00z
ETT
ETT

0

601
%4
Wz
8p'T
L4
9P-0SWa 05T
19T
9T
9T
P9
9LE

vz | 19—
Eo0e Ehon
E80e 9h9—

4.0

611 -
ozt
1z
LA
43 r
13
2z
€27 L
wujf
LT~
121 MS.N
8717 ore 9T
sl Barz m.mmV
8z - a0 P
621 ANk m.R“
szt Farre 5627
0e'T vIE
bST

J Ewr

o

F80¢

5.0

—_— raz
LLe
8LE
6L
80
60
o
TEY
433
38
9y

05 ﬁw
8E'S
159
259
Nmi
259
989
98’9
89
889 =
96'9
69
269
869
e
e
e
ETe
ETe
8¢
8¢
61e
61e
e
bré
ste
k'L
{S5'¢
5
85'¢
85¢
29¢
29¢
S6¢
562
S6'¢
96¢

NH
1
T
4.5

—_—  Eo9rz

o]
T
6.0 55
f1 (ppm)

6.5

=107 [
T —

10z
00z [
F 0L
153
50T
01 [
071

7.0

£601—

7.5

EPIT—
N.e:.\.
gL
oozr—
£b21
33#
v'8zl
m.,ﬁM
£0€T
vOET

F
i

0SET

/\/\/\/0\[(\0
II 1

=01
=001

/\'(N;N
1

T T

8.5 8.0

- Feot

STHI—

5§95~

besT—"

89—
8'891—

N,
/an(g>
HO
0
T
110 105

PEL~
[XTit

T
11.5

- Feot
w Feor [ i
ars

@& =

1d 0 9'5 9.0
13C NMR spectrum of BP8 (600 MHz, DMSO-ds)

2.0

NH, 0
60 50 40

o
T T T T
150 140 130 120 110 100 90 80 70
f1 (ppm)

160

170

.80



HR-MS spectrum of BP8

Intens. { CagHaoNeOs, M+nH, 709.2980)
1+
2000] 709.2980
15001
1+
1000 7103011
500+
1+
711.3039 1
N 712.3066
X109 BP8_BES_01_39984.d: +MS, 0.5-0.7min #30-42|
1.0
709.2981
0.8
064
04 710.2999
024
711.3027
00 ‘ ‘ 712.3052 ‘
709 710 711 712 713 714 m/z
HPLC chromatogram of BP8 (Purity: 99.3%)
[chromatogram
3.500 - UV_VIS_2 WVL:250 nm
] 2-11,917
3.000
2.500
= 2.000
<
£ i
8 1500
H j
S )
2 )
< 1.000
500
] 1 \isr-500207
0 =
_500 - r T T T T T 1
0,0 5,0 10,0 15,0 20,0 25,0 29,0
Time [min]
Integration Results
No. Peak Name Retention Time Area Height Relative Area Relative Height Amount
min mAU*min mAU % % n.a.
1 11,540 0,148 1,671 0,06 0,05 n.a.
2 11,917 232,525 3077,747 99,29 99,62 n.a.
3 12,207 1,511 10,055 0,65 0,33 n.a.
Total: 234,184 3089,473 100,00 100,00
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"H NMR spectrum of BP9 (600 MHz, DMSO-ds)
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HR-MS spectrum of BP9

Intens.

1+

C3gH39NsO7, M+nH, 654.2922|

20001 654.2922
1500
10004 1+
655.2953
500
1+
656.2982 14
0 657.3009
x105 BP9_BE6_01_39985.d: +MS, 0.4-0.6min #21-34|
1.5+ 654.2927
1.04
655.2950
0.5
656.2971
0.0 657.3008
’ 653 654 655 656 657 658 miz
HPLC chromatogram of BP9 (Purity: 96.8%)
[Chromatogram
2,500 - UV_VIS_2 WVL:250 nm
2-11,243
2.000 -
1.500
=)
<
E
§ 1.000
3
S
3
<C
500
0 s i3gs80 173
b T
_500 - r T T T T 1
0,0 5,0 15,0 20,0 25,0 29,0
Time [min]
Integration Results
No. |Peak Name Retention Time Area Height Relative Area Relative Height Amount
min mAU*min mAU % % n.a.
1 10,830 1,558 19,358 1,02 0,89 na.
2 11,243 147,543 2118,234 96,75 97,44 na.
3 11,467 2,025 26,608 1,33 1,22 n.a.
4 12,173 1,379 9,643 0,90 0,44 n.a.
Total: 152,505 2173,843 100,00 100,00
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"H NMR spectrum of BP10 (600 MHz, DMSO-ds)

&
)
S
<
]
Foe9
we )
sz 0 09z
€92
voz
vBI—
Faor -3 qmm\
Far a.mm\.
£1E
=orr |0 TBE~_
o
Fa 0
Fe
e [ ™ G op—
661 88—
]
«
9P-0SWA 052 a0t
19 o
29T o «
£97
b9z Eazln o
997 — z v
80
60
orE Lo
e
e ©
(e
8T Fooz [
61'E N
0zE = >
1€ o & N
7 28 )
7 = o)
6ce o [ S
Mm.m E560 | © M
5 ﬂ z £101—
559 0 | o D
ssoff e R T
9594 Zae N o
959 o H
689 wi [
yo S sorr—
o6 vz 61T~
765 Taile rozi~
169 Folle m 8521
e O o.ﬁ_/
e ooy | Nt} IBV.
R
[ = v
brL I Mla.o - A v ~\
€L o iy
(243 o B a..m_\
3 © T'SEN
we b~ 60T —
s " 5
bhe b
Sb'e m
9L
X o
85'¢ L2 m
09¢ =
994 %
vie n £951—
o 3 E <%
vol \ v &
SeL _ %0
ol < R LTI
: - LN =} £591—
soe o sg0 | 4 -
Tos (2
108 -
tes Z =] N VEd~
res =~ £be1
bEB Q &)
bEB [ o =
o 3

NH
160 150 140 130 120 110 100 90 80 70 60 50 40
f1 (ppm)

170

80




HR-MS spectrum of BP10

Intens.

2000

1500+

1000

500

1+
668.3079

1+
669.3110

1+
670.3138

Ca7HaiNsO57, M+nH, 668.3079

Q
x10°

3.04
2.5

2.0

0.5+

0.0

668.3080

669.3108

I\

6703125

BP10_BE7_01_39986.d: +MS, 0.4min #21|

668.0

668.5

669.0

HPLC chromatogram of BP10 (Purity: 96.1%)

670.0

6705

671.0

miz

[Chromatogram

2.000 - UV_VIS_2 WVL:250 nm
4-11,390
1.750
1.500
1.250 -
5
<
£ 4,000
8
f=4
g
S 7504
-g
<
500
250
10
>200 - r T T T T T 1
0,0 5,0 10,0 15,0 20,0 25,0 29,0
Time [min]
Integration Results
No. Peak Name Retention Time Area Height Relative Area Relative Height Amount
min mAU*min mAU % % n.a.
1 10,743 0,052 0,941 0,04 0,05 na.
2 10,950 0,054 0,911 0,04 0,05 na.
3 11,093 0,047 0,676 0,03 0,04 na.
4 11,390 131,394 1837,877 96,11 96,08 na.
5 11,630 2,248 30,290 1,64 1,58 na.
6 11,800 2,672 39,221 1,95 2,05 na.
7 12,187 0,082 1,228 0,06 0,06 na.
8 13,097 0,114 0,982 0,08 0,05 na.
9 13,510 0,054 0,809 0,04 0,04 n.a.
Total: 136,716 1912,935 100,00 100,00
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"H NMR spectrum of BP1-N (600 MHz, DMSO-ds)
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HR-MS spectrum of BP1-N
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HPLC chromatogram of BP1-N (Purity: 98.6%)
[Chromatogram
2,500 - UV_VIS_2 WVL:250 nm
4-12,057
2.000
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=)
<
£
§ 1.000
8
5
o
<
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_500 - r T T T 1
0,0 5,0 10,0 15,0 20,0 25,0 29,0
Time [min]
Integration Results
No. |Peak Name Retention Time Area Height Relative Area Relative Height Amount
min mAU*min mAU % % n.a.
1 10,973 0,195 3,067 0,12 0,15 na.
2 11,517 0,398 3,360 0,24 0,16 na.
3 11,693 1,027 8,319 0,61 0,40 na.
4 12,057 165,479 2066,722 98,64 98,96 na.
5 13,227 0,188 2,450 0,11 0,12 na.
6 14,093 0,467 4,597 0,28 0,22 n.a.
Total: 167,754 2088,516 100,00 100,00
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Appendix

7.4 Appendix IV. Publication III: Targeted histone deacetylase
degradation via chemical induced proximity by direct recruitment of the

CULA4 complex adaptor protein DDB1

The following pages include the article “Targeted histone deacetylase degradation via chemical
induced proximity by direct recruitment of the CUL4 complex adaptor protein DDB1” as it was

published in ACS Medicinal Chemistry Letters by the American Chemical Society.
The article is reprinted with the permission from:

Shiyang Zhai, Nicola Willemsen, Tao Sun, Mateo Malenica, Shixin Deng, Matthias Geyer,

Finn K. Hansen
ACS Med. Chem. Lett. 2025, 16, 2070-2077.

https://doi.org/10.1021/acsmedchemlett.5c00506
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ABSTRACT: Targeted protein degradation using proteolysis-targeting
chimeras (PROTACs) has emerged as a powerful strategy for disease
treatment. By recruiting E3 ligases, these molecules enable selective
degradation of pathogenic proteins. Cereblon (CRBN), a key component
of the CUL4-DDBI-CRBN E3 ligase complex, is the most commonly
recruited E3 ligase in PROTAGCs, including those targeting histone
deacetylases (HDACs). In this study, we designed SZ-2, a bifunctional
molecule derived from the DDB1 ligand MM-02-57 and the HDAC inhibitor
vorinostat, to simultaneously bind DDB1 and HDACs. SZ-2 effectively
induced degradation of HDAC1 and HDAC2 and demonstrated potent anti-
multiple myeloma activity, highlighting its potential as a novel therapeutic
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KEYWORDS: Histone deacetylase (HDAC), Cancer, Damage-specific DNA binding protein 1 (DDBI1),
Proteolysis targeting chimeras (PROTACs), Targeted Protein Degradation (TPD)

H istone deacetylases (HDACs), a protein family serving as
a key factor for post-translational modifications, exert
their functions by catalyzing acetyl group removal from histone
and nonhistone proteins. As crucial epigenetic regulators,
HDAC: influence a wide range of cellular processes, such as
DNA replication and repair, metabolism, cell cycle regulation,
apoptosis, differentiation, and immune responses.l’2 Mamma-
lian HDAC:s are categorized into four classes, including class I
(HDACI, 2, 3 and 8), class II (HDAC4, S, 7, 9, 6 and 10),
class III (Sirtl1—7) and class IV (HDACI11). Among these
subtypes, class I, II, and IV are Zn2+-dependent, while class IIT
depends on NAD*.>* Given their critical role in the field of
epigenetics, HDACs have emerged as important targets in the
past decade for HDAC-associated diseases, such as cancer.
Notably, extensive efforts to develop HDAC inhibitors
(HDACis) have resulted in promising candidates for disease
treatment, with four HDACis for Zn*'-dependent subtypes
having received FDA approval for cancer indications.””
However, their use is limited by adverse effects, restriction to
rare hematological cancers, lack of first-line approval, and the
withdrawal of certain indications (e.g, panobinostat in
relapsed/refractory multiple myeloma).® In addition to
conventional use of small molecule inhibitors, the field of
targeted HDAC degradation by proteolysis-targeting chimeras
(PROTAGCs) is rapidly emerging.” ">

Damage-specific DNA binding protein 1 (DDB1) is a critical
component of the cellular machinery, playing significant roles

© 2025 American Chemical Society

7 ACS Publications
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in DNA repair,'® protein ubiquitination,'” ™ viral replica-
tion,”' ~** and cellular regulation.”*~*’ In the context of protein
ubiquitination, DDB1 functions as a part of the CUL4-DDB1
E3 ubiquitin ligase complex.”*”” This complex plays a crucial
role in the ubiquitination of various cellular proteins, which
leads to their subsequent degradation by the proteasome.
Thus, this process regulates the stability and activity of target
proteins within cells.'”” ™" Specifically, during this process,
DDBI acts as adaptor protein for different DDB1 and CUL4-
associated factors (DCAFs), which serve as substrate receptors
in the CUL4-DDBI1 E3 ubiquitin ligase complex and mediate
the specificity of substrate recognition.”””" To date, degrada-
tion for different targets has been achieved by direct
recruitment of DCAF113*™%" and DCAF16.°**® In contrast,
cereblon (CRBN), the most commonly recruited E3 ligase in
PROTAC S, serves as a non-DCAF substrate receptor for the
CRL4-DDB1 E3 ubiquitin ligase complex. In addition to E3
ligase-mediated induced proximity, a more direct strategy for
recruiting DDB1 was recently reported. This approach
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facilitated the proteasomal degradation of BRD4, the androgen
receptor, 3-phosphoglycerate dehydrogenase, EGFR, and
CDK4.'*"

In this study, inspired by a reported DDBI ligand*® and the
covalent DDB1 binder MM-02-57,"" we developed small
molecule, DDB1-recruiting HDAC degraders by simply
merging the pharmacophores of DDBI ligands and vorinostat.
This strategy aimed to directly recruit HDACs to the adapter
protein DDB1 without requiring an E3 ligase recruiter. This
approach led to the discovery of compound SZ-2 as a potent
and preferential HDAC1 degrader with promising anti-
multiple myeloma activity.

For the molecular design of DDBl-recruiting HDAC
degraders (Figure 1), we selected both noncovalent and

non-covalent DDB1 ligand SZ1
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Figure 1. Molecular design of DDB1-based HDAC degraders.

covalent DDBI ligands as warheads to trigger CUL4-DDBI-
based protein ubiquitination. Based on recent evidence
supporting the efficacy of linker-less molecular glue-like
degraders, we chose to exclude a linker moiety to minimize
the molecular weight of the target compound.*’~* Utilizing
the molecular hybridization strategy, the hydroxamic acid
along with the six-carbon unit were taken from the non-
selective HDAC inhibitor vorinostat. The design of com-
pounds SZ-1 and SZ-2 as potential DDB1-based HDAC
degraders resulted from merging this fragment into the DDB1
ligands. Since the bromoacetyl group can efliciently undergo
nucleophilic substitution reactions with cysteine residues,”
compound SZ-3 was also designed by replacing the chlorine
atom in SZ-2 with bromine. The synthesis of the target
compounds was performed as summarized in Scheme 1 and
Scheme 2.

As shown in Scheme 1, the synthesis of noncovalent
degrader SZ-1 started from the commercially available 2-
aminoterephthalic acid. The carboxylic acid at the 2-position of
benzene ring was protected to yield the monomethyl ester 1.
Afterward, cyclization with bis(trichloromethyl) carbonate
occurred to generate the isatoic anhydride derivative 2. This
intermediate was then reacted with 4-methyl-5-nitrothiazol-2-
amine hydrochloride (Scheme S1, Supporting Information)
and DIPEA in THF to afford compound 3. Next, the amino
group was acetylated to form compound 4 (F16). Sub-
sequently, compound 4 was hydrolyzed, followed by acid-
ification with hydrochloric acid to yield the key intermediate S.
Next, the amide coupling reaction of 5 and methyl 7-

Scheme 1. Synthesis of the Noncovalent Degrader SZ-1¢
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“(a) TMSCl, MeOH, N,, rt, 19 h, 85%; (b) bis(trichloromethyl) carbonate, THF, 60 °C, 4 h, 89%; (c) 4-methyl-S-nitrothiazol-2-amine
hydrochloride, DIPEA, anhydrous DMF, rt, 6 h, 76%; (d) acetic acid, HATU, DIPEA, anhydrous DMF, rt, 43 h, 71%; (e) (i) LiOH x H,O, THF/
MeOH/H,0, rt, 16.5 h; (i) HCI (0.5 M in H,0), two-step yield, 81%; (f) methyl 7-aminoheptanoate hydrochloride, HATU, DIPEA, anhydrous
DMEF, 1t, 17 h, 45%; (g) (i) hydroxylamine (50 wt.% in water), NaOH, MeOH/DCM, 0 °C to rt, 1 h; (ii) HCI (0.5 M in H,O), two-step yield,

10%.
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Scheme 2. Synthesis of Covalent Degraders SZ-2 and SZ-3
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G26 R =-COCH,(CI

©(

13 R=-CI
14 R=-Br

0

SZ-2 R=-Cl
SZ-3 R=-Br

“(a) Methyl 4-formylbenzoate, KOH, ethanol, rt, 15 h, > 78%; (b) tert-butyl hydrazinecarboxylate, 1,3,4,6,7,8-hexahydro-2H-pyrimido[1,2-
a]pyrimidine, N,, 60 °C, 22 h, > 66%; (c) (i) TFA, CH,Cl,, rt, 2 h; (ii) chloroacetyl chloride, Et;N, 0 °C to rt, 17 h, two-step yield, 95%; (d) (i)
LiOH-H,0, THF/MeOH/H,0, 50 °C, 23 h; (ii) HCI (0.5 M in H,0), two-step yield, 93%; (e) methyl 7-aminoheptanoate hydrochloride, HATU,
DIPEA, anhydrous DMF, rt, 18.5 h, 73%; (f) (i) LiOH X H,0, THF/MeOH/H,0, rt, 17 h; (ii) HCI (0.5 M in H,O), two-step yield, 88%; (g) (i)
TFA, CH,CL, rt, 2 h; (ii) chloroacetyl chloride, Et;N, 0 °C to rt, 20 h, two-step yield, 70%; (h) O-tritylhydroxylamine, PyCloP, DIPEA, anhydrous
DMF, rt, 18 h, 82%; (i) NaBr, acetone, reflux, 48 h, 42%; (j) triisopropylsilane, TFA, DCM, rt, 2 h, 30% (SZ-2), 18% (SZ-3).

aminoheptanoate resulted in the formation of compound 6.
Finally, the methyl ester group in compound 6 was converted
into the hydroxamic acid by direct hydroxylaminolysis,
resulting in the formation of the target compound SZ-1.

The synthesis of the covalent degrader SZ-2 started with an
aldol condensation reaction between the commercially
available 1-(3-(benzyloxy)phenyl)ethan-1-one and methyl 4-
formylbenzoate in the presence of potassium hydroxide in
ethanol (Scheme 2). Compound 7 was then reacted with fert-
butyl hydrazinecarboxylate using 1,3,4,6,7,8-hexahydro-2H-
pyrimido[1,2-a]pyrimidine as the catalyst to yield 8.
Compound G26 was obtained by first removing the Boc-
protecting group from compound 8, followed by the acylation

2072

reaction with chloroacetyl chloride. Compound 9 was
synthesized by first hydrolyzing compound 8 with lithium
hydroxide monohydrate, followed by acidification with hydro-
chloric acid. The product was subjected to a HATU-mediated
amide coupling reaction in the presence of methyl 7-
aminoheptanoate hydrochloride and DIPEA to produce
compound 10. The subsequent hydrolysis of 10 afforded the
carboxylic acid 11. After Boc-deprotection of compound 11,
compound 12 was synthesized by adding chloroacetyl chloride
to the solution of deprotected 11 in the presence of
triethylamine as a base. Subsequently, compound 12 did
undergo a PyCloP-mediated amide coupling reaction with O-
tritylhydroxylamine to yield compound 13. The brominated

https://doi.org/10.1021/acsmedchemlett.5c00506
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Figure 2. HDACs degradation induced by SZ-1, SZ-2 and SZ-3 in MM.1S cells. (A) Western blot analysis of HDAC]I, 2, 3, 4, 6, and 8 degradation
in MM.1S cells treated with SZ-1, SZ-2 and SZ-3 at different concentrations for 24 h. GAPDH was selected as loading control. Representative
image of n = 3 replicates. (B) Statistical analysis of HDAC1 and HDAC2 degradation. Normalization was done on the transferred membrane
against the total protein. Data from n = 3 replicates. Statistical analysis was performed by using one-way ANOVA in GraphPad Prism 8. Statistical
significance was indicated with asterisks (ns = no significance; * = p < 0.05; *** = p < 0.001; **** = p < 0.0001).

Table 1. Cell Viability and HDAC Enzyme Inhibition Assay for the Synthesized Compounds

ICsp (M)
Cmpd. MM.18“ MCE-7"
SZ-1 n. e. n. e.
SZ-2 3.28 + 0.19 3.46 + 1.51
SZ-3 119 + 1.13 14.2 + 0.61
F16 33.5 +0.17 n. e.
G26 6.81 + 0.21 5.39 + 0.54
Ricolinostat 2.59 £ 027 6.54 + 4.00
Vorinostat 0.79 + 0.13 4.51 +2.92

ICsp (4M)

HDAC1 HDAC6
0.107 + 0.007 0.012 + 0.001
6.41 + 1.10 0.479 + 0.063
123 + 0.02 0.122 + 0.006
n. d. n. d.

n. d. n. d.
0.160 + 0.005° 0.018 + 0.002°
0.089 + 0.013 0.026 + 0.001

“Cell viability data in MM.1S cells were obtained using the CellTiterGlo 2.0 assay; bCell viability data in MCF-7 cells were obtained using the

MTT assay. “Data taken from the literature.**

compound 14 was produced by refluxing 13 in acetone with
sodium bromide serving as the source of bromide ions. In the
final step, triisopropylsilane and TFA were used to remove the
protecting groups in compounds 13 and 14, yielding the
chloroacetyl-based covalent degrader SZ-2 and bromoacetyl-
based covalent degrader SZ-3, respectively.

After synthesizing these three compounds, we first tested
their degradation efficiency on several HDAC subtypes in
MM.1S cells, including HDACI1—3 and HDACS (class I),
HDAC4 (class 1Ia), and HDAC6 (class IIb). Interestingly,
significant degradation of HDAC1 and HDAC2 was observed
in MM.1S cells under the treatment with the covalent ligand-
based degrader SZ-2, while the noncovalent degrader SZ-1 was
inactive (Figure 2A, 2B, Figure S1, Supporting Information).
For SZ-3, which contains a bromoacetyl group as its covalent
warhead, significant degradation of HDAC1 was only achieved
at a concentration of 10 uM (Figure 2B). Notably, the
Doy, 24 1 values of SZ-2 for HDAC1 and HDAC?2 reached 99%
and 90%, respectively. Furthermore, no degradation of
HDACS3, 4, 6, and 8 was observed at a concentration of §
4#M. However, a slight reduction in the levels of these proteins
was observed after treatment with 10 yuM of SZ-2.

In addition, HDAC1 and HDAC6 degradation was
investigated in the MCEF-7 breast cancer cell line using the
same treatment settings as in the MM.1S cell line. As a result,
only a significant degradation of HDACI1, but not HDACS,
was observed under SZ-2 treatment at 10 uM, resulting in a
Doy, 24 1 Value of 38% (Figure S2, Supporting Information).
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In the next step, the antiproliferative activities of SZ-1, SZ-2,
and SZ-3 were evaluated in MM.1S and MCE-7 cells. For
comparison, both the noncovalent (F16) and covalent (G26)
warheads were included in the assay, together with ricolinostat
and vorinostat as positive controls. Interestingly, the non-
covalent degrader SZ-1 did not show antiproliferative effects
against both cell lines, and its noncovalent warhead F16 only
displayed a low antiproliferative activity with an ICs, of 33.5 +
0.17 uM (Table 1, Figure S3, Supporting Information). For the
covalent degraders, the chloroacetyl-based compound SZ-2
exhibited relatively strong effects on both cell lines. In MM.1S
cells, SZ-2 exerted stronger antiproliferative activity than its
covalent warhead G26 and had a similar effect to that of
ricolinostat. Among the investigated compounds, SZ-2 showed
the best antiproliferative activity in MCF-7 cells, with an ICs,
of 346 + 1.51 uM. The bromoacetyl-based compound SZ-3
showed a moderate effect on both cell lines. Notably,
cytotoxicity data for SZ-2 and G26 in both cell lines, along
with the results from Western blot experiments, suggest that
SZ-2’s antiproliferative effect is linked to HDAC knockdown
and not solely to DDBI binding.

Furthermore, biochemical HDAC1 and 6 enzyme inhibition
assays were conducted with SZ-1, SZ-2, and SZ-3. All three
degraders exhibited stronger inhibitory effects on HDAC6 than
against HDAC1. Among them, SZ-1 demonstrated comparable
potency against HDAC1 and an even greater inhibitory effect
on HDAC6 compared to vorinostat. Although SZ-1 exhibited
the highest HDAC inhibitory potency among the three
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Figure 3. Thermal stability of DDB1AB in the presence and absence of compounds. The melting temperature (T,,) was determined by nanoDSF.
For SZ-2, SZ-3 and G26, a change in the fluorescence emission spectrum is observed with a second T, at 60—62 °C, suggesting an interaction
between the compound and the protein. Prior to the measurements, all samples were incubated for 10 min in DDB1AB SEC buffer supplemented

with DMSO. Representative image of n = 3 replicates.

compounds, its low antiproliferative activity may result from
limited cell permeability. Interestingly, SZ-2 and SZ-3 showed
relatively low inhibitory potency, with SZ-2 exhibiting the
weakest activity against both HDAC subtypes, particularly
HDACI1. Nevertheless, SZ-2 exhibited the most potent
HDACI! degradation (Figure 2).

To analyze the DDBI target engagement, we determined the
thermal stability of DDBI1 in the presence or absence of
compounds SZ-1, SZ-2, SZ-3, F16, G26 and vorinostat using
recombinant protein. The thermal stability of DDB1AB
protein was assessed by the nanodifferential scanning
fluorimetry (nanoDSF) technique. Melting temperatures
(T.,’s) were determined with 2 uM DDBIAB, purified in
crystallization grade quality,'”~*° adding either 5 or 10 uM of
the test compounds, and compared to unligated protein
(DMSO control). Prior to the measurements, all samples were
incubated for 10 min in DDB1AB SEC buffer (50 mM HEPES
pH 7.4, 200 mM NaCl, 1 mM TCEP) supplemented with
DMSO, ensuring a final DMSO concentration of 2%. The
resulting T,.’s indicate structural changes in the protein
induced by the ligands (Figure 3, Figure S4, Supporting
Information). The DDB1AB reference measurement showed a
single T,, around 54.3 °C (T,, 1). Addition of SZ-1, F16 or
vorinostat at increasing concentrations to DDB1AB did not
change the proteins melting temperature (Figure S4).
However, for SZ-2, SZ-3, and G26, a significant change in
the fluorescence emission spectra was observed, leading to a
shift and disappearance of T}, 1 and the appearance of a second
peak (T, 2) at around 60—62 °C as an indication for a
potential interaction between the compound and the protein.
This effect was concentration dependent and strongest for G26
followed by SZ-2 and SZ-3 (Figure S4). The observations
support the hypothesis that these compounds bind to DDBI.

After identifying SZ-2 as the most effective degrader in this
set, we determined its DCs 54}, value for the degradation of
HDACI, as well as analyzed its cellular target engagement. To
this end, the degradation of HDACI1 was quantified after the
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treatment with several concentrations of SZ-2 for 24 h. This
resulted in a DCy; 54}, value of 2.55 + 0.38 uM for HDACI1
(Figure 4A, 4B). The cellular target engagement of SZ-2 was
investigated by analyzing acetylation levels of Ac-histone H3

A C S
SZ-2 (uM) ST
Q ?
& o A S &5
$ NEETRNANS S e
Ac-a-Tubulin IEI
Ac-Histone H3 Ijl
GAPDH |---~——|
150
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Figure 4. Determination of the DCg, value of SZ-2 for HDACI1
degradation and its cellular target engagement in MM.1S cells. (A)
Western blot analysis of HDACI1 degradation in MM.1S cells treated
for 24 h with SZ-2 at different concentrations. GAPDH was selected
as loading control. Representative image of n 2 biologically
independent experiments, each performed in triplicates. (B) The
DCj value (2.55 + 0.38 uM) for HDAC1 was obtained by fitting the
D, values to a variable slope response model (three parameters).
Representative graph of n = 2 biologically independent experiments,
each performed in triplicates. (C) Immunoblot analysis of acetylated
a-tubulin and histone H3 levels in MM.1S cells. MM.1S cells were
incubated for 24 h at a concentration of 5 uM of SZ-2. Vorinostat
(SAHA, S uM) was used as positive control, and GAPDH was chosen
as loading control. Representative image of n 2 biologically
independent experiments, each performed in triplicates. (D)
Immunoblot analysis of HDACI1 levels in MM.1S cells. MM.1S
cells were incubated for 24 h at a concentration of 10 uM of SZ-2 and
SZ-2-N, respectively. GAPDH was chosen as loading control.
Representative image of n = 3 replicates.
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Figure S. Apoptosis induction analysis. (A) Flow cytometry analysis of MM.1S cells treated with S uM of SZ-2, G26, vorinostat, ricolinostat, or
vehicle (DMSO) for 48 h, followed by annexin V-FITC/PI staining. Representative images from n = 3 biologically independent experiments. (B)
Quantification of early and late apoptotic cells. Cells with positive annexin V but negative PI signals were considered as early apoptotic cells, and
cells with both positive annexin V and PI signals were considered to be late apoptotic cells. Statistical significance was indicated with asterisks (ns =

no significance; * = p < 0.05; **** = p < 0.0001).

and Ac-a-tubulin. As shown in Figure 4C, SZ-2 strongly
upregulated Ac-a-tubulin, a known HDACG6 substrate, at a
concentration of 5 yM, indicating strong HDACG6 inhibition.
This result is consistent with the HDACG6 inhibition data. In
addition, an upregulation of Ac-histone H3 was observed,
confirming SZ-2’s ability to inactivate class I HDACs,
including HDAC1 and HDAC2 (Figure 24, Figure 4C).

To validate that the HDAC1 knockdown induced by SZ-2 is
DDBI1-dependent, the negative control SZ-2-N was synthe-
sized (Scheme S2, Supporting Information). In this molecule, a
propionyl group was introduced to replace the chloroacetyl
electrophile in SZ-2, which prohibits its covalent binding to
DDBI1. Immunoblot analysis confirmed that SZ-2 caused a
robust HDAC1 degradation at a concentration of 10 uM,
whereas SZ-2-N did not induce any degradation at this
concentration (Figure 4D).

Noticing the potent antiproliferative activity of SZ-2 in the
MM.1S and MCEF-7 cell lines, we further investigated its ability
to induce apoptosis. In this assay, MM.1S cells were treated
with S M of SZ-2 and G26, as well as the two positive
controls, vorinostat and ricolinostat, for 48 h. Subsequently,
Annexin V-FITC/propidium iodide (PI) staining was
performed, followed by flow cytometry analysis. As shown in
Figure S, SZ-2 treatment significantly increased the number of
early and late apoptotic MM.1S cells. In contrast, the covalent
DDBI1 ligand G26 did not significantly induce apoptosis.
Consistent with the results from the cell viability assay in
MM.1S cells, SZ-2 evoked comparable apoptosis induction as
ricolinostat, though weaker than vorinostat (Table 1, Figure S).

Taken together, we developed the covalent degrader SZ-2,
which targets DDB1 and HDACs, by merging the
pharmacophores of the reported parent molecules MM-02—
57 and vorinostat. The identified hit compound SZ-2 reduced
HDACI protein levels via direct DDB1 recruitment, exhibiting
a DCy, 541, value of 2.55 uM. In addition, SZ-2 exerted potent
antiproliferative effects against MM.1S (ICg, = 3.28 uM) and
MCEF-7 (ICy, = 3.46 uM) cells. Biochemical enzyme inhibition
assays indicated its engagement of HDAC1 and HDACE,
which was further confirmed by the cellular target engagement
analysis. Additionally, nanoDSF assays suggested that SZ-2
binds to DDBI. Furthermore, SZ-2 induced apoptosis in
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MM.1S cells, highlighting its potential as a promising anti-
multiple myeloma agent. Following these successful proof-of-
concept studies, we plan to further optimize SZ-2. Specifically,
we aim to refine the DDBI1 recruiter and generate both linker-
less and linker-containing degrader libraries using our
previously published HAIR approach,'”** which allows rapid
library generation.
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HDAC, histone deacetylases; HEPES, 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid; KOH, potassium hydroxide;
nanoDSF, nanodifferential scanning fluorimetry; POI, protein
of interest; PROTACS, proteolysis-targeting chimeras; PyCloP,
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RING box protein-1; SEC, size exclusion chromatography;
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1. Supplementary Figures and Schemes

1.1. Figure S1-S4
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Figure S1. Statistical data for HDACs degradation in MM.1S cells after incubation with the
indicated compounds at different concentrations for 24 h. Normalization was done on the
transferred membrane against the total protein. Data from n = 3 replicates. Statistical analysis

was performed by using one-way ANOVA in GraphPad Prism 8. Statistical significance was
indicated with asterisks (ns = no significance; * =p < 0.05; ** =p < 0.01; ¥** =p <

0.001; **** =p < 0.0001).
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Figure S2. HDAC degradation induced by SZ-1, SZ-2 and SZ-3 in MCF-7 cells. (A) Western
blot analysis of HDAC1 and HDAC6 degradation in MCF-7 cells treated with SZ-1, SZ-2 and
SZ-3 at different concentrations for 24 h. GAPDH was selected as loading control.
Representative image of n = 3 replicates. (B) Statistical data for HDAC1 and HDAC6
degradation. Normalization was done on the transferred membrane against the total protein.
Data from n = 3 replicates. Statistical analysis was performed by using one-way ANOVA in
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GraphPad Prism 8. Statistical significance was indicated with asterisks (ns = no significance; *

=p < 0.05;**=p < 0.01).
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Figure S3. Viability assay on MM.1S and MCF-7 cells. (A) CellTiterGlo® 2.0 assay on MM.1S
cells. Ricolinostat and vorinostat were taken as positive controls; (B) MTT assay on MCF-7
cells. Ricolinostat and vorinostat were taken as positive controls. Data are represented from n

= 3 independent experiments.
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Figure S4. Thermal stability of DDB1AB in the presence and absence of compounds. (A-F)
The melting temperatures (Tn’s) were determined by nanoDSF within a range from 20 to 90°C.
Shown is the ratio of the intrinsic fluorescence emission at 350 and 330 nm (top) and the first
derivative thereof (bottom). Two different concentrations of compounds (5 pM and 10 pM)
were each added to 2 uM DDB1AB protein. Addition of SZ-2 (B), SZ-3 (C) and G26 (E) lead

to changes in the fluorescence emission spectra in a concentration dependent manner.
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1.2. Synthesis of 4-methyl-5-nitrothiazol-2-amine hydrochloride

o) N/\é @ o N§ (b) N—&
N Ay T M ALyNe: A
H H

HCIH,N" g7 "NO2

Scheme S1. (a) N-(4-methylthiazol-2-yl)acetamide, conc. H>SO4, KNO3, 0 °C, 2.5 h, 86%; (b)

conc. HCI (aqg.), MeOH, 50 °C, 7 h, 97%.

1.3. Synthesis of compound SZ-2-N

10 S1 SZ-2-N
Scheme S2. (a) (i) TFA, DCM, 2 h; (ii) propionyl chloride, triethylamine, DCM, 0 °C to rt, 17
h, 59% (two-step yield); (b) (i) hydroxylamine (50 wt. % in water), NaOH, MeOH/DCM, 0 °C

to rt, 2 h; (ii) HC1 (0.5 M in H>0), 79% (two-step yield).

2. Biological Experiments

2.1. Enzyme inhibition assays

Serial dilutions of the test compounds and controls were prepared from their respective stock
DMSO solution in assay buffer (50 mM Tris-HCI, pH 8.0, 137 mM NacCl, 2.7 mM KCI, 1.0
mM MgCl,-6H,0, 0.1 mg/mL BSA). 5.0 pL of this serial dilution were transferred to black
OptiPlate-96 microplates (Revvity) along with 35 pL of the fluorogenic substrate ZMAL (Z-
Lys(Ac)-AMC, 21.43 uM in assay buffer) and 10 pL of the enzyme solution,! using human
recombinant HDAC1 (BPS Bioscience, Catalog#50051) and HDAC6 (BPS Bioscience,
Catalog#50006). The assay with a total volume of 50 uL (HDAC1 max. 5% DMSO; HDAC6
max. 1% DMSO) was incubated at 37 °C for 90 minutes. Subsequently, 50 pL of trypsin (0.4
mg/mL) in trypsin buffer (50 mM Tris-HCI, pH 8.0, 100 mM NaCl) was added and incubated
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for another 30 minutes at 37 °C. The ICso values were determined by generating dose-response
curves and performing a non-linear regression utilizing GraphPad Prism GraphPad Software,
San Diego, CA, USA). Each compound was evaluated in at least two independent experiments

in duplicates.??

2.2. DDBI protein expression and purification

The protein purification was performed according to the protocol described by Ghosh and
colleagues.® In short, the human wild-type DNA damage-binding protein (DDB1) lacking the
second beta-propeller domain (UniProt accession number Q16531; residues 1-1140 A396-705),
termed DDB1AB, was PCR-amplified from AddGene plasmid #124213 and inserted into a
pACEBacl vector, which had been modified with an Hise affinity tag. The DDB1AB construct
was expressed in Sf9 insect cells and subjected to affinity chromatography, anion exchange
chromatography, and size exclusion chromatography (SEC). Following anion exchange
chromatography, protein fractions containing DDB1AB protein were determined by SDS PAGE
analysis, pooled, concentrated and loaded onto an AKTA pure FPLC system (Cytiva) equipped
with a preparative Superdex 200 increase 10/300 GL column (Cytiva), pre-equilibrated in SEC
buffer (50 mM Hepes pH 7.4, 200 mM NaCl, 1 mM TCEP). Peak fractions were monitored by
SDS PAGE, and fractions containing homogenous DDB1DB protein were pooled, concentrated,

aliquoted, snap frozen in liquid nitrogen, and stored at -80 °C for further applications.

2.3. NanoDSF assay

To evaluate the thermal stability of DDB1AB protein, nano-differential scanning fluorimetry
(nanoDSF) was performed using a Prometheus NT.48 device (NanoTemper). In this method,
thermal stability was measured between 20 °C and 90 °C with a temperature increase of 1.5 °C
per minute. Thus, proteins are heated under a linear temperature gradient while the fluorescence
of tyrosine and tryptophan residues is recorded at 330 nm and 350 nm. The protein starts to
unfold and the aromatic residues become exposed to the solvent, so their fluorescence changes,
allowing real-time tracking of the denaturation process. The melting temperature (7y), shown
as the inflection point of the 350/330 nm fluorescence ratio and determined from the maxima
or minima of the first derivative, was calculated using the PR.ThermControl software (v. 2.1.6,
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NanoTemper). Melting temperatures were examined with 2 uM DDB1AB protein with either 5
or 10 uM of the test compounds and compared to unligated protein (DMSO control) using
Prometheus NT.48 Standard Capillaries (NanoTemper). Prior to the measurements, all samples
were incubated for 10 minutes or 2 hours in DDB1AB SEC buffer (50 mM HEPES pH 7.4, 200
mM NaCl, 1 mM TCEP) supplemented with DMSO, ensuring a final DMSO concentration of

2 %.

2.4. Cell culture

MM.1S cells were obtained from the American Type Culture Collection (ATCC, Manassas, VA,
USA). Cells were cultured in RPMI 1640 (Life Technologies, Darmstadt, Germany)
supplemented with 10 % fetal bovine serum (PAN Biotech GmbH, Aidenbach, Germany),
100 TU/mL penicillin and 0.1 mg/mL streptomycin (PAN Biotech GmbH, Aidenbach, Germany)
and 1 mM sodium pyruvate (ThermoFisher Scientific Inc.; Waltham, MA, USA) and were
incubated at 37 °C under humidified air with 5% CQO,. MCF-7 cells were obtained from the
American Type Culture Collection (ATCC, Manassas, VA, USA). Cells were cultured in
Dulbecco’s Modified Eagle’s Medium (DMEM, Gibco) already containing L-glutamine and
pyruvate, and supplemented with 10 % fetal bovine serum (PAN Biotech GmbH, Aidenbach,
Germany), 100 IU/mL penicillin and 0.1 mg/mL streptomycin (PAN Biotech GmbH,

Aidenbach, Germany), and were incubated at 37 °C under humidified air with 5% COs,.

2.5. CellTiterGlo® 2.0 assay in MM.1S cells

Following a previously reported method,” 2,500 MM.1S cells/well were seeded in white 384-
well plates (Greiner Bio-One, Kremsmuenster, Austria). The final assay volume was 25 pL. A
200-fold dilution series was prepared in DMSO and further diluted to 10-fold in medium and
added to the cells. The final DMSO concentration was 0.5%. The toxicity of compounds was
determined after 72 h using the CellTiter-Glo® 2.0 Cell Viability Assay (Promega, Madison,
WI, USA, #G9242) according to the manufacturer’s protocol. Subsequently, the luminescence
was measured using a Tecan Spark (Tecan Group AG, Maennedorf, Swiss). Data was analyzed

with the four-parameter logistic equation (GraphPad Prism 9.0, San Diego, CA, USA).
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2.6. MTT assay in MCF-7 cells

MTT assay in MCF-7 cells. Assays were conducted following previously reported methods.?
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; Catalog# A2231;
BioChemica, Applichem GmbH, Darmstadt, Germany) was used to measure cell viability. A
total of 2,500 MCF-7 cells were seeded in triplicates in 96-well plates (Starlab GmbH, Hamburg,
Germany) with each well containing 200 puL of volume. These cells were subsequently treated
with dilution series of different compounds. Following an incubation period of 72 hours, 20 pL
of freshly prepared MTT solution (5 mg/mL) was added and the mixture was incubated for 1
hour at 37 °C and 5% CO,. After removing the supernatant, the formazan dye was solubilized
in 200 uL DMSO (Sigma-Aldrich, Steinheim, Germany). The absorbance was determined at
570 nm with background subtraction at 690 nm by a microplate photometer (Thermo Scientific
Multiskan EX, Thermo Fisher Sceintific). The acquired data was normalized to DPBS,
considering 100% viability, and the half-maximal inhibitory concentration (ICsp) was
determined by plotting dose response curves and nonlinear regression with GraphPad Prism

(GraphPad Software, San Diego, CA, USA).

2.7. Western blotting

Western blots on HDACI, 2, 3, 4, 6, 8, acetylated histone H3, acetylated a-tubulin and GAPDH
in MM.1S cells, as well as the HDACI1, 6 and GAPDH in MCF-7 cells were performed
according to a previously published protocol.®'° In brief, the treated MM.1S or MCF-7 cells
were collected and lysed with cell extraction buffer (ThermoFisher Scientific Inc.; Waltham,
MA, USA), supplemented with 0.1 mM PMSF, Halt™ Protease Inhibitor (Thermo Fisher), and
sodium orthovanadate (ThermoFisher Scientific Inc.; Waltham, MA, USA). Protein
concentration was determined using a BCA kit (ThermoFisher Scientific Inc.; Waltham, MA,
USA). Equal amounts of protein (25 pg) from the lysates was denatured by Laemmli 2%
Concentrate (Catalog# S3401-10VL, Sigma-Aldrich, St. Louis, MO, USA), and Precision Plus
Protein Unstained Standard was used as molecular weight marker (Catalog# 1610363, Bio-Rad,
Hercules, CA, USA). SDS-PAGE was performed with precast gels with a polymerization
degree of 4-15% (for ac-histone H3) and 10% or 12% for other proteins (Mini-PROTEAN®
TGX™ Stain-Free™; Bio-Rad Laboratories GmbH, Germany). Afterward, proteins were
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transferred to Trans-Blot Turbo®-PVDF membranes (Bio-Rad). The membrane was blocked
with skimmed milk powder in Tris-buffered saline-Tween 20 (with 0.2% Tween 20) for 60 min,
followed by three washing cycles of 10 min using Tris-buffered saline-Tween 20. Next,
membranes were incubated with primary antibodies for a total of 60 min at room temperature
under slight agitation and then incubated at 4 °C overnight. Membranes were rinsed again three
times before applying the secondary anti-rabbit IgG HRP-conjugated mAbs (R&D Systems,
Inc., Minneapolis, USA) or anti-mouse [gG HRP-conjugated mAbs (Santa Cruz Biotechnology,
Texas, USA) for 90 min. After rinsing of the secondary antibody, membranes were detected
using the ClarityECL Western Blotting Substrate (Bio-Rad). For quantitative determination, the
StainFree technique was employed (Bio-Rad), which allows the imaging of whole lysates in
SDS-PAGE before blotting and normalization on the transferred membrane against the total
protein. Pixel density analysis was performed with the IMAGE LAB software (Bio-Rad).
Primary antibodies were used as antibody solutions in 1:1000—-1:20000 dilutions according to
the manufacturer’s indication. Anti-HDACI1 (Catalog#5356S, Cell Signaling Technology,
Denver, MA, USA), anti-HDAC2 (Catalog# sc-9959, Santa Cruz Biotechnology, Dallas, TX,
USA), anti-HDAC3 (Catalog#85057S, Cell Signaling Technology, Denver, MA, USA), anti-
HDAC4 (Catalog#7628S, Cell Signaling Technology, Denver, MA, USA), anti-HDAC6
(Catalog#7558S, Cell Signaling Technology, Denver, MA, USA), anti-HDACS
(Catalog#66042S, Cell Signaling Technology, Denver, MA, USA), anti-acetyl-histone H3
(Catalog#9677S, Cell Signaling Technology, Denver, MA, USA), anti-acetyl-a-tubulin
(Catalog#5335, Cell Signaling Technology, Denver, MA, USA), anti-GAPDH (Catalog# T0004,

Affinity Biosciences, Cincinnati, OH, USA).

2.8. Apoptosis assay

3 x 10° cells/well of MM.1S cells were seeded into 24-well plates and treated for 48 h with 5
uM of indicated compounds or vehicle (DMSO) under cell culture condition. Subsequently,
washed the cells with staining buffer (HEPES 0.1 M, NaCl 1.4 M, CaCl, x 3 H,O 25 mM),
resuspended in 300 uL and 150 pulL was transferred into a 96-well plate, followed by adding 5
puL/well annexin V-FITC (catalog# 640945, BioLegend, San Diego, CA, USA) and 10uL/well
propidium iodide (catalog# 421301, BioLegend, San Diego, CA, USA), incubated for 15 min
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for staining. The analysis was performed by flow cytometry (Guava® easyCyteTM, Luminex,
Austin, TX, USA). Normalization, statistical analysis and bar graph creation were done by
GraphPad Prism (GraphPad Software, San Diego, CA, USA). Significance testing was

performed with a one-way analysis of variance (ANOVA).

3. Chemical Experiments

3.1. General information

Chemicals and solvents are commercially available and used without further purification, if not
stated otherwise. For all HPLC purposes, acetonitrile in HPLC-grade quality (HiPerSolv
CHROMANORM, VWR) was used. Water was purified with a PURELAB flex® (ELGA
VEOLIA). Air-sensitive reactions were carried out under nitrogen or argon atmosphere.
Mixtures of two or more solvents are specified as “solvent A”/ “solvent B”, 3/1, v/v; meaning
that 100 mL of the respective mixture consists of 75 mL of “solvent A” and 25 mL of “solvent
B”. Thin-layer chromatography (TLC) was carried out on prefabricated plates (silica gel 60,
Fas4, Merck). Components were visualized either by irradiation with ultraviolet light (254 nm
or 366 nm) or by staining appropriately. Column Chromatography: If not stated otherwise,
column chromatography was carried out on silica gel (60 A, 40-60 um, Acros Organics). In
addition, a flash column system (puriFlash® XS 520 Plus, Advion Interchim Scientific) was
utilized for the purification of the synthesized compounds. Nuclear Magnetic Resonance
Spectroscopy (NMR): Proton ('H) and carbon (1*C) NMR spectra were recorded either on a
Bruker AVANCE 500 MHz at a frequency of 500 MHz ("H) and 126 MHz ('*C) or on a Bruker
AVANCE III HD 600 MHz at a frequency of 600 MHz ('H) and 151 MHz (**C). The chemical
shifts are given in parts per million (ppm). As solvents deuterated chloroform (CDCl3) and
deuterated dimethyl sulfoxide (DMSO-ds) were used. The residual solvent signal (CDCls: 'H
NMR: 7.26 ppm, *C NMR: 77.1 ppm; DMSO-ds: '"H NMR: 2.50 ppm, *C NMR: 39.52 ppm)
was used for calibration. The multiplicity of each signal is reported as singulet (s), doublet (d),
triplet (t), quartet (q), pentet (p), sextet (sext), multiplet (m) or combinations thereof.
Multiplicities and coupling constants are reported as measured and might disagree with the
expected values. Mass Spectrometry: High resolution electrospray ionization mass spectra
(HRMS-ESI) were acquired with Bruker Daltonik GmbH micrOTOF coupled to a an LC
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Packings Ultimate HPLC system and controlled by micrOTOFControl3.4 and HyStar 3.2-
LC/MS, with a BrukerDaltonik GmbH ESI-qTOF Impact II coupled to a Dionex UltiMateTM
3000 UHPLC system and controlled by micrOTOFControl 4.0 and HyStar 3.2-LC/MS or with
a micrOTOF-Q mass spectrometer (Bruker) with ESI-source coupled with an HPLC Dionex
UltiMate 3000 (Thermo Scientific). Low resolution electrospray ionisation mass spectra
(LRMS-ESI) were acquired with an Advion expression® compact mass spectrometer (CMS)
coupled with an automated TLC plate reader Plate Express® (4dvion). High Performance
Liquid Chromatography (HPLC): A Thermo Fisher Scientific UltiMate™ 3000 UHPLC
system with a Nucleodur 100-5 C18 (250 x 4.6 mm, Macherey Nagel) with a flow rate of 1
mL/min and a temperature of 25 °C or a 100-5 C18 (100 x 3 mm, Macherey Nagel) with a flow
rate of 0.5 mL/min and a temperature of 25 °C with an appropriate gradient were used. For
preparative purposes an AZURA Prep. 500/1000 gradient system (Knauer) with a
Nucleodur 110-5 C18 HTec (150 x 32 mm, Macherey Nagel) column with 20 mL/min was used.
Detection was implemented by UV absorption measurement at a wavelength of A =220 nm and
A =250 nm. Bidest. H,O (A) and ACN (B) were used as eluents with an addition of 0.1% TFA
for eluent A. Purity: The purity of all final compounds was 95% or higher. Purity was
determined via HPLC with the Nucleodur 100-5 C18 (250 x 4.6 mm, Macherey Nagel) at 250
nm. After column equilibration for 5 min, a linear gradient from 5% A to 95% B in 5 min

followed by an isocratic regime of 95% B for 12 min was used.

3.2. Compounds preparation

2-Amino-4-(methoxycarbonyl)benzoic acid (1)

Following a reported method,!! TMSCI (2.10 mL, 16.6 mmol, 1.5 eq.) was added to the solution
of 2-aminoterephthalic acid (2.00 g, 11.0 mmol, 1 eq.) in methanol (50 mL). The mixture was
refluxed under nitrogen atmosphere for 19 h. The mixture was concentrated in vacuo and the

crude was dissolved with saturated NaHCOs (aq.). The resulting mixture was washed with ethyl
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acetate for three times. The aqueous layer was collected and acidified with AcOH to neutral pH.
The resulting mixture was then extracted with ethyl acetate (3 x 50 mL) and the combined
organic layer was washed with brine (50 mL) and dried over anhydrous Na>SOs. The solvent
was removed in vacuo to generate compound 1 (1.82 g, 85%) without further purification. "H
NMR (600 MHz, DMSO-ds) 6 7.79 (d, J=8.3 Hz, 1H), 7.41 (d, J= 1.7 Hz, 1H), 7.02 (dd, J =
8.3, 1.7 Hz, 1H), 3.83 (s, 3H). *C NMR (151 MHz, DMSO-ds) & 168.9, 166.0, 151.2, 133.9,

131.6,117.3,114.3, 112.9, 52.2. LC-MS (ESI), [M+H]" m/z: 196.1.

J

Methyl 2,4-dioxo- 1,4-dihydro-2H-benzo[d][ 1,3 ]oxazine-7-carboxylate (2)

To a solution of compound 1 (1.70 g, 8.71 mmol, 1 eq.) in THF (50 mL) was added
bis(trichloromethyl) carbonate (4.39 g, 14.8 mmol, 1.7 eq.). The mixture was stirred at 60 °C
for 4 h. The mixture was cooled and poured into water, extracted with ethyl acetate (3 x 50 mL),
the combined organic layer was washed with saturated NaHCO3 (aq.) (30 mL) and then the
brine (50 mL), dried over anhydrous Na,SO4 and the solvent was removed in vacuo to yield
compound 2 (1.72 g, 89%) without further purification. "H NMR (600 MHz, DMSO-d;) & 11.87
(s, 1H), 8.04 (d, J=8.2 Hz, 1H), 7.72 (dd, J = 8.2, 1.5 Hz, 1H), 7.69 (s, 1H), 3.90 (s, 3H). 1*C
NMR (151 MHz, DMSO-ds) & 164.8, 159.3, 146.8, 141.5, 136.4, 129.6, 123.2, 115.9, 113.9,

52.8. LC-MS (ESI), [M+H]" m/z: 222.2.

0 b
J e,

N-(4-methyl-5-nitrothiazol-2-yl)acetamide

To a solution of N-(4-methylthiazol-2-yl)acetamide (2.00 g, 12.8 mmol, 1 eq.) in conc. H>SO4
(8 ml) at 0 °C was added KNOs (1.68 g, 16.7 mmol, 1.3 eq.). The mixture was stirred for 2.5 h.
Completion of the reaction was monitored by TLC. The resulting reaction mixture was poured
into water slowly and neutralized with saturated NaHCOs(aq.) until alkaline level. The mixture

S13



was then extracted with ethyl acetate (3 x 50 mL), the combined organic phase was washed
with water (50 mL), followed by brine (50 mL), dried over Na>SOj and the solvent was removed
in vacuo. The crude product was purified by flash chromatography (CyH/EtOAc, 0-66.6%
EtOAc from 0-10 min, 66.6% EtOAc from 10-25 min) to gain the product as yellow solid (2.22
g, 86%). '"H NMR (600 MHz, DMSO-ds) 6 12.94 (s, 1H), 2.65 (s, 3H), 2.22 (s, 3H). *C NMR
(151 MHz, DMSO-de) 6 170.3, 158.7, 154.0, 136.2, 22.5, 17.9. LC-MS (ESI), [M+H]" m/z:

202.1.

5t
HCI HZN/QS NO,

4-Methyl-5-nitrothiazol-2-amine hydrochloride

To a solution of N-(4-methyl-5-nitrothiazol-2-yl)acetamide (2.22 g, 11.0 mmol, 1 eq.) in MeOH
(25 mL) was added conc. HCI (25 mL). The mixture was stirred at 50 °C for 7 h. The solvent
was removed to afford the crude product (2.1 g, 97%) without further purification. 'H NMR
(500 MHz, DMSO-ds) 8 9.91 (s, 1H), 8.79 (s, 2H), 2.52 (s, 3H). *C NMR (126 MHz, DMSO-

ds) 5 169.6, 159.4, 130.2, 18.2. LC-MS (ESI), [M+H]" m/z: 160.1.

Methyl 3-amino-4-((4-methyl-5-nitrothiazol-2-yl)carbamoyl)benzoate (3)

To a solution of compound 2 (1.72 g, 7.78 mmol, 1 eq.) in anhydrous DMF (50 mL) was added
4-methyl-5-nitrothiazol-2-amine hydrochloride (1.67 g, 8.55 mmol, 1.1 eq.), followed by the
addition of DIPEA (4.06 mL, 23.3 mmol, 3 eq.). The mixture was stirred at room temperature
for 6 h. The mixture was poured into water, extracted with ethyl acetate (3 x 50 mL), the
combined organic layer was washed with water (3 x 50 mL), followed by brine (50 mL), and
dried over anhydrous Na;SOs. The solvent was removed in vacuo and the crude product was
washed with MeOH, after which, the precipitate was collected via filtration to yield the desired

compound 3 (1.99 g, 76%) without further purification. 'H NMR (500 MHz, DMSO-d;) & 9.02
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(s, 2H), 7.99 (d, J = 8.4 Hz, 1H), 7.46 (d, J = 1.7 Hz, 1H), 7.05 (dd, J = 8.4, 1.7 Hz, 1H), 3.85
(s, 3H), 2.70 (s, 3H). 3C NMR (126 MHz, DMSO-d) & 168.0, 165.8, 159.8, 153.6, 151.0,

136.1, 134.0, 129.9, 117.7, 114.2, 113.6, 52.3, 17.7. LC-MS (ESI), [M-H] m/z: 335.0.

O

)J\NH o) N’\g\
P NO,

N S
H

o

Methyl 3-acetamido-4-((4-methyl-5-nitrothiazol-2-yl)carbamoyl)benzoate (4/F16)

To a solution of compound 3 (1.78 g, 5.28 mmol, 1 eq.) in anhydrous DMF (50 mL) was added
HATU (4.02 g, 10.6 mmol, 2 eq.), DIPEA (2.76 mL, 15.8 mmol, 3 eq.) and acetic acid (453 pL,
7.92 mmol, 1.5 eq.). The mixture was stirred at room temperature for 43 h. The completion of
reaction was monitored by TLC. The resulting reaction mixture was poured into water,
extracted with ethyl acetate (3 x 50 mL), the combined organic layer was washed with water (3
x 50 mL), followed by brine (50 mL), and dried over anhydrous Na;SO4. The solvent was
removed in vacuo and the crude product was purified with silica column chromatography
(DCM/MeOH 20:1 v/v) to generate compound 4 (1.42 g, 71%). '"H NMR (600 MHz, DMSO-
ds) 6 13.53 (s, 1H), 10.47 (s, 1H), 8.30 (s, 1H), 7.83 (d, /= 8.1 Hz, 1H), 7.77 (dd, J= 8.1, 1.7
Hz, 1H), 3.89 (s, 3H), 2.70 (s, 3H), 2.04 (s, 3H). *C NMR (151 MHz, DMSO-ds) 5 168.4,
167.2, 165.3, 160.1, 153.6, 137.0, 136.2, 132.6, 129.7, 128.4, 123.9, 123.1, 52.5, 23.7, 17.8.

HRMS (ESI): m/z [M+H]" calcd. for CisH1aN4O6S 379.0707, found: 379.0701.

O

)J\NH o) N’\g\
P NO,

” S
HO

o
3-Acetamido-4-((4-methyl-5-nitrothiazol-2-yl)carbamoyl) benzoic acid (5)
To a solution of compound 4 (0.35 g, 0.925 mmol, 1 eq.) in a solvent mixture of
THF/MeOH/H>O (15 mL/ 3 mL/ 3 mL) was added LiOH-H»O (58 mg, 1.39 mmol, 1.5 eq.).
The mixture was stirred at room temperature for 16.5 h, followed by stirring at 50 °C for extra
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4 h. The completion of the reaction was monitored by HPLC. The solvent was removed and the
crude product was dissolved with water and acidified by 0.5 M HCI (aq.) to neutral pH. The
precipitate was then collected, washed with water and dried to afford compound 5 (0.272 g,
81%) without further purification. 'H NMR (600 MHz, DMSO-d;) & 13.50 (s, 1H), 13.32 (s,
1H), 10.41 (s, 1H), 8.25 (s, 1H), 7.80 (d, J = 8.1 Hz, 1H), 7.75 (dd, J = 8.0, 1.6 Hz, 1H), 2.70
(s, 3H), 2.04 (s, 3H). *C NMR (151 MHz, DMSO-ds) & 168.4, 167.0, 166.3, 159.8, 153.7,

136.9,136.2, 133.9, 129.5, 128.2, 124.1, 123.4, 23.7, 17.8. LC-MS (ESI), [M-H] m/z: 363.0.

OZN})\ o) HN
)k©\”/ \/\/\/\n/

Methyl 7-(3-acetamido-4-((4-methyl-5-nitrothiazol-2-yl)carbamoyl)benzamido) heptanoate (6)
To a solution of compound 5 (0.250 g, 0.686 mmol, 1 eq.) in anhydrous DMF (5 mL) were
added HATU (0.522 g, 1.37 mmol, 2 eq.) and DIPEA (359 pL, 2.06 mmol, 3 eq.). The mixture
was stirred at room temperature for 0.5 h and methyl 7-aminoheptanoate hydrochloride (0.161
g, 0.823 mmol, 1.2 eq.) was then added to the system. Afterwards, the mixture was stirred at
room temperature for 17 h. The mixture was poured into water, extracted with ethyl acetate (3
x 30 mL), the combined organic layer was washed with water (3 x 30 mL) and then with brine
(30 mL), dried over anhydrous Na,SOs. The solvent was removed in vacuo and the crude
product was purified with silica column chromatography (DCM/MeOH 10:1 v/v) to generate
compound 6 (0.155 g, 45%). '"H NMR (600 MHz, DMSO-dq) & 13.45 (s, 1H), 10.32 (s, 1H),
8.58 (t,J=5.6 Hz, 1H), 8.06 (s, 1H), 7.76 (d, J = 8.0 Hz, 1H), 7.66 (dd, J =8.1, 1.7 Hz, 1H),
3.58 (s, 3H), 3.25 (q, /= 6.7 Hz, 2H), 2.70 (s, 3H), 2.30 (t, J = 7.4 Hz, 2H), 2.03 (s, 3H), 1.53
(h, J=7.3 Hz, 4H), 1.31 (p, J = 3.1 Hz, 4H). *C NMR (151 MHz, DMSO-d) 4 173.3, 168.3,
167.2, 165.0, 159.7, 153.7, 138.1, 136.7, 136.2, 129.1, 126.8, 122.1, 122.0, 51.1, 40.1, 33.2,

28.8,28.2,26.1,24.4, 23.6, 17.8. LC-MS (ESI), [M+H]* m/z: 506.2.
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2-Acetamido-N*-(7-(hydroxyamino)-7-oxoheptyl)-N'-(4-methyl-5-nitrothiazol-2-
yl)terephthalamide (SZ-1)

Compound 6 (0.150 g, 0.297 mmol, 1 eq.) was dissolved in a solvent mixture of MeOH/DCM
(4 mL/2 mL) and the solution was cooled to 0 °C. Hydroxylamine solution (1.18 g, 50 wt. % in
water, 17.8 mmol, 60 eq.) was added and the mixture was stirred at 0 °C for 10 min.
Subsequently, the prepared sodium hydroxide powder (0.119 g, 2.97 mmol, 10 eq.) was added
into the reaction and the mixture was stirred for 1 h. Completion of the reaction was monitored
by TLC. The solvent was removed and the crude product was dissolved with water and acidified
with 0.5 M HCI (aq.) to neutral pH. The precipitate was then collected and subsequent
purification was conducted by preparative HPLC to yield compound SZ-1 (15 mg, 10%). 'H
NMR (600 MHz, DMSO-ds) 6 13.57 (s, 1H), 10.32 (s, 1H), 8.87 (s, 1H), 8.63 (s, 1H), 8.44 (t,
J=5.6 Hz, 1H), 8.21 (d, J = 8.0 Hz, 1H), 7.46 (d, J = 8.2 Hz, 1H), 3.23 (q, J = 6.7 Hz, 2H),
2.64 (s, 3H), 2.17 (s, 3H), 1.94 (t, /= 7.4 Hz, 2H), 1.50 (h, J= 7.1 Hz, 4H), 1.28 (td, /= 21.0,
19.4, 11.0 Hz, 4H). 3C NMR (151 MHz, DMSO-de) 6 171.8, 169.1, 168.0, 166.1, 160.9, 156.9,
139.8, 137.7, 132.9, 130.3, 124.9, 120.2, 118.5, 40.1, 32.2, 30.4, 28.9, 28.3, 26.2, 25.1, 18.8.

HRMS (ESI)Z m/z [M‘FH]+ calcd. for C21H26NsO7S 507.1656, found: 507.1638.

o]
©/\O \

Ethyl (E)-4-(3-(3-(benzyloxy)phenyl)-3-oxoprop-1-en-1-yl)benzoate (7)

To a solution of 1-(3-(benzyloxy)phenyl)ethan-1-one (2.00 g, 8.84 mmol, 1 eq.) in ethanol (50
mL) was added methyl 4-formylbenzoate (1.45 g, 8.84 mmol, 1 eq.) and KOH (0.744 g, 13.3
mmol, 1.5 eq., aq. in 1.5 mL water). The mixture was stirred at room temperature for 15 h.
The reaction mixture was poured into crushed ice and left for 1 h. To this suspension 1 M HCI
(aq.) was added dropwise until the solution was acidic. The resulting crude solid precipitate
was collected and dried, which was then dissolved by DCM and the purification was conducted
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by flash chromatography (CyH/EtOAc, 0-20% EtOAc in cyclohexane, 0-10 min; 20% EtOAc
in cyclohexane, 10-30 min) to the methyl ester and ethyl ester product mixture (2.66 g, >78%).
The ethyl ester product (compound 7) was further purified by silica column chromatography
(CyH/EtOAc 4:1, v/v) for the analytical characterization. "H NMR (600 MHz, CDCl5) & 8.12
—8.05 (m, 2H), 7.81 (d, J = 15.7 Hz, 1H), 7.72 — 7.66 (m, 2H), 7.65 — 7.61 (m, 2H), 7.56 (d, J
=15.7 Hz, 1H), 7.49 — 7.38 (m, 5H), 7.38 — 7.32 (m, 1H), 7.22 (ddd, J= 8.2, 2.5, 1.1 Hz, 1H),
5.15 (s, 2H), 4.40 (q, J = 7.1 Hz, 2H), 1.42 (t, J= 7.1 Hz, 3H). *C NMR (151 MHz, CDCl3) &
190.0, 166.1, 159.2, 143.5,139.4, 139.1, 136.6, 132.1, 130.3, 129.9, 128.8, 128 .4, 128.3, 127.7,

124.2,121.5, 120.4, 114.3,70.4, 61.4, 14.5. LC-MS (ESI), [M+H]" m/z: 387.2.
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tert-Butyl 3-(3-(benzyloxy)phenyl)-5-(4-(ethoxycarbonyl)phenyl)-4,5-dihydro- 1 H-pyrazole-1-
carboxylate (8)

In the process of compound 7 synthesis, the methyl ester was also obtained as a byproduct,
which was also used here for the reaction. To a solution of methyl ester and ethyl ester product
mixture from the last step (2.66 g, 1 eq.) in anhydrous ACN (60 mL) was added fert-butyl
hydrazinecarboxylate (1.05 g, 7.92 mmol, 1.15 eq.) and 1,3,4,6,7,8-hexahydro-2H-
pyrimido[1,2-a]pyrimidine (0.192 g, 1.38 mmol, 0.2 eq.). The mixture was then stirred at 60 °C
for 22 h under nitrogen atmosphere. Completion of the reaction was monitored by TLC. The
solvent was removed and the crude was dissolved with ethyl acetate, poured the mixture into
water and extracted with ethyl acetate (3 x 50 mL). The combined organic layer was washed
with brine (50 mL) and dried over anhydrous Na;SO4. The solvent was removed and the crude
product was purified by silica chromatography (CyH/EtOAc 4:1, v/v) to provide the methyl
ester and ethyl ester product mixture (2.28 g, > 66%). The ethyl ester product (compound 8)
was further purified by silica column chromatography (CyH/EtOAc 4:1, v/v) for the analytical
characterization. '"H NMR (600 MHz, CDCls) 8 8.02 (d, J = 8.1 Hz, 2H), 7.50 (s, 1H), 7.44 (d,
J =174 Hz, 2H), 7.39 (t, J = 7.5 Hz, 2H), 7.31 (h, J = 7.9 Hz, 4H), 7.25 (d, J = 6.2 Hz, 1H),
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7.04 —7.00 (m, 1H), 5.39 (dd, J = 12.3, 5.6 Hz, 1H), 5.10 (s, 2H), 4.37 (q, /= 7.1 Hz, 2H), 3.77
(dd, J=17.5, 12.2 Hz, 1H), 3.12 (dd, J = 17.5, 5.6 Hz, 1H), 1.39 (t, J= 7.1 Hz, 3H), 1.31 (s,
9H). 3C NMR (151 MHz, CDCls) & 166.4, 159.1, 152.3, 151.7, 148.0, 136.8, 132.8, 130.3,
130.0, 129.7, 128.8, 128.2, 127.7, 125.7, 119.8, 117.5, 112.3, 81.8, 70.3, 61.7, 61.2, 42.9, 28.2,

14.5. LC-MS (ESI), [M-H] m/z: 499.1.
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4-(3-(3-(Benzyloxy)phenyl)- I-(tert-butoxycarbonyl)-4,5-dihydro- 1 H-pyrazol-5-yl)benzoic acid
9)

To a solution of methyl ester and ethyl ester product mixture from last step (2.28 g, 1 eq.) in
THF/MeOH/H>O (20 mL/ 4 mL/ 4 mL) was added LiOH-H,O (0.287 g, 1.5 eq.). The mixture
was stirred at 50 °C for 23 h. The solvent was removed and the crude product was dissolved in
water and acidified by 0.5 M HCI (aq.) to neutral pH. The precipitate was then collected, washed
with water and dried to afford compound 9 (2.00 g, 93%) without further purification. 'H NMR
(600 MHz, DMSO-ds) 6 12.92 (s, 1H), 7.97 — 7.90 (m, 2H), 7.47 — 7.44 (m, 2H), 7.42 — 7.36
(m, 3H), 7.36 — 7.30 (m, 5H), 7.10 (ddd, /= 8.1, 2.7, 1.1 Hz, 1H), 5.44 (dd, J=12.1, 5.3 Hz,
1H), 5.15 (s, 2H), 3.84 (dd,J=17.9, 12.1 Hz, 1H), 3.15 (dd, /= 18.0, 5.4 Hz, 1H), 1.25 (s, 9H).
BCNMR (151 MHz, DMSO-ds) 8 167.0, 158.5, 152.6, 150.7, 148.0, 136.9, 132.6, 129.9, 129.8,
128.4, 127.8, 127.7, 127.6, 125.7, 119.2, 116.7, 112.5, 80.2, 69.3, 61.1, 42.1, 27.7. LC-MS

(ESI), [M-H] m/z: 471.1.
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Ethyl  4-(3-(3-(benzyloxy)phenyl)- 1-(2-chloroacetyl)-4,5-dihydro- 1 H-pyrazol-5-yl)benzoate
(G26)

To a solution of compound 8 (0.100 g, 0.200 mmol, 1 eq.) in DCM (5 mL) was added TFA (2
mL), the mixture was stirred for 2 h at room temperature. The complete removal of the Boc-
protecting group was monitored by HPLC. TFA and DCM were removed and the crude product
was dried in vacuo. Subsequently, the crude product was re-dissolved in DCM (5 mL) and
stirred at 0 °C for 10 min, followed by the addition of 2-chloroacetyl chloride (32 pL, 0.400
mmol, 2 eq.) dropwise and triethylamine (84 pL, 0.599 mmol, 3 eq.) dropwise. The mixture
was stirred for 17 h. The crude product was obtained by removing the solvents in vacuo and
further purified by silica column chromatography (CyH/EtOAc 2:1, v/v) to yield compound
G26 (0.09 g, 95%). "H NMR (500 MHz, DMSO-ds) 4 7.93 (d, J = 8.3 Hz, 2H), 7.50 — 7.44 (m,
3H), 7.43 -7.36 (m, 6H), 7.34 (dd, /= 8.4, 6.2 Hz, 1H), 7.19 — 7.12 (m, 1H), 5.66 (dd, J=11.9,
5.0 Hz, 1H), 5.16 (s, 2H), 4.79 (d, J=13.9 Hz, 1H), 4.70 (d, /= 13.9 Hz, 1H), 4.31 (q, J=7.1
Hz, 2H), 3.91 (dd, J = 18.3, 11.9 Hz, 1H), 3.23 (dd, J = 18.3, 5.1 Hz, 1H), 1.30 (t, /= 7.1 Hz,
3H). BC NMR (126 MHz, DMSO-ds) 8 165.4, 163.4, 158.5, 155.5, 146.6, 136.8, 131.8, 129.9,
129.6, 129.1, 128.4, 127.9, 127.8, 126.0, 119.6, 117.3, 113.1, 69.4, 60.6, 59.8, 42.3, 41.9, 14.1.

HRMS (ESI): m/z [M+H]" calcd. for C27HasCIN2O4 477.1576, found: 477.1577.

tert-Butyl 3-(3-(benzyloxy)phenyl)-5-(4-((7-methoxy-7-oxoheptyl)carbamoyl)phenyl)-4, 5-
dihydro-1H-pyrazole-1-carboxylate (10)

To a solution of compound 9 (2.50 g, 5.29 mmol, 1 eq.) in anhydrous DMF (15 mL) were added
HATU (4.02 g, 10.6 mmol, 2 eq.) and DIPEA (2.76 mL, 15.9 mmol, 3 eq.). The solution was
stirred for 30 min at room temperature followed by the addition of methyl 7-aminoheptanoate
hydrochloride (1.24 g, 6.35 mmol, 1.2 eq.), and the mixture was stirred for 18.5 h at room
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temperature. Completion of the reaction was monitored by HPLC. The mixture was poured into
water and extracted with ethyl acetate (3 x 50 mL). The combined organic layers were then
washed with water (3 x 50 mL), followed by brine (50 mL), dried over anhydrous Na,;SOs,
filtered, and concentrated in vacuo to yield the crude product, which was then purified by silica
column chromatography (CyH/EtOAc 1:1, v/v) to afford compound 10 (2.38 g, 73%). '"H NMR
(500 MHz, CDCl3) 6 7.76 (d, J = 7.9 Hz, 2H), 7.50 — 7.45 (m, 1H), 7.45 — 7.41 (m, 2H), 7.41 —
7.36 (m, 2H), 7.36 — 7.32 (m, 1H), 7.32 — 7.26 (m, 3H), 7.24 (dt, /= 7.7, 1.3 Hz, 1H), 7.01
(ddd, J=8.1, 2.6, 1.1 Hz, 1H), 6.30 (s, 1H), 5.38 (dd, J=12.4, 5.3 Hz, 1H), 5.09 (s, 2H), 3.76
(dd, J=17.5,12.1 Hz, 1H), 3.65 (s, 3H), 3.50 — 3.38 (m, 2H), 3.09 (dd, /= 17.5, 5.4 Hz, 1H),
2.30 (t, J = 7.4 Hz, 2H), 1.70 — 1.57 (m, 4H), 1.45 — 1.22 (m, 13H). C NMR (126 MHz,
CDCl3) 6 174.3, 167.1, 159.1, 152.4, 151.8, 146.5, 136.8, 134.2, 132.8, 129.8, 128.7, 128.2,
127.7,125.9,119.8, 117.5,112.3, 81.8, 70.3, 61.6, 51.6, 42.9, 40.1, 34.1, 29.6, 28.9, 28.2, 26.7,

24.9. LC-MS (ESI), [M+H]" m/z: 614.3.

7-(4-(3-(3-(Benzyloxy)phenyl)- I-(tert-butoxycarbonyl)-4,5-dihydro- 1 H-pyrazol-5-
yl)benzamido)heptanoic acid (11)

To a solution of compound 10 (2.37 g, 3.86 mmol, 1 eq.) in THF/MeOH/H,0O (60 mL /12 mL
/12 mL), LiOH-H,0 (0.324 g, 7.72 mmol, 2 eq.) was added. The mixture was stirred at room
temperature for 17 h. Upon the completion of the hydrolysis (monitored by TLC), the solvents
were removed in vacuo. The crude product was dissolved with water and acidified with HCI
(0.5 M in water) until no more precipitate was formed. The resulting precipitate was collected
via filtration, washed with water and dried in vacuo, to yield compound 11 (2.03 g, 88%)
without further purification. 'H NMR (500 MHz, DMSO-ds) & 11.94 (s, 1H), 8.39 (t, J = 5.7
Hz, 1H), 7.82 (d, J = 8.3 Hz, 2H), 7.48 — 7.44 (m, 2H), 7.42 — 7.36 (m, 3H), 7.35 — 7.31 (m,
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3H), 7.26 (d, J = 8.4 Hz, 2H), 7.10 (ddd, J = 8.0, 2.7, 1.2 Hz, 1H), 5.42 (dd, J = 12.0, 5.4 Hz,
1H), 5.15 (s, 2H), 3.83 (dd, J= 17.9, 12.1 Hz, 1H), 3.23 (q, J = 6.8 Hz, 2H), 3.12 (dd, J = 18.0,
5.4 Hz, 1H), 2.19 (t, J = 7.4 Hz, 2H), 1.49 (qt, J = 7.3, 3.8 Hz, 4H), 1.33 — 1.21 (m, 13H). *C
NMR (126 MHz, DMSO-ds) & 174.4, 165.6, 158.5, 152.5, 150.8, 146.0, 136.9, 133.7, 132.7,
129.8, 128.4, 127.8, 127.6, 127.5, 125.3, 119.2, 116.6, 112.5, 80.1, 69.3, 61.0, 42.1, 40.1, 33.6,

28.9,28.2,27.7, 26.2, 24.4. LC-MS (ESI), [M-H] m/z: 598.3.

Cl O OH
7-(4-(3-(3-(Benzyloxy)phenyl)-1-(2-chloroacetyl)-4, 5-dihydro- 1 H-pyrazol-5-yl)benzamido)-

heptanoic acid (12)

To a solution of compound 11 (0.500 g, 0.834 mmol, 1 eq.) in DCM (10 mL) was added TFA
(2 mL). The mixture was stirred for 2 h at room temperature and the complete removal of the
Boc-protecting group was monitored by HPLC. TFA and DCM were removed and the crude
product was dried in vacuo. Subsequently, the crude product was re-dissolved with DCM (10
mL) and stirred at 0 °C for 10 min, followed by adding 2-chloroacetyl chloride (133 uL, 1.67
mmol, 2 eq.) dropwise and triethylamine (348 pL, 2.50 mmol, 3 eq.) dropwise. The mixture
was stirred for 20 h. The crude product was obtained by removing the solvents in vacuo and
purified by silica column chromatography (DCM/MeOH/AcOH 20:1:0.1, vA/v) to yield
compound 12 (0.337 g, 70%). '"H NMR (600 MHz, DMSO-ds) & 11.94 (s, 1H), 8.38 (t,J=5.6
Hz, 1H), 7.79 (d, J = 8.2 Hz, 2H), 7.50 — 7.44 (m, 3H), 7.43 — 7.36 (m, 4H), 7.36 — 7.31 (m,
1H), 7.29 (d, J = 8.1 Hz, 2H), 7.15 (td, J=4.7, 2.7 Hz, 1H), 5.62 (dd, J = 11.8, 4.9 Hz, 1H),
5.16 (s, 2H), 4.80 (d, J = 13.8 Hz, 1H), 4.70 (d, /= 13.8 Hz, 1H), 3.90 (dd, /= 18.2, 11.9 Hz,
1H), 3.25-3.22 (m, 2H), 3.22 - 3.19 (m, 1H), 2.19 (t, /= 7.4 Hz, 2H), 1.52-1.47 (m, 4H), 1.34
— 1.22 (m, 4H). *C NMR (151 MHz, DMSO-de) 8 174.4, 165.7, 163.3, 158.5, 155.5, 144.3,
136.8, 134.0, 131.9, 129.9, 128.4, 127.9, 127.8, 127.6, 125.4, 119.6, 117.3, 113.0, 69.4, 59.8,
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42.4,42.0,40.1, 33.6, 28.9, 28.3, 26.1, 24.4. LC-MS (ESI), [M-H] m/z: 574.2.
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4-(3-(3-(Benzyloxy)phenyl)-1-(2-chloroacetyl)-4, 5-dihydro- 1 H-pyrazol-5-yl)-N-(7-oxo-7-
((trityloxy)amino) heptyl)benzamide (13)

To a solution of compound 12 (0.330 g, 0.573 mmol, 1 eq.) in anhydrous DMF (10 mL) were
added PyCloP (0.483 g, 1.15 mmol, 2 eq.) and DIPEA (0.370 g, 2.86 mmol, 5 eq.). The solution
was stirred for 30 min at room temperature followed by the addition of O-tritylhydroxylamine
(0.473 g, 1.72 mmol, 3 eq.) and the mixture was stirred for 18 h at room temperature.
Completion of the reaction was monitored by HPLC. The solvent was removed in vacuo
directly and the crude product was purified by silica column chromatography (DCM/MeOH
20:1, v/v) to yield compound 13 (0.391 g, 82%). 'H NMR (600 MHz, DMSO-ds) & 10.13 (s,
1H), 8.36 (t,J=5.4 Hz, 1H), 7.79 (d, /= 8.3 Hz, 2H), 7.46 (t,J= 7.6 Hz, 3H), 7.39 (q, /= 5.8,
4.3 Hz,4H), 7.36 —7.24 (m, 17H), 7.15 (tt, J=5.5, 3.3 Hz, 1H), 5.63 (dd, /= 11.8, 4.9 Hz, 1H),
5.16 (s, 2H), 4.80 (d, J=13.8 Hz, 1H), 4.70 (d, J = 13.8 Hz, 1H), 3.90 (dd, /= 18.2, 11.9 Hz,
1H), 3.24 -3.21 (m, 1H), 3.18 (q, /= 6.7, 6.0 Hz, 2H), 1.78 (dt, /= 25.1, 6.6 Hz, 2H), 1.41 (p,
J=17.3 Hz, 2H), 1.19-1.12 (m, 4H), 0.99 (q, J = 8.3 Hz, 2H). *C NMR (151 MHz, DMSO-ds)
0 170.3, 165.7, 163.3, 158.5, 155.5, 144.3, 142.4, 136.8, 134.0, 131.9, 129.9, 128.9, 128.4,
127.9, 127.8, 127.6, 127.4, 127.3, 125.4, 119.6, 117.3, 113.0, 91.7, 69.4, 59.8, 42 .4, 42.0, 40.1,

31.9,28.9, 28.1, 26.1, 24.7. LC-MS (ESI), [M-H] m/z: 831.3.
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4-(3-(3-(Benzyloxy)phenyl)- 1-(2-bromoacetyl)-4,5-dihydro- 1 H-pyrazol-5-yl)-N-(7-oxo-7-
((trityloxy)amino)heptyl) benzamide (14)

To a solution of compound 13 (0.184 g, 0.221 mmol, 1 eq.) in acetone (5 mL) was added sodium
bromide (0.227 g, 2.21 mmol, 10 eq.) and the mixture was refluxed for 48 h in the dark. The
conversion of 13 to 14 was monitored by HPLC. The solvent was removed in vacuo and the
crude product was re-dissolved in a mixture of methanol and acetonitrile, and filtered to remove
the insoluble. The obtained crude product was subjected to purification by preparative HPLC
to yield compound 14 (81 mg, 42%). '"H NMR (600 MHz, DMSO-ds) 6 10.14 (s, 1H), 8.37 (q,
J=17.0,5.7Hz, 1H),7.79 (d, J= 8.2 Hz, 2H), 7.50 — 7.42 (m, 3H), 7.42 — 7.36 (m, 4H), 7.35 —
7.18 (m, 17H), 7.18 — 7.12 (m, 1H), 5.62 (dt, J = 15.5, 7.8 Hz, 1H), 5.16 (s, 2H), 4.52 (t, J =
10.5 Hz, 1H), 4.42 (t, J=12.9 Hz, 1H), 3.90 (dd, /= 18.2, 11.8 Hz, 1H), 3.22 (d, J = 4.7 Hz,
1H), 3.21 — 3.15 (m, 2H), 1.85 (dt, J=98.8, 7.4 Hz, 2H), 1.52 — 1.37 (m, 2H), 1.32 — 1.06 (m,
4H), 0.99 (p, J = 7.7 Hz, 2H). *C NMR (151 MHz, DMSO-d) & 170.3, 165.7, 163.4, 158.5,
155.4,147.7,144.3, 142.5, 136.8, 134.0, 131.9, 130.0, 128.9, 128.4, 127.9, 127.8, 127.7, 127.6,
127.5, 127.4, 127.3, 126.6, 125.3, 119.6, 117.3, 113.1,91.7, 69.4, 59.7, 42.4, 42.1, 40.1, 32.1,

28.9,28.2,26.1, 24.9. LC-MS (ESI), [M-H] m/z: 875.1.

“OH

|

o}
4-(3-(3-(Benzyloxy)phenyl)-1-(2-chloroacetyl)-4, 5-dihydro- 1 H-pyrazol-5-yl)-N-(7-

(hydroxyamino)-7-oxoheptyl)benzamide (SZ-2)

To a solution of compound 13 (0.2 g, 0.240 mmol) in DCM (5 mL) was added triisopropylsilane
(0.5 mL) and, after stirring for 10 min, TFA (1 mL) was added. The mixture was stirred at room
temperature for 2 h and the complete deprotection was monitored by HPLC. Subsequently, the
solvent was removed in vacuo and the crude product was purified by flash column
chromatography using a reverse phase C18 column to yield SZ-2 (43 mg, 30%). 'H NMR (600
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MHz, DMSO-ds) § 10.30 (s, 1H), 8.62 (s, 1H), 8.38 (t, J = 5.7 Hz, 1H), 7.84 — 7.75 (m, 2H),
7.46 (t, J = 7.4 Hz, 3H), 7.42 — 7.37 (m, 4H), 7.34 (dd, J = 8.3, 6.4 Hz, 1H), 7.31 — 7.27 (m,
2H), 7.15 (tq, J = 4.7, 2.9, 2.0 Hz, 1H), 5.62 (dd, J = 11.8, 4.9 Hz, 1H), 5.16 (s, 2H), 4.80 (dd,
J=13.8, 1.7 Hz, 1H), 4.70 (dd, J= 13.9, 1.7 Hz, 1H), 3.90 (dd, J = 18.2, 11.9 Hz, 1H), 3.23 (,
J =52 Hz, 2H), 3.20 (d, J = 5.7 Hz, 1H), 1.93 (t, J = 7.4 Hz, 2H), 1.48 (h, J = 6.9 Hz, 4H),
1.31 — 1.25 (m, 4H). 3C NMR (151 MHz, DMSO-ds) & 169.1, 165.7, 163.3, 158.5, 155.5,
144.3, 136.8, 134.0, 131.9, 130.0, 128.4, 127.9, 127.8, 127.6, 125.4, 119.6, 117.3, 113.0, 69.4,
59.8, 42.4, 42.0, 40.1, 32.2, 29.0, 28.3, 26.1, 25.0. HRMS (ESI): m/z [M+H]" caled. for

C32H35CIN4Os 591.2369, found: 591.2356.

4-(3-(3-(Benzyloxy)phenyl)- 1-(2-bromoacetyl)-4,5-dihydro- 1 H-pyrazol-5-yl)-N-(7-
(hydroxyamino)-7-oxoheptyl) benzamide (SZ-3)

To a solution of compound 14 (71 mg, 0.081 mmol) in DCM (3 mL) was added
triisopropylsilane (0.3 mL) and, after stirring for 10 min, TFA (0.6 mL) was added. The mixture
was stirred at room temperature for 2 h and the complete deprotection was monitored by HPLC.
Subsequently, the solvent was removed in vacuo and the crude was purified by preparative
HPLC to yield SZ-3 (9 mg, 18%). '"H NMR (600 MHz, DMSO-ds)  10.30 (s, 1H), 8.62 (s,
1H), 8.38 (t, J = 5.6 Hz, 1H), 7.79 (d, J = 8.3 Hz, 2H), 7.49 — 7.43 (m, 3H), 7.42 — 7.37 (m,
4H), 7.33 (dd, J=8.3, 6.3 Hz, 1H), 7.29 (d, J= 8.3 Hz, 2H), 7.18 — 7.13 (m, 1H), 5.62 (dd, J =
11.8, 4.8 Hz, 1H), 5.17 (s, 2H), 4.53 (d, J=11.1 Hz, 1H), 4.41 (d, J = 11.1 Hz, 1H), 3.90 (dd,
J=18.2,11.8 Hz, 1H), 3.24 — 3.22 (m, 2H), 3.20 (d, J= 5.0 Hz, 1H), 1.93 (t, /= 7.4 Hz, 2H),
1.48 (h, J= 6.9 Hz, 4H), 1.31 — 1.23 (m, 4H). 3C NMR (151 MHz, DMSO-ds) 5 169.1, 165.7,
163.4, 158.5, 155.4, 144.3,136.8, 134.0, 131.9, 130.0, 128.4, 127.9, 127.8, 127.6, 125.3, 119.6,
117.3, 113.1, 69.4, 59.7, 42.4, 42.1, 40.1, 32.2, 29.0, 28.3, 26.1, 25.0. HRMS (ESI): m/z
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[M+H]" calced. for C3;H3sBrN4Os 635.1864, found: 635.1845.

N
%
.
Methyl 7-(4-(3-(3-(benzyloxy)phenyl)-1-propionyl-4,5-dihydro- 1 H-pyrazol-5-
yl)benzamido)heptanoate (S1)
To a solution of compound 10 (0.400 g, 0.652 mmol, 1 eq.) in DCM (10 mL) was added TFA
(2 mL). The mixture was stirred for 2 h at room temperature and the complete removal of the
Boc-protecting group was monitored by HPLC. TFA and DCM were removed and the crude
product was dried in vacuo. Subsequently, the crude product was re-dissolved in DCM (10 mL)
and stirred at 0 °C for 10 min, followed by the addition of propionyl chloride (114 pL, 1.30
mmol, 2 eq.) dropwise and triethylamine (272 uL, 1.96 mmol, 3 eq.) dropwise. The mixture
was stirred for 17 h. The crude product was obtained by removing the solvents in vacuo and
further purified by silica column chromatography (DCM/MeOH 50:1, v/v) to yield compound
$1(0.219 g, 59%). '"H NMR (600 MHz, DMSO-ds) & 8.36 (t, J= 5.6 Hz, 1H), 7.78 (d, J= 8.0
Hz, 2H), 7.47 (d, J= 7.6 Hz, 2H), 7.40 (d, /= 7.4 Hz, 2H), 7.37 (d, J = 7.3 Hz, 2H), 7.34 (q, J
=8.0,7.3 Hz, 1H), 7.24 (d,J=8.0 Hz, 2H), 7.12 (d, /= 6.9 Hz, 1H), 5.57 (dd, /= 11.9, 4.8 Hz,
1H), 5.16 (s, 2H), 3.84 (dd, J = 18.1, 12.0 Hz, 1H), 3.57 (s, 3H), 3.22 (q, /= 6.6 Hz, 2H), 3.14
(dd, J=18.1,4.8 Hz, 1H), 2.74 (ddp, J = 23.4, 15.4, 7.5 Hz, 2H), 2.28 (t, /= 7.4 Hz, 2H), 1.50
(dt,J=14.6, 7.1 Hz, 4H), 1.28 (s, 4H), 1.06 (t, J = 7.5 Hz, 3H). 3C NMR (151 MHz, DMSO-
ds) 8 173.3,170.8, 165.8, 158.5, 153.8, 145.2, 136.9, 133.8, 132.4, 129.9, 128.4, 127.9, 127.7,
127.5,125.3,119.2, 116.8, 112.8, 69.3, 59.3, 51.1, 41.8, 40.1, 33.2, 28.9, 28.1, 26.8, 26.1, 24.3,

9.0. LC-MS (ESI), [M+H]* m/z: 570.8.

S26



4-(3-(3-(Benzyloxy)phenyl)- 1-propionyl-4,5-dihydro- 1 H-pyrazol-5-yl)-N-(7-(hydroxyamino)-
7-oxoheptyl)benzamide (SZ-2-N)

Compound S2 (0.100 g, 0.176 mmol, 1 eq.) was dissolved in a solvent mixture of MeOH/DCM
(2 mL/2 mL) and the solution was cooled to 0 °C. Hydroxylamine solution (699 uL, 50 wt. %
in water, 11.4 mmol, 65 eq.) was added and the mixture was stirred at 0 °C for 10 min.
Subsequently, the prepared sodium hydroxide powder (71 mg, 1.76 mmol, 10 eq.) was added
into the reaction and the mixture was stirred for 2 h. Completion of the reaction was monitored
by TLC. The solvent was removed and the crude product was dissolved in water and acidified
with 0.5 M HCI (aq.) to neutral pH. The precipitate was then collected to yield compound SZ-
2-N (79 mg, 79%). "H NMR (600 MHz, DMSO-ds) 5 10.31 (s, 1H), 10.21 (s, 1H), 8.62 (s, 1H),
8.37 (t,J=5.5Hz, 1H), 7.78 (d, J = 8.2 Hz, 2H), 7.46 (d, J=7.3 Hz, 2H), 7.40 (d, J= 7.3 Hz,
2H), 7.37 (d, J= 7.2 Hz, 2H), 7.33 (t, J = 7.3 Hz, 1H), 7.24 (d, /= 8.3 Hz, 2H), 7.12 (dt, J =
7.1,2.3 Hz, 1H), 5.57 (dd, J=11.9, 4.8 Hz, 1H), 5.16 (s, 2H), 3.84 (dd, /= 18.1, 12.0 Hz, 1H),
3.22(q,J=6.6 Hz, 2H), 3.14 (dd, /= 18.1, 4.9 Hz, 1H), 2.74 (ddp, J=23.4, 15.4, 7.5 Hz, 2H),
1.93 (t,J=7.4 Hz, 2H), 1.48 (dt,J=13.7, 6.7 Hz, 4H), 1.25 (dd, J=12.1, 6.2 Hz, 4H), 1.06 (t,
J=17.5Hz, 3H). BC NMR (151 MHz, DMSO-ds) 6 170.8, 169.1, 165.8, 158.5, 153.8, 145.2,
136.8, 133.8, 132.4, 129.9, 128.4, 127.9, 127.7, 127.5, 125.3, 119.2, 116.8, 112.8, 69.3, 59.4,
41.8, 40.1, 32.2, 29.0, 28.3, 26.8, 26.1, 25.0, 9.0. HRMS (ESI): m/z [M+H]" calcd. for

C33H3sN4Os5 571.2915, found: 571.2938.
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3.3.'H, *C NMR, HR-MS and HPLC data of SZ-1, SZ-2, SZ-3, SZ-2-N, F16 and G26

'H NMR spectrum of SZ-1 (600 MHz, DMSO-d;)
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HR-MS spectrum of SZ-1

Intens. CaiH2sN6O;S, M+nH, 507.1656
1+
2000 507.1656
1500
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x10° 52-1_BD7_01_132.d: +MS, 0.2min #12,
8
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‘ ‘\ \‘ “\‘ 509.1636
) ‘\ \ [\ N\ 510.1638
506 507 508 509 510 511 mz
HPLC chromatogram of SZ-1 (Purity: 97.9%)
|Chromatogram |
900 - UV_VIS_2 WVL:250 nm
4-11,237
750
625 4
g 500
8
g 375
2
-]
<
250
125
42 AR
04 TT 1T
-1 00 - r T T T T T 1
0,0 5,0 10,0 15,0 20,0 25,0 29,0
Time [min]
Integration Results
No. |Peak Name Retention Time Area Height Relative Area Relative Height Amount
min mAU*min mAU % % n.a.
1 10,097 0,055 1,085 0,11 0,14 n.a.
2 10,437 0,052 1,367 0,10 0,17 n.a.
3 11,073 0,130 2,190 0,26 0,28 n.a.
4 11,237 49,655 770,096 97,87 98,06 n.a.
5 11,443 0,322 3,429 0,64 0,44 n.a.
6 11,847 0,520 7,190 1,02 0,92 n.a.
Total: 50,735 785,356 100,00 100,00
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'H NMR spectrum of SZ-2 (600 MHz, DMSO-ds)
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HR-MS spectrum of SZ-2

Intens.. C32H3sN4OsCl, M+nH, 591.2369|
1+
2000 591.2369
1500
1000 1+
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1+
594.2378 "
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x10% 5Z-2_BD8_01_133.d: +MS, 0.2-0.2min #12-14|
6
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4
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2
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588 590 592 594 596 598 m/z
HPLC chromatogram of SZ-2 (Purity: 98.3%)
[Chromatogram |
1,800 - UV_VIS_2 WVL:250 nm
] 2-12,743
1.500
1.250
2 1.000]
E
8
g 750 1
o
2
<
500
250
|11-11Bpa- 13,147
0 T
-200 - r T T T T T 1
0,0 5,0 10,0 15,0 20,0 25,0 29,0
Time [min]
Integration Results
No. |Peak Name Retention Time Area Height Relative Area Relative Height | Amount
min mAU*min mAU % % n.a.
1 11,520 0,851 14,905 0,60 0,88 n.a.
2 12,743 138,554 1670,998 98,27 98,45 n.a.
3 13,147 1,581 11,358 1,12 0,67 n.a.
Total: 140,986 1697,261 100,00 100,00
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'H NMR spectrum of SZ-3 (600 MHz, DMSO-ds)
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HR-MS spectrum of SZ-3

Intens. Ca2H3sN4OsBr, M+nH, 635.1864)
2500
1+ 1+
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1500
10009 1+ 1+
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0.
633 634 635 636 637 638 639 640 641 642 miz
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HPLC chromatogram of SZ-3 (Purity: 95.8%)
Chromatogram |
2,500 - UV_VIS_2 WVL:250 nm
] 2-19,333
2.000
1.500
5 ]
<
E
8 1.000
s ]
5
2
<
500
-19,210
o] L
_500 - r T T T T T T T 1
0,0 50 10,0 15,0 20,0 25,0 30,0 35,0 39,0
Time [min]
Integration Results
No. |Peak Name Retention Time Area Height Relative Area Relative Height | Amount
min mAU*min mAU % % n.a.
1 19,210 10,043 156,242 4,18 6,20 n.a.
2 19,333 230,044 2365,817 95,82 93,80 n.a.
Total: 240,087 2522,060 100,00 100,00
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'H NMR spectrum of SZ-2-N (600 MHz, DMSO-dj)
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HR-MS spectrum of SZ-2-N

Intens. Ca3HasNeOs, M#nH, 571.2915
1+
20004 571.2915
15004
1000
1+
572.2946
500
1+
573.2975
x1 Oa SZ-2-N_BE3_01_2435.d: +MS, 0.7-0.7min #42-43
1.0
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00 570.2839
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HPLC chromatogram of SZ-2-N (Purity: 95.3%)

[Chromatogram |
800 UV_VIS_2 WVL:250 nm
700 6-12,933
600 -

500
=)
<
£ 400+
8
c
8
£ 300
2
<
200
100 4
0] T | -?5]&@]&716,457
-1 00 - r T T T T T 1
0,0 5,0 10,0 15,0 20,0 25,0 29,0
Time [min]
Integration Results
No. |Peak Name Retention Time Area Height Relative Area Relative Height Amount
min mAU*min mAU % % n.a.

1 11,170 0,162 2,368 0,24 0,33 n.a.

2 11,763 0,336 4,249 0,49 0,60 n.a.

3 11,920 0,117 1,438 0,17 0,20 n.a.

4 12,310 0,157 1,836 0,23 0,26 n.a.

5 12,423 0,240 2,727 0,35 0,38 n.a.

6 12,933 64,637 679,410 95,32 95,58 n.a.

7 13,397 1,442 13,508 2,13 1,90 n.a.

8 15,010 0,187 1,880 0,28 0,26 n.a.

9 15,337 0,042 0,455 0,06 0,06 n.a.

10 16,457 0,488 2,951 0,72 0,42 n.a.

Total: 67,808 710,823 100,00 100,00
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'H NMR spectrum of F16 (600 MHz, DMSO-dj)
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HR-MS spectrum of F16

Intens. CisHhaNaOcS, M+nH, 379.0707
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HPLC chromatogram of F16 (Purity: 98.9%)
[Chromatogram |
1.400 - UV_VIS_2 WVL:250 nm
2-12,570
1.200 -
1.000
= 800 -
<
E
8 600
£
2
< 400
200
0 pl- “lLWO
1 T FTIrTT
-200 - r T T T T T 1
0,0 5,0 10,0 15,0 20,0 25,0 29,0
Time [min]
Integration Results
No. |Peak Name Retention Time Area Height Relative Area Relative Height Amount
min mAU*min mAU % % n.a.
1 11,120 0,285 5,350 0,33 0,42 n.a.
2 12,570 85,094 1271,392 98,93 98,83 n.a.
3 12,960 0,028 0,542 0,03 0,04 n.a.
4 13,183 0,060 1,137 0,07 0,09 n.a.
5 13,347 0,460 6,510 0,53 0,51 n.a.
6 13,600 0,063 1,120 0,07 0,09 n.a.
7 13,900 0,021 0,407 0,02 0,03 n.a.
Total: 86,012 1286,458 100,00 100,00
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'H NMR spectrum of G26 (500 MHz, DMSO-dj)
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HR-MS spectrum of G26

Intens. C27H25N204Cl, M+nH, 477.1576)|
1+
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HPLC chromatogram of G26 (Purity: 98.0%)
[Chromatogram ]
1.200 UV_VIS_2 WVL:250 nm
) 3-14,287
1.000
800
=) )
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8
c
8
S 400
=} 4
<
2004
0 1 3 1- 4 #mmq 60
7 T T
-200 - r T T T T T 1
0,0 5,0 10,0 15,0 20,0 25,0 29,0
Time [min]
Integration Results
No. Peak Name Retention Time Area Height Relative Area Relative Height Amount
min mAU*min mAU % % n.a.
1 13,190 0,077 1,363 0,11 0,13 n.a.
2 14,017 0,358 4,786 0,49 0,46 n.a.
3 14,287 71,676 1025,786 98,01 98,11 n.a.
4 14,403 0,122 2,307 0,17 0,22 n.a.
5 14,620 0,864 10,875 1,18 1,04 n.a.
6 15,160 0,033 0,476 0,05 0,05 n.a.
Total: 73,130 1045,593 100,00 100,00
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4. Immunoblot replicates

Replicates for Figure 2A
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