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1 Introduction

1.1 Cancer & Epigenetics

Cancer is the second leading cause of death worldwide, with 20.0 million cases and 9.7 million
deaths recorded in 2022. Neoplastic diseases have already surpassed cardiovascular diseases in
terms of mortality in western societies. Moreover, global cancer incidence is projected to rise to
27.5 million cases by 2040.%2 Thus, the development of new cancer drugs is imperative, and novel

therapeutic approaches are required to address these tremendous numbers.

There are hundreds of different types of cancer, which can be found in various human organs.
Derived from normal cells, their cancer counterparts undergo multiple genetic changes
transforming in a series of premalignant stages. In rodent cells, at least two genetic changes are
required to reach an oncogenic stage, whereas in human cells, this transformation is more
complex and less easily induced.* Despite the significant diversity among human cancer types,
they share a set of common aberrancies considered as cancer hallmarks. These hallmarks can be
acquired in multiple orders and by various mechanisms but need to be reached to gain fully
malignant cancer properties. It includes self-sufficiency in growth signals, insensitivity to anti-
growth signals, evasion of apoptosis, limitless replicative potential, sustained angiogenesis,
reprogramming of energy metabolism, avoiding immune destruction, as well as tissue invasion
and metastasis (Fig. 1). These hallmarks can be accomplished by genome instability and mutation,
as well as tumor-promoting inflammation. As cancer research progresses, the number of

hallmarks and detailed knowledge of these may further expand, as it has been in the past.>®

Normal cells rely on external signals for mitogenic growth, whereas cancer cells became
autonomous by producing growth factors, e.g. epidermal growth factor (EGF) or transforming
growth factor a (TGF-a), for autocrine stimulation. In addition, overexpression of growth factor
receptors and mutations in downstream mediators, such as the rat sarcoma protein (RAS), which
is mutated in up to 25% of human cancers, represents the most common ways of cancer cells to
accomplish self-sufficiency in growth signals.” Beside the stimulation of growth, cancer has to
develop resilience to restriction of proliferation. Tumor suppressors like retinoblastoma protein
(RB) and the transcription factor p53 are often disabled to avoid cell cycle arrest and subsequent
induction of apoptosis.® Furthermore, cancer cells evade apoptosis by the upregulation of B-cell

lymphoma protein 2 (Bcl-2), inhibiting Bcl-2 associated X protein (Bax) and Bcl-2 antagonist/killer



Sustaining Evading
proliferative signaling growth suppressors

Deregulating Avoiding
cellular — immune
v ¢ destruction
S ’ -

metabolism @

Resisting Enabling
cell death replicative
immortality
> A ~
Genome &
instability & X Tumor-promoting
mutation o inflammation
Inducing or accessing Activating invasion
vasculature & metastasis

Figure 1. The hallmarks of cancer consisting of eight hallmark capabilities and two enabling characteristics (genome
instability & mutation, and tumor-promoting inflammation), representing common cancer specifications to gain fully
malignant cancer properties. Adapted and modified after D. Hanahan with permission of American Association for
Cancer Research (License number 5995250718804).6

(Bak) and thereby apoptosis. Through upregulation of Bcl-2 inhibitor proteins (Noxa and Puma)
p53 induces apoptosis, which offers additional targets for impaired function by mutations for
tumorgenesis.” Another safety mechanism to prevent unlimited proliferation are telomeres
protecting the ends of chromosomes. They determine proliferation success by their length as they
erode through every cell division. Cancer cells encounter this issue by upregulation of telomerase,
extending the telomeres, enabling immortalization.!® This cancer mechanisms can lead to the
macroscopic growth of neoplasms, which is limited to a diameter of approximately 1-2 mm, if the
tumor is not able to stimulate angiogenesis. Like normal cells, tumor cells require nutrients and
oxygen, but at a certain size diffusion is no longer sufficient to supply all the tumor cells. To
overcome this, tumor cells tend to upregulate vascular endothelial growth factor A (VEGF-A) to
induce the formation of new blood vessels for tumor vascularization. Starting with the
permeabilization of nearby blood vessels, angiogenesis is highly regulated by multiple activators
and inhibitors, as its usually quiescent in adult tissue, except in female reproductive organs or
injured tissue.!! Direct contact to blood vessels facilitates another cancer hallmark: tissue invasion
and metastasis. By inactivation or downregulation of adhesion molecules like E-cadherin, cancer
cells lose cell-to-cell contact, enabling the invasion into near blood vessels. However, N-cadherin
is subject to increased expression as it promotes migration and interaction with stromal cells,

enabling extravasation, the migration out of the vessel lumen into the surrounding tissues.?13



Those and other mechanisms differ cancer cells from healthy tissue, driven by genetic instability,
as well as aberrant epigenetic regulation. The consequences of genetic mutation are versatile and
genetic instability is present in all stages of cancer. Most frequently effected is the tumor
suppressor and DNA damage checkpoint gene tumor suppressor TP53, further supporting genetic
instability, if its function is diminished.* However, oncogene upregulation and tumor suppressor
gene silencing can occur without affecting the DNA sequence but by aberrant epigenetic changes

that alter the accessibility of dedicated genes.

The term epigenetic or epigenotype was introduced in the 1940s by Conrad Waddington and first
comprises the entire processing from the genotype into a specific phenotype.?® The last 80 years
of research elucidated the numerous machineries and processes translating the genotype into a
phenotypic outcome, leading to a new definition. More recently, epigenetics is considered as the
changes in gene function that are heritable through cell proliferation and do not change the DNA

sequence, thereby determine gene expression patterns.!®

Epigenetic changes can occur directly at the DNA. Methylation of cytosine to 5-methylcytosin
exhibits the most frequently observed modification occurring to about 90% in the CpG
dinucleotide (Fig. 2).Y” The methyl group is transferred by DNA (cytosine-5)-methyltransferases
(DNMTSs) and CpG dinucleotides can be clustered in islands. These CpG islands are located within

promoters and recruit transcription factors. However, the methylation of cytosine leads to
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Figure 2. The DNA is wrapped in 1% turns around the histone core octamer (two copies of histones H2A, H2B, H3, and
H4) forming the nucleosome with the linker DNA and histone H1 (not shown). Further condensation into chromatin-fibers
result in the formation of chromosomes. Epigenetic modification can occur on DNA level in form of methylation of
cytosine, or on histone level including, methylation, phosphorylation, and acetylation. PTMs of histones are located at
the outstanding tail. Reproduced with permission from Bates,??> Copyright Massachusetts Medical Society.



silencing of the related genes. Global hypomethylation in combination with local

hypermethylation of tumor suppressors was observed in cancer cells.®

Since DNA is tightly packaged and associated with multiple proteins, various mechanisms can
facilitate epigenetic modifications. The nucleosome is the basic packaging subunit and consists of
a linker DNA, linker histone H1 and the core, which again is composed of the four core histones
each in two copies and a 147 base pairs segment of DNA. The two copies of histones H2A, H2B,
H3, and H4 arrange in a spool-like octamer and the DNA is wrapped in 1% turns around this core
(Fig. 2). The histone octamer can compensate the negative charge of DNA due to the high content
of basic amino acids, positively charged under physiological conditions, enabling electrostatic
interactions that prevent transcription.’®® The linker histone H1 organizes DNA into a 30 nm
chromatin-fiber, facilitating higher-order condensation through fiber-fiber interactions, ultimately
leading to chromosome formation.?! Most of the positively charged amino acids are located in the
N-terminal tail of histones, standing out of the spool and are prone for posttranslational
modifications (PTMs), including methylation, acetylation, phosphorylation, and ubiquitination.
The enzymes that regulate these modifications are categorized into writers, readers, and erasers.
Writers, including histone methyltransferases (HMTs) and histone acetyltransferases (HATs) add
PTMs, which are subsequently recognized by readers like chromodomain, or bromodomain
containing proteins. Histone lysine demethylases (KDMs) or histone deacetylases (HDACs) are
considered erasers as they remove methyl or acetyl residues, enabling the reversibility of PTMs.?
These distinct modifications can be viewed as part of a broader regulatory framework, as
phosphorylation of histone H3S510 facilitates H3K14 acetylation and H3K4 methylation, leading to
an open chromatin structure.?® Furthermore, acetylation can inhibit other PTMs, by competing for
g-amino group of lysine. Hence, acetylation can stabilize a protein by preventing ubiquitination
and subsequent proteasomal degradation.?* HMTs can be recruited by special DNA patterns and
function in multi-protein complexes. They are responsible for methylation of histones, which
subsequently enables DNA methylation by DNMTs, indicating the integration of DNA modification
in the interplay of epigenetic regulation.? The methylation of histones can occur at all basic amino
acids, but most studied is the methylation of lysine, ranging from mono-, di-, and trimethylations.
Depending on the methylation state and location, they are recognized by different proteins
containing methyl binding domains like plant homeodomain (PHD) fingers or WD40 repeats
(WDR). Moreover, readers can contain more than one distinct recognition domain, including the
chromatin regulator tripartite motif-containing 24 that binds with a PHD and a bromodomain to

the same histone tail.?®



In contrast to methylation, histone acetylation occurs only at lysine residues. The acetyl residue
neutralizes the positive charge of the amine group, preventing electrostatic interactions of
histones to the DNA. Thereby the heterochromatin, consisting of histones and DNA, loosens and
forms the more accessible euchromatin, representing the uncondensed DNA. An increased pore
size in the chromatin from 10-20 nm to 60-100 nm is observable upon enhanced histone
acetylation, illustrating better accessibility.?” By using acetyl-coenzyme A (acetyl-CoA), HATs
transfer the acetyl moiety to the g-amino group of lysine residues. HATs do not bind directly to
the DNA for transcription regulation but are recruited by transcriptions factors and function in
association to multi-protein complexes. Their acetylation function is not only limited to histones
but can modify transcription factors as well, including p53 and E2-promoter binding factor (E2F).?®
CREB-binding protein (CBP) and p300 belong to the most studied family of HATs. With more than
90% of homology in their HAT domain and overlapping cellular function, both proteins are closely
related.?® By acetylating all core histones, they activate transcription.3° The acetylation of histones
is recognized by bromodomains with a central deep hydrophobic cavity accompanied with an
anchoring hydrogen bond to the acetyl carbonyl oxygen. Named after the brahma gene of

3132 Multiple proteins contain

Drosophila they consists of 110 conserved amino acids.
bromodomains, including HATs, chromatin-remodeling complexes, HMTs, transcription factors,
and the bromodomain and extra-terminal domain (BET) family, leading to versatile effects of
acetyl recognition. The ability to regulate protein-protein interactions and the wide distribution in
multiple cellular processes make them a promising drug target in neurological diseases,
inflammation, and cancer.3®* However, the acetylation pattern is highly dynamic and reversible as
HDACs facilitate the hydrolysis of acetyllysine residues of histones, resulting in a more condensed
heterochromatin. They are involved in versatile cellular processes and dysregulated in cancer

among other diseases, making them valuable drug targets.3* Consequently, they depict the

primary focus of this thesis and are further discussed in the following chapters.

1.2 Histone Deacetylases

The modification and regulation of chromatin is a versatile and immensely controlled process. In
the 1960°s Allfrey et al. hypothesized that gene transcription is regulated by acetylation and
methylation of histone residues.® The first enzymatic deacetylation of histones was discovered in
calf thymus extract in 1969.% By affinity chromatography utilizing trapoxin, Taunton et al.
identified the first human HDAC, designated HD1 and later HDAC1, with high sequence homology

to reduced potassium dependency 3 (Rpd3), a yeast deacetylase.?” HDACs can be distinguished

5



into four classes (see 1.2.2 Structural & Functional Aspects of HDAC Classes). Class Il enzymes
containing a nicotinamide adenine dinucleotide (NAD)/flavin adenine dinucleotide (FAD)-binding
domain are NAD*-dependent, while class I, Il, and IV are zinc-dependent and belong to the
arginase superfamily.3® Despite low sequence homology to the arginase I, HDACs share the

topology of eight B-sheets flanked by a number of a-helices to coordinate the metal ions.*

Since zinc-dependent class |, I, and IV isoforms differ from class Il isoforms in both structure and
function, the following chapters will focus on zinc-dependent HDACs. Unless otherwise specified,

the term 'HDAC' will refer to these zinc-dependent isoforms.

1.2.1 Catalytic Mechanism

Determining protein structures is essential for understanding their function and for the rational
design of small molecule binders. Structural insights enable the elucidation of catalytic

mechanisms and the mode of action of targeted drugs.

The first proposed catalytic mechanism of a metal-dependent deacetylase was based on the
crystal structure of the bacterial histone deacetylase-like protein (HDLP), exhibiting the a/B fold
of arginases.®® This mechanism was expanded by the data derived from the structure and
enzymatic testing of HDACS8.*! A narrow hydrophobic cleft was identified on the surface of HDACs,
consisting of a tube-shaped cavity approximately 11 A deep, with the catalytic core at the
bottom.*? This catalytic core contains the Zn%, which is coordinated by H180, D178, D267, and
two water molecules (Fig. 3). When the substrate binds for amide bond hydrolysis, the lone pair
of electrons on the amide carbonyl oxygen displaces a coordinated water molecule, interacting
with the zinc ion and polarizing the carbonyl group. Y306 turns from an “out” to an “in” position
and donates a hydrogen bound to the carbonyl for further polarization. This hydrogen bond
enables nucleophilic attack of the carbonyl carbon by the zinc ion coordinated water molecule.
Thereby, the zincion is important for correct orientation of the water molecule. In addition, H143
functions as a general base accepting the proton of the water molecule for the nucleophilic attack
of the carbonyl carbon. The resulting tetrahedral transition state collapses as the carbonyl
oxygen'’s electron pair reverts, facilitating the liberation of the lysine amine, which is protonated
by H143 acting as a general acid. This reaction yields the free protonated lysine and acetate as
final products.®** H142 and H143 can be considered as electrostatic directors, ensuring the

optimal position of the zinc bound water for the nucleophilic attack.

HDACs not only carry one metal ion but contain two more metal-ion binding sites. A potassium

ion is located in the close proximity of 7 A to the catalytic Zn?*, also supporting the position of the
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Figure 3. Proposed mechanism of acetyllysine hydrolysis of HDAC8. The acetyllysine binds by replacing a water molecule
to coordinate the zinc ion and the carbonyl bond is polarized by the turned Y306, After the nucleophilic attack of the
zinc bound water, the tetrahedral intermediate collapses liberating the amine, which gets protonated by H143. The
resulting acetate, and free lysine leave the catalytic core, and the zinc ion is coordinated by water, ready for the next
cycle of hydrolysis. Adapted and modified after N. J. Porter and D. W. Christianson with permission of Elsevier (License
number 5995351107004).43

water molecule for nucleophile attack, as well as enhancing substrate binding and support for the
tetrahedral transition state.*> Additional, the substrate backbone amino-group of the +1 amino
acid to N-acetyllysine in the substrate is stabilized by a dual hydrogen bond to the carboxylic acid
of aspartate D101.% Switching to a proline at position +1 interrupts this connection and lead to

reduced turnover.”’

1.2.2 Structural & Functional Aspects of HDAC Classes

As previously mentioned, histone deacetylases are classified into four classes based on the
sequence homology of the catalytic domain to yeast enzymes (Fig. 4). Class | HDACs (HDAC1, 2, 3,
and 8) show sequence similarity to yeast Rpd3, class Il (HDAC4, 5, 6, 7, 9, and 10) proved to have
homology to yeast histone deacetylase-Al (Hdal). Sequence homology of HDAC6 and 10 lead to
sub-classification in class llb additionally possessing an extended N-terminal regulatory domain,
compared to class 11a.***° Class Ill comprises the so-called sirtuins (SIRT1, 2, 3, 4, 5, 6, and 7)
showing sequence homology to yeast Sir2 protein and class IV contains only HDAC11, which shares

similarity to both class I and 1.



N-terminus C-terminus

HDAC1 81% S 482 aa
HDAC2 81% 5 488 aa
Class |
HDAC3 76% S 428 aa
HDAC8 S 65% 377 aa
HDAC4 . S 52% 1084 aa
HDACS [ ] 3 53% 1122 aa
Class lla
Hoacz (U 3 51% 952 aa
HDAC9 [ ] 5 51% 1011 aa
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Class llb
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Deacetylation domain NES
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Figure 4. Domain structure of zinc-dependent HDACs. The similarity to Rpd3 for class | and Hda1 for class Il is represented
in percentage in the deacetylation domain. HDAC11 contains similarity to Rpd3/Hdal. The size of the whole length
protein is represented on the right in amino acids (aa). Serine (S); SE14 repeats (SE14); Nuclear localization sequence
(NLS); Nuclear export sequence (NES); zinc-finger ubiquitin binding domain (ZnF-UBD); Myocyte enhancer factor-2
(MEF2). Adapted from Li et al.3* and Yang et al.*8

Class | HDACs, comprising HDAC1-3, and HDACS, are primarily localized in the nucleus and
deacetylate all four core histones. However, their substrate specificity remains ambiguous, as the
knockout of a specific HDAC can be functionally compensated by others.>? The structure of the
catalytic cleft and adjacent protein surface determines the substrate spectrum of the isoform. In
addition, a 14 A channel branches out at the catalytic core of HDAC class | enzymes. This so-called
foot pocket is suggested to be the exit route for the acetate product. HDAC3 and 8 differ from
HDAC1 and 2 in a smaller foot pocket as the space is occupied by tyrosine.>>>3 Full physiological
function of HDAC class | is gained by incorporation in multi-protein complexes, including
transcription factors, nuclear repressors, and epigenetic modifiers, like methyl-binding proteins,
DNMTs, and HMTs.>* More than 15 co-repressor complexes are known, differing in size (200 —
2,000 kDa) and number of subunits (3 to more than 14 subunits). Incorporation into a complex is
essential to direct HDAC activity towards specific gene loci.>® A well-studied interaction is the
recruitment of HDAC1/2 to methylated DNA by the methyl CpG binding protein 2, which is
recruited to hyper-methylated CpG islands. The interaction is mediated by the HDAC1/2
containing switch-independent protein 3 (Sin3) complex for further silencing of the respective
genes.’® In addition, HDAC1/2 can be accompanied by DNMT1, to maintain DNA hyper-

methylation and gene silencing.’” Furthermore, HDAC1/2-containing complexes include the



nucleosome remodeling and deacetylase (NuRD),*® the co-repressor of REST (CoREST), which
associates with lysine-specific demethylase 1 (LSD1) for histone demethylation,*® and the
mesoderm induction early response (MIER).®° In case of Sin3, NuRD, and CoREST, inositol
tetraphosphate acts as an adapter for HDAC binding.®! In contrast, HDAC3 is exclusively recruited
to the nuclear receptor co-repressor (NCoR)/silencing mediator for retinoid and thyroid receptors
(SMRT) complex, which is responsible for the repressor function of unliganded nuclear hormone

receptors.5?

Class | HDACs also target non-histone substrates, regulating their abundance and activity. HDAC1
destabilizes p53, inactivates the cell cycle related transcription factor E2F1, and increases the
demethylation activity of LSD1 upon deacetylation.5>%> HDACS8 shows deacetylation activity of
estrogen-related receptor a, supporting its function as transcription factor, and structural
maintenance of chromosomes protein 3, which is important in cell cycle regulation.®®%” HDAC1-3
knockout leads to embryonic or perinatal lethality in mice, proving the essential role of class |

HDACs in development.®®

Class Il is separated into subgroups lla and llb. A particular feature of class Ila HDACs is the
combination of nuclear localization sequences (NLS) and nuclear export signal (NES), which enable
shuttling between cytoplasm and nucleus upon phosphorylation. The myocyte enhancer factor-2
(MEF2) binding domain promotes nuclear retention, while the chaperone 14-3-3-protein retains

HDAC class lla in the cytoplasm, after phosphorylation of several serine residues.*

Class lla HDACs have reduced catalytic activity due to structural differences. The conserved
tyrosine residue (e.g., Y306 in HDACS) is replaced by a histidine that rotates out of the active site,
weakening carbonyl polarization of the acetylated lysine. This results in up to 1000-fold lower
activity compared to class | HDACs. Exchanging the histidine back to a tyrosine in HDAC4 restores
the catalytic activity. However, trifluoroacetyllysine was found to be an effective substrate for
HDAC4, indicating a low but measurable enzymatic activity.®® Nevertheless, the substrate
spectrum remains unclear. They rather function as scaffolding proteins for corepressor complexes
or other transcription factors. By interacting with the SMRT/NCoR complex via their catalytic

domain, class Ila HDACs activate the enzymatic function of HDAC3 within the complex.”

Class Ilb consist of HDAC6 and 10. Even though HDAC6 contains NLS and NES, similar to class lla
HDAGCs, it remains cytoplasmic due to SE14 repeats, while HDAC10 can be found in the nucleus
and cytoplasm, bearing only a leucine rich domain.”*’2 The most striking difference of HDAC6 to
all the other HDACs is the existence of two catalytic domains (CDs). While CD2 exhibits a broad

substrate spectrum, CD1 is highly specific for C-terminal acetyllysine substrates.*’” Furthermore,



HDACS6 contains a zinc-finger ubiquitin binding domain (ZnF-UBD) that is involved in the regulation
of aggresome formation and autophagy.*® Due to its cytoplasmic localization, HDAC6 primarily
deacetylates non-histone substrates, such as a-tubulin and cortactin, which regulate the
cytoskeleton and cell migration, ultimately stabilizing microtubules.”® In addition, HDAC6
regulates stress response by heat shock protein (HSP) 90 deacetylation and retains the DNA end-
joining protein Ku70 in the cytoplasm, preventing apoptosis induction by Bax.”*’® HDAC10 exhibits
a unique substrate specificity. A sterically restricted helix within the active site creates a long,
narrow cleft that is largely inaccessible to proteins. Rather, small polyamines, such as
N8-acetylspermidine, are recognized as substrates. Additionally, the E274 functions as an
electrostatic gatekeeper, recognizing positively charged secondary amines.*” Nevertheless, there

is not much known about specific substrates of HDAC10.

HDAC11 is the only member of class IV and localized in the nucleus but knowledge of its function
remains limited.”” More recent studies revealed that HDAC11 exhibits low deacetylation activity,
but is highly efficient in hydrolysis of fatty acids like C10 decanoyllysine, C12 dodecanoyllysine,
and C14 myristoyllysine.”® Serine hydroxymethyltransferase 2 (SHMT2) is deacylated by HDAC11,

thereby affecting the interferon (IFN) receptor regulation of SHMT2 and immune response.”

The first direct link between HDACs and transcriptional repression was established with the yeast
histone deacetylase Rpd3, which is required for full repression and activation of target genes.%
Further evidence was provided by fusion proteins combining HDAC isoforms (e.g., HDAC1) with
the galactose-responsive transcription factor 4 (Gal4) DNA-binding domain, which lead to
repressed transcription at Gal4-responsive genes.®! HDACs are enriched at active genes,
correlating with RNA polymerase Il levels, and promote post-transcriptional formation of
heterochromatin.®2 Rather than acting as a simple off-switch of transcription, HDACs are part of a
dynamic equilibrium with HATs, modulating histone acetylation at both active and inactive genes.
This results in transient acetylation of promoters, remaining the inactive state of genes, but enable
transcription initiation upon additional activators. As the function of HDACs is still under study,
HDAC inhibitors are known for multiple decades and were used as tools to study functions of
HDACs. This revealed an increase of RNA-polymerase Il in inactive promoter regions, upon
treatment with HDAC inihibitors.8? Additionally, extensive H3K27 methylation can suppress

acetylation activity, contributing to stable gene silencing.??

The function of HDACs in gene transcription regulation goes even further, as shown by genome
wide studies of HDAC-knockouts. HDAC3 knockout mice show both up- and downregulation of

transcription.® Similarly, the comparison of inhibitor treated and untreated cells show equal
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numbers of genes being up- or downregulated. This result can be explained by non-histone
substrates and versatile functions of binding partners.8%®> For example, in the PTM cross talk of
acetylation and phosphorylation of RNA-polymerase Il. The acetylation of lysine (K7) leads to
decreasing phosphorylation of serine (S5), which results in reduced transcription elongation.
HDAC1 mediates the deacetylation of K7 and the subsequent phosphorylation of S5 facilitates

elongation of transcription.8®

Since gene transcription and protein biosynthesis are crucial for all cellular processes, HDACs play
a substantial role in regulating multiple cellular functions. Among these, the cell cycle is directly
controlled by cyclins and cyclin-dependent kinases (CDKs) but also modulated by HDACs at a
higher level. Cyclin A is deacetylated by HDAC3 affecting cell cycle progression in the S phase and
G2/M transition.®® Furthermore, HDAC10 is involved in G2/M transition, as its depletion leads to
G2/M arrest, through indirect cyclin A2 downregulation.?” In addition, key proteins of the spindle
assembly checkpoint are regulated by HDAC2/3 to facilitate mitosis progression and respective
HDAC inhibitor vorinostat promotes expression of the cell cycle inhibitor p21 by histone
hyperacetylation in its promotor region, similarly the HDAC8-selective inhibitor PCI-34051
resulting in G2/M cell cycle arrest by increased p21 expression.®°° However, HDACL1 is involved
in repression of E2F related genes important for cell cycle progression. HDACs can be found in a
complex with the E2F binding-partner Rb for transcription repression and the DNA

methyltransferase DNMT1, leading to gene silencing.>’

Specific checkpoints in the cell cycle enable cells to prevent DNA damage or force cells into
apoptosis. This is an important process to prevent cells from aberrant chromosomes or DNA
damage.®* HDACs play important roles in both processes, apoptosis and DNA damage response.
HDAC1-3 downregulate p53, a major player in apoptosis induction, thereby the activation of pro-
apoptotic genes like Bax is reduced.®? Furthermore, HDAC1 inhibition can induce apoptosis, as this
retains K120 acetylation of p53, thereby enabling the transcription factor to upregulate apoptotic
peptidase activator factor 1 (Apaf-1) for sensitizing caspase activation and apoptosis.> In addition,
further transcription factors are hyperacetylated upon HDAC inhibitor treatment, resulting in
upregulation and stabilization of the proapoptotic protein Bcl-2 interacting mediator (Bim) of cell
death.’*%> The before mentioned mechanisms address the intrinsic mitochondrial pathway of
apoptosis. However, HDAC inhibitors also activate the extrinsic pathway by restoring tumor

necrosis factor- related apoptosis-inducing ligand (TRAIL) expression.*®

In addition, HDAC isoforms 1/2 are involved in DNA damage response (DDR): The double-strand

break (DSB) is the most challenging DNA damage that can lead to cell death and contributes to
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cancer.”” Eukaryotic cells repair DSB via two pathways: homologous recombination, which is
restricted to the S and G2 phases and nonhomologous end joining (NHEJ), which occurs
throughout the cell cycle.®® To enable NHEJ, HDAC1/2 are rapidly recruited to the DNA damage
site causing deacetylation of H3K56 and H4K16. The H3K56 acetylation pattern reflects DDR
distribution across the cell cycle: H3K56Ac is absent in the G1 phase, where NHEJ is most active,

but highest in the S phase, where homologous recombination is predominant.?%%®

HDACs also play a key role in protein quality control, particularly in the degradation of misfolded
proteins. These are prone to aggregation and must be eliminated before they form toxic
aggregates. Therefore, these proteins are typically ubiquitinated and degraded by the
proteasome.’® HDACs interact with the ubiquitin—proteasome system. For instance, panobinostat
upregulates the E3 ligase cellular inhibitor of apoptosis protein (clAP) 2 in bladder cancer cells.
Thus, meiotic recombination 11 homolog (MRE11) is degraded, which sensitizing tumor cells to
DSB induced by radiotherapy, as the MRE11 complex control DSB repair.’®? Furthermore, HDAC1
suppresses von Hippel-Lindau (VHL) expression, stabilizes hypoxia-inducible factor 1o (HIF-1a),
thereby promoting angiogenesis.’®® A direct participation by HDAC6 in the UPS was found by
Zhang et al.'® They prove in vivo ubiquitination of the DNA mismatch repair protein mutator S
protein homolog 2 by the CD1 of HDAC6. However, when aggregates are to large or proteasome
capacity is overwhelmed, HDAC6 facilitates their transport via dynein to aggresomes near the
nucleus.’® Furthermore, HDAC6 controls the aggresome clearance by autophagy, a lysosome-
mediated degradation.'® Similarly, HDAC10 promotes autophagy by deacetylating heat-shock
cognate (HSC)/HSP70, leading to translocation of the targeted proteins to the lysosome. HDAC6
and 10 inhibition leads to accumulation of autophagosomes and lysosomes. Notably, HDAC10

depletion sensitizes tumor cells to doxorubicin by counteracting drug-induced autophagy.*®’

1.2.3 Pathophysiology & Drug Targets

HDACs can be found in different neoplastic and non-neoplastic diseases, which are associated with
mutations or aberrant function. However, germline polymorphism or somatic mutations of HDACs
associated with cancer are rare. Exceptions are the leader sequence of HDAC2, which exhibits an
insertion in some cancer samples, and a polymorphism in the promoter region of HDAC10,
resulting in an increased promoter activity, which is associated with the development of
hepatocellular carcinoma.%1% |nstead of mutations, aberrant HDAC expression is associated with
multiple solid or hematological tumors and has been found in the brain, lung, gastrointestinal

tract, liver, pancreas, breast, urogenital tract, skin as well as bone marrow and blood.%°
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Class | HDACs, especially HDAC1, are linked to poor prognosis in myeloma and bladder

11112 while overexpression of class Il HDACs correlates with poor survival in neuroblastoma

cancer,
and medulloblastoma to name only some.''*!!* |n breast cancer, HDACs are involved in tumor
progression. Initially, most breast cancer types are estrogen receptor (ER) dependent, but some
lose ER expression during tumor progression.’®> HDAC1 was found to be overexpressed in MCF-7
cells with diminished ER expression and treatment with HDAC inhibitors recovered ER expression.
A direct interaction of HDAC1 and ER-a is facilitated by the activity function domain 2 (AF-2) and
suppresses the activity of the receptor.!*®1?” |n addition, the proto-oncogene myelocytomatosis
viral oncogene homolog (Myc) is recruited by HDACs, resulting in altered gene expression and
tumorgenesis.'!® Treatment with vorinostat and entinostat induced the acetylation of Myc, which

led to a reduction of Myc levels. Subsequently, TRAIL repression is reduced and apoptosis

induced.®®

HDACs function as tumor drivers by multiple and isoform-dependent mechanisms (Fig. 5). The

effects of class | HDACs on cell cycle progression and apoptosis mitigation classify them as tumor

Angiogenesis Migration
HDAC4
HDAC6 HDAC6
HDAC7
HDAC10
HDAC3 HDAC4 HDAC1 HDAC11
) - HDAC5 HDACS HDAC1 .
Differentiation HDAC11 5 Resistance to
HDAC1 HDS[(;ACB chemotherapy
HDAC2 HDACS
HDAC3
HDAC11
Apoptosis Proliferation

Figure 5. Function of HDAC isoforms as tumor drivers. The depicted isoforms increase angiogenesis, migration, resistance
to chemotherapy and proliferation, while the respective isoforms suppress apoptosis and cell differentiation. Adapted
from Witt et al.8 created with BioRender.com
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drivers. Furthermore, HDAC1 overexpression is observed in chemotherapy resistant cancer cells
and the knockdown sensitized the cells again for the chemotherapeutic drugs, including
etoposide, melphalan, and carboplatin.*® Comparable to HDAC1, the knockdown of HDAC2 by
small interfering RNA promotes cell differentiation and inhibits proliferation in cervical or breast
cancer cells.?® Antiproliferative effects and increased differentiation were observed in acute
promyelocytic leukemia cells for HDAC3 knockdown and in childhood neuroblastoma for HDACS8
knockdown.'32! Class Ila HDACs are often involved in cancer cell differentiation and
angiogenesis.??>12 Overexpression of HDAC6 leads to enhanced mobility in embryonic fibroblasts
and can be targeted by selective HDACG6 inhibition, while knockout of both class Ilb HDAC isoforms
reduces VEGF receptor expression, leading to mitigation of angiogenesis.??*1%> The class IV isoform
HDAC11 regulates multiple cancer processes like cell growth, differentiation, and resistance to

chemotherapy.'®

The role of HDACs in cancer is extensively studied and they represent a major clinical target,
although aberrant HDAC activity is also implicated in non-neoplastic diseases. Impaired regulation
of histone acetylation and hypoacetylation could be observed in many neurological diseases, while
treatment with HDAC inhibitors results in hyperacetylation, neuroprotective effects, and neuronal
differentiation.'?’ Positive effects are also reported for Huntington’s disease, Parkinson’s disease,
Alzheimer’s disease, and more.'®® Furthermore, HDAC inhibitors show promising results in

psychiatric disorders like depression or schizophrenia.'?’

Additional applications for HDAC inhibitors are immune disorders, which is reasonable as cells of
the adaptive immune system undergo drastic phenotypic changes after exposure to appropriate
stimuli. Inhibitor treatment demonstrated promising results in several mouse inflammation
models as well as in patient samples from autoimmune diseases.??® Considering the broad range
of inflammation-related diseases, including infectious diseases, arthritis, and digestive diseases,
HDACs become an even more substantial target.’** HDACs positively regulate diverse
proinflammatory cytokines (e.g. IL-6, IL-12, TNF), chemokines (e.g. CCL2, CCL7), and other
mediators.’3%132 Beyond the human immune system, HDAC inhibitors can also influence the
metabolism of viruses: they can limit long-term presence of human immunodeficiency virus 1,
reduce influenza virus assembly via HDACG6 inhibition, or downregulate angiotensin-converting
enzyme 2, important for severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)

infection.13313
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1.2.4 HDAC Inhibitors & Clinical Applications

The incorporation of HDACs in multiple pathogenic mechanisms made them subject to long years
of drug discovery. In the beginning, this led to the identification of natural products as HDAC
inhibitors and subsequently encouraged drug discovery to develop a huge number of HDAC
inhibitors. In 1997, Jung et al.**® established a three-part pharmacophore model, which mimics
the natural substrate acetyllysine (Fig. 6A). Most HDAC inhibitors bear a chelator to coordinate

the catalytic zinc ion in the catalytic core of the enzyme, the so-called zinc binding group (ZBG).
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Figure 6. Pharmacophore model of HDAC inhibitors. (A) The pharmacophore model for HDAC inhibitors consisting of the
zinc binding group (ZBG, orange), linker (yellow), and cap group (green). For further modifications, a foot pocket unit
can be attached to the ZBG. The pharmacophore model shows similarity to the natural substrate acetyllysine. (B)
Approved inhibitors based on hydroxamic acids. (C) Approved inhibitors based on alternative ZBGs. (D) Example for a
hydroxamic acid-based inhibitor in clinical development.
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Established ZBGs are hydroxamic acids, ortho-aminoanilides, and thiols among others. The ZBG is
fused to the linker, which interacts with the hydrophobic residues of the catalytic channel. At the
opening of the catalytic channel, the cap group comes into place, interacting with the surface
residues surrounding the channel entrance.!® Isoform selectivity can be fine-tuned by optimizing
these three elements, with additional features such as a foot pocket unit further enhancing
specificity. However, as the enzymatic catalytic core is highly conserved, the highest structural

diversity can be observed in the cap group of inhibitors that occupies the protein’s surface.'®

To date, there are seven HDAC inhibitors approved for the use in human (Fig. 6B, C), four approved
by the U.S. Food and Drug Administration (FDA): Vorinostat (Zolinza) is approved for cutaneous
T-cell lymphoma (CTCL), belinostat (Beleodaq) for peripheral T-cell lymphoma (PTCL), and
romidepsin (Istodax) for CTCL and PTCL, as well as givinostat (Duvyzat) for the treatment of
Duchenne muscular dystrophy (DMD). Furthermore, the European Medicines Agency (EMA)
approved panobinostat (Farydak) for treating multiple myeloma in combination with
dexamethasone and bortezomib.'31% |n addition, the ortho-aminoanilides tucidinostat (Epidaza,
Hiyasta) is approved by the National Medical Products Administration of China (NMPA) for the

treatment of hormone receptor positive breast cancer and PTCL.14+142

While early-stage cutaneous T-cell lymphoma is typically limited to the skin and responds well to
topical therapy, advanced stages show reduced survival and require systemic treatment, including
HDAC inhibitors.'*® Like CTCL, peripheral T-cell lymphoma is a non-Hodgkin lymphoma but
generally has poor prognosis.'** Another major indication for HDAC inhibitors is multiple
myeloma, characterized by uncontrolled proliferation of plasma cells in the bone marrow. Despite
already established treatments like proteasome inhibitors, acquisition of drug-resistance remains
a significant challenge, particularly in refractory patients. HDAC inhibitors show promising results
in overcoming resistance to proteasome inhibitors and demonstrate synergistic effects when
combined with those by blocking both the proteasomal and aggresome degradation pathways.
This even led to the development of dual HDAC-proteasome inhibitors.#>4¢ |n solid tumors, HDAC
inhibitors are approved only for hormone receptor-positive breast cancer. Tucidinostat, a class
I-selective HDAC inhibitor, is used to counteract resistance to aromatase inhibitors, which is often
driven by epigenetic reprogramming.}*> Overall, HDAC inhibitors are more effective in
hematologic malignancies than in solid tumors. The only approved non-oncologic indication is
DMD, an X-linked disorder causing progressive muscle degeneration by mutations in extracellular
matrix proteins. The majority of patients die before the age of 20 years, predominantly due to
respiratory failure and cardiomyopathy.’*” Givinostat, recently approved, helps to reduce

inflammation and increase muscle mass, complementing corticosteroid therapy.'®°
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Hydroxamic acid is the most common ZBG and is incorporated in approved HDAC inhibitors such
as vorinostat, belinostat, panobinostat, and givinostat (Fig. 6B). This ZBG is characterized by
nanomolar potency, and fast-on/fast-off binding kinetics.'3° As the approved hydroxamate-based
inhibitors exhibit low nanomolar half maximal inhibitory concentration (/Cso) values for all of the
zinc dependent HDAC isoforms, they are classified as pan-HDAC inhibitors (Table 1).”* However,
the effect on HDAC class lla isoforms seems to be ambiguous, as other publications report low
activity of hydroxamate-based HDAC inhibitors on class lla HDACs, including vorinostat.1*1%° The
potency of hydroxamates is significantly higher compared to short-chain fatty acids, which are
also HDAC inhibitors but exhibit inhibition in the millimolar to high micromolar range.*>° In 2006,
vorinostat became the first approved HDAC inhibitor. It is characterized by a bidentate binding
mode in a trihedral bipyramidal geometry of the hydroxamate, as well as hydrogen bond
interactions to conserved amino acids. This structural feature leads to poor isoform selectivity,
resulting in a broad-spectrum pan-HDAC activity. Furthermore, the alkyl linker of vorinostat
mimics the alkyl side chain of lysine.’! However, hydroxamic acids come with certain limitations,
as they are excellent chelators for metal ions like zinc, iron, and nickel, which are implemented in
multiple biological processes. Mutagenicity represents a further issue, as vorinostat, belinostat,
and panobinostat are Ames test positive and lead to chromosomal aberrations in rodent cells.'>
Lossen rearrangement is the proposed mechanism for the observed mutagenicity and
genotoxicity (Fig. 7). Under basic conditions and O-activation of the hydroxamic acid, the nitrogen
gets deprotonated. This anionic intermediate rearranging fast to the isocyanate.'®® Isocyanates
are instable and prone to nucleophilic attack, e.g. by DNA bases.’>* However, the clinical safety

profile of the approved hydroxamates showed predominantly mild adverse effects like

Table 1. Isoform selectivity profile of approved HDAC inhibitors and late-stage clinical candidates. HDAC isoform specific
ICsp values of selected compounds, summarized as per Ho et al.”*

HDAC  HDAC Vorinostat? Belinostat®  Panobinostat? Givinostat Romidepsin Tucidinostat Ricolinostat
class  isoform [nM] [nM] [nM] [nM] [nM] [nM] [nM]
1 60 26 3 133 1 95 58
42 22 2 293 1 160 48
Class |
3 36 19 2 136 1 67 51
8 173 22 22 837 n.e. 733 100
4 20 15 1 n.e. 647 n.e. n.e.
5 36 25 1 532 n.e. n.e. n.e.
Class lla
7 129 51 2 524 n.e. n.e. n.e.
9 49 24 1 512 n.e. n.e. n.e.
6 29 10 1 312 226 n.e. 5
Class llb
10 60 59 31 331 1 78 n.d.
Class IV 11 31 27 4 287 0.3 432 n.e.

%Ki values based on ICsy values and converted by Cheng-Prusoff equation, n.e.: no effect ICsp > 1000 nM, n.d.: not
determined. As the results were obtained by different assays, comparison between different inhibitors might be
inaccurate. This table is rather intended to display the isoform selectivity profile of the selected inhibitors.
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Figure 7. Hydroxamic acids are prone for decomposition by Lossen rearrangement, liberating genotoxic isocyanates.
Adapted by Shen et al.1%?

gastrointestinal, hematologic and constitutional issues. Pulmonary embolism, cardiac
abnormalities and hepatic failure have been reported as serious adverse effects under treatment
of vorinostat or belinostat. For both treatments, uridine 5'-diphospho-glucuronosyltransferase
(UGT) polymorphism induces the risk for serious adverse effects. Reports of panobinostat
treatments have demonstrated more severe adverse effects.!* Treatment with givinostat against
DMD resulted in mainly mild adverse effects, e.g. gastrointestinal issues. Similar to other HDAC

inhibitors, thrombocytopenia was reported as severe adverse event, but less pronounced.*®

In contrast, the macrocyclic depsipeptide romidepsin represents a natural product produced by
Chromobacterium violaceum. In the reductive cellular environment, the intramolecular disulfide
of the prodrug is reduced to the thiol as the active inhibitor (Fig. 6C).*® Romidepsin in its active
thiol form exhibits inhibition of multiple isoforms with exception of HDAC8 and class lla (Table 1).
The selectivity profile of romidepsin is mostly determined by the branched cap group and there

are even inhibitors known, sharing similar cap groups but lacking the ZBG.1>718

Tucidinostat is the only approved ortho-aminoanilide (Fig. 6C), a class of ZBGs that selectively
inhibit HDAC1-3 while showing weak activity against HDACS8. This selectivity arises from their
larger size compared to hydroxamic acids. ortho-Aminoanilides occupy a lateral cavity present in
HDAC1-2 but blocked in HDAC3 and HDACS by tyrosine.>>*3%15% Introducing a suitable moiety, like
a (hetero)aromatic group, at position 5 at the 2-aminoanilide ZBG allows engagement of the 14 A
internal foot pocket in HDAC1/2, thereby enhancing selectivity over HDAC3.*! Unlike
hydroxamates, ortho-aminoanilides exhibit slow-on/slow-off kinetics via a two-step binding
mechanism, initially stabilized by an intramolecular hydrogen bond, followed by rearrangement
involving zinc coordination and interaction with active site residues. This mechanism results in
tight-binding properties.16%161 Additionally, phenyl linkers, as used in tucidinostat, contribute to
HDAC class | selectivity through m-mt stacking with phenylalanine residues in the catalytic
channel.® While avoiding hydroxamate-associated toxicity, tucidinostat can still cause

hematologic side effects such as thrombocytopenia.t*®
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In addition, numerous HDAC inhibitors are currently undergoing clinical investigation for a wide
range of neoplastic and non-neoplastic indications. The phase two clinical candidate ricolinostat
(see Fig. 6D) is applied orally for treatment of multiple myeloma (MM), as well as lymphomas and
breast cancer. Similar to panobinostat, the treatment of MM in combination with a proteasome
inhibitor appears to be promising, as both HDAC6 and the proteasome are involved in removing
misfolded proteins and the combination of both inhibitors result in synergistic effects.'%2 Another
reason is to overcome resistance to proteasome inhibition by HDAC6 inhibitor treatment.*®
Ricolinostat is structurally similar to vorinostat, except for the cap group, which is responsible for
its preferential inhibition of HDAC6. The X-ray structure of the HDACG6:ricolinostat complex
revealed classic bidentate binding of the zinc ion by the hydroxamic acid, while the flexible linker

enables two exclusive conformations for the cap group at the surface of the protein.!3

1.3 Targeted Protein Degradation

Drug discovery is traditionally focused on small molecules. They target the active site or allosteric
binding pockets of proteins to modulate the protein activity. Although this approach can be highly
efficient, the number of drug targets, accessible by this mode of action, covers only a limited area
of disease-related proteins. Especially considering the targets without enzymatic activity,
including scaffolding proteins or transcription factors, the space of “undruggable” targets is
substantial.1®*1%> As these proteins can be also disease related, there is a tremendous need for
new modalities in drug discovery, one of which is targeted protein degradation (TPD).1%® TPD takes
advantage of the cellular degradation system, which is part of the physiological quality control
mechanism. Incorrect folded proteins and proteins with high turnover rates get mainly degraded
by the ubiquitin-proteasome system (UPS). First, they are recruited and polyubiquitinated by an
E3 ligase system. Subsequently, this polyubiquitination signal is recognized by the proteasome,

resulting in degradation of the target protein.®’

1.3.1 The Ubiquitin-Proteasome System

TPD utilizes the cellular protein degradation abilities of the UPS. This system is based on the
protein ubiquitin (Ub), composed of 76 amino acids and present in all eucaryotic cells.'®® A cascade
of three ligases is necessary for the final Ub transfer (Fig. 8A). The ubiquitin-activating enzyme (E1)

forms a thioester bond between its catalytic cysteine and the C-terminal carboxy group of Ub
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Figure 8. The E1-3 ligase cascade and ubiquitin. (A) The reactive cysteine of the ubiquitin-activating E1 ligase forms a
thioester with the C-terminal carboxy group of ubiquitin (Ub) by hydrolyzing ATP. Subsequently, the Ub-loaded E1
transfers the Ub to a ubiquitin-conjugating E2 ligase, which gets recruited by a substrate protein loaded E3 ligase. This
complex can form an isopeptide bond between the C-terminal carboxy group of Ub and an amino group of a substrate
lysine residue. Monoubiquitination and multi-monoubiquitination or polyubiquitination are possible post-translational
modifications. (B) Structure of ubiquitin (PDB: 1UBQ)%8 with labeled lysine and methionine residues for connecting
further Ubs, resulting in polyubiquitin chains. Adapted from Buetow et al.26? with the permission of Springer Nature
(License number 501980533). Created with BioRender.com

recognizing the di-glycine motive of Ub, in an ATP and Mg?* dependent-manner. Next, the E1
transfers the Ub to a ubiquitin-conjugating enzyme (E2) results in a thioester between the catalytic
cysteine of the E2 and the C-terminal carboxy group of the substrate. Subsequently, the ubiquitin-
loaded E2 and a target protein are recruited by an E3 ligase, facilitating the formation of an
isopeptide bond between the C-terminal carboxy group of Ub and an €-amino group of lysine
residue or the N-terminal amino group of the target protein.'®® While the human genome encodes
only two E1s, approximately 38 E2s, more than 600 E3s are identified, thus indicating the universal
role of ubiquitination as well as the high substrate specificity of E3 ligases.}’%'"! Lysine residues of
targeted proteins can get monoubiquitinated and multi-monoubiquitinated by Ub loaded E3
ligases. Additionally, successive rounds of E3-catalyzed Ub transfers lead to polyubiquitination.
Ubiquitin chains can be connected by one of seven lysine residues (K6, K11, K27, K29, K33, K48,
and K63) or by the N-terminal methionine (Fig. 8B). They can be classified as homogeneous, mixed
and branched, depending on the number and kind of connections occurring.t’> Homogeneous
K48-linked polyubiquitin chains are arranged in a compact structure, while K63-linkage does not
result in additional ubiquitin molecule interaction, leading to a rather open conformation.'’® This

structural differences regulates the recognition and effect of the diverse PTMs by Ub. The most
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abundant polyubiquitin chains are K48-linked and represent a common marker of proteasomal
degradation.’”® Furthermore, K11-linkage is associated with degradation during mitosis, while

175,176

K63-linkage results in lysosomal degradation of membrane proteins. In addition,

monoubiquitination as well as M1- and K63-linkage regulate nonproteolytic functions, including

substrate’s activity, localization, or participation in cellular processes.!”?

Proteins marked with K48-linked polyubiquitin-chains, are recognized by the 26S proteasome, a
barrel shaped multi-protein complex (Fig. 9). After the polyubiquitinated protein is recognized by
the 26S proteasome, the ubiquitin chain is cut by proteasome bound deubiquitinases (DUBs)
protecting Ub from degradation and recycling the Ub monomers. The target protein is degraded
by the 26S proteasome complex, which comprises the 20S core particle with catalytic peptidase
activity, bound to the 19S regulatory particle (RP).Y” The RP can be distinguished in two
subcomplexes forming the base and the lid. To avoid non-specific degradation of cytosolic
proteins, RP binds to one or both ends of the 20S proteasome (Fig. 9) and channels ubiquitinated
proteins to the lumen of the barrel-shaped 20S proteasome. Furthermore, the base of the RP is
equipped with ubiquitin-interacting proteins and exhibits a reverse chaperone function to unfold
target proteins, thereby passing the target protein into the narrow pore of the 20S proteasome
(Fig. 9A). The lid of the RP restricts access to the proteasome, where proteasome-associated DUBs
reside. The 20S proteasome is composed of four heptameric rings, which comprise seven different

1787180 |t exhibits three major

a and B subunits, and is conserved from bacteria to mammals.
peptidase activities: a chymotrypsin-like activity, cleaving after hydrophobic amino acids, a
trypsin-like activity, cleaving after basic amino acids, and a caspase-like activity, cleaving after

acidic amino acids. These protease activities are located in three different B subunits.'81182 peptide
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Figure 9. Structure of the proteasome. (A) Cryo-electron microscopy structure of the 20S core particle (dark gray) and
the regulatory 19S regulatory particles (light gray). Bottom: Top-down view of the 20S core particle visualizes the small
core gate and the lumen. (B) Schematic view of the 26S proteasome. Lid and base (red and orange) are part of the 19S
cap regulatory particle, while a and f subunits assemble the 20S core particle. The peptidase activity is localized in 1,
f2, and B5 subunit. Adapted from Bard et al.18 and Nandi et al.'87 created with BioRender.com
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fragments of a size from three to 25 amino acids are products of this hydrolysis by the
proteasome.'® In addition to the constitutive proteasome, an immunoproteasome is described,
characterized by the exchange of the three constitutive catalytic subunits to B1i, B2i, B5i. Its
expression is induced by microbial infections and cytokines, including IFN-y.1® Through the
exchange of the proteolytic domains, the immunoproteasome is specialized in antigen processing

for presentation on major histocompatibility complex | molecules and immune response.!8

1.3.2 E3 Ligases

E3 ligases play a pivotal role in TPD, as they are recruited by a majority of degraders to mark the
protein of interest (POI) for proteasomal degradation. E3s recruit a Ub-loaded E2 and the target
protein for ubiquitination and can be distinguished by their structure and ubiquitin transfer
mechanism in really interesting new gene (RING)-type E3s, homologous to the E6AP carboxyl
terminus (HECT)-type E3s, and RING-in between RING (RBR)-type E3s. While RING E3s act as a
scaffolding domain for direct Ub transfer from the E2 to the target protein, HECT E3s form a Ub
bound intermediate by transferring Ub from E2 to E3 before the target protein is ubiquitinated
(Fig. 10 A, B and 11 D).28 RBR E3s, including the E3 ligase parkin, function as a RING-HECT hybrid,
as they encompass two RING domains connected by the in between RING (IBR) domain, but
transfer Ub in a two-step mechanism. The RING1 recruits the Ub-loaded E2 and the Ub is

transferred to a cysteine of RING2 before ubiquitination of the target occurs (Fig. 10 C and D).®°

A HECT domain E3 C RBR domain E3

e Catalytic Cys

@ Ubiquitin
~ Thioester bond
3% Lys
4 Catalytic Cys

Substrate-
binding domain

Figure 10. Structure and catalytic mechanism of HECT (homologous to the E6AP carboxyl terminus) and RBR (RING-in
between RING) domain E3 ligases. (A) Crystal structure of the HECT domain from NEDD4L (PDB: 3JVZ). C-lobe with the
catalytic cysteine in purple and N-lobe in orange. (B) Schematic catalytic mechanism of a HECT E3 ligase: The N-lobe
recruits the Ub-loaded E2 ligase, which transfers the Ub to the catalytic cysteine of the C-lobe. From here, the Ub is fused
to the lysine residue of the substrate, bound to the substrate-binding domain of the E3. (C) Crystal structure of the RBR
domain of parkin (PDB: 5C23). RING1 (orange) and RING2 (purple), bearing the catalytic cysteine (yellow), are connected
by the in between RING (IBR) domain and some unstructured regions (dashed lines). Stabilizing zinc ions are shown in
gray spheres. (D) Schematic catalytic mechanism of a RBR E3 ligase: RING1 recruits the Ub-loaded E2 ligase, similar to
RING E3s. However, the Ub is first transferred to the reactive cysteine of the RING2 domain, like in HECT E3s, before Ub
is fused to the lysine of a substrate protein. Adapted from Buetow et al.1° with the permission of Springer Nature (License
number 501980533).
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RING-type E3s are by far the largest E3 ligase family. The RING domain acts as a scaffolding protein
and positions the ubiquitin-loaded E2 for ubiquitin transfer to the target protein.'®® There are
different E2 ligases responsible for the first attachment of ubiquitin and elongation of
polyubiquitin chains, exhibiting special linkage-preferences, as they need to recognize different
target topologies.’®! In addition, the chain elongation requires not only a fast Ub transfer but also
recognition of the distal Ub on the growing chain.'®*'% However, the RING domain is the most
essential part of RING E3s to recruit Ub-loaded E2s and facilitate Ub-transfer. Two zinc ions
coordinated by the RING-fingers, composed of cysteine and histidine residues, cause a rigid
globular structure for protein-protein interaction (PPI).1** RING E3s are a highly diverse group,
while the E3 ligase casitas B-lineage lymphoma (CBL) is active as monomers, clAP2 functions in
homodimers, and suppressor breast cancer 1 (BRCA1) gains ubiquitin ligase activity by forming
heterodimers with BRCD1 (Fig. 11 A-C). Furthermore, RING E3s appear in cullin-RING ligases (CRL),
which are multi-protein complexes, comprising a central cullin protein (Cull-3, 4A/B, 5, or 7)
C-terminal bound to a RING box protein (RBX) 1 or 2 and N-terminal bound to a substrate recruiter
(Fig. 11 E). With more than 300 different substrate receptors, CRLs are highly versatile in protein

ubiquitination.'*®

RING domain E3

A Monomer B Homodimer C Heterodimer

E Cullin-RING ligase (CRL)

Substrate
receptor
oy

oS

Ubiquitin
~ Thioester bond
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A Catalytic Cys

Figure 11. Structure and catalytic mechanism of RING (really interesting new gene) E3 ligases. (A) Crystal structure of
the RING E3 monomer CBL (PDB: 1FBV). The RING domain is indicated in orange and the substrate-binding domain in
gray. (B) Crystal structure of the RING E3 homodimer clAP (PDB: 3EB5). One RING monomer is indicated in orange, the
other in yellow. (C) Nuclear magnetic resonance structure of the RING E3 heterodimer BRCA1 (orange) and BARD1
(yellow). (D) Schematic catalytic mechanism of a RING E3 ligase: The RING domain enables Ub-loaded E2 ligase binding,
and the substrate is recruited by the substrate-binding domain of the E3 ligase. The Ub transfer is carried out directly by
the E2 ligase and no intermediate transfer to the E3 ligase is needed. (E) Crystal structure of a cullin-RING ligase (CRL).
The RING box protein 1 (RBX1) is indicated in orange, cullin protein 1 in blue, and the substrate receptor in gray.
Stabilizing zinc ions are shown in gray spheres. Adapted from Buetow et al.1° with the permission of Springer Nature
(License number 501980533).

23



Neural precursor cell expressed developmentally downregulated protein 8 (NEDD8) represents an
essential PTM to activate CRLs, which is called neddylation. This ubiquitin-like protein is
transferred by a NEDDS8-activating enzyme (NAE)-E2 to the C-terminal domain of cullin and
converts the binding partner RBX1 into an open conformation. It enables tethering RBX1 on a
B-strand, bridging the distance to the target protein and freeing the RING domain for Ub
transfer.1%1% To prevent CRLs of neddylation, the NAE inhibitor MLN4924 was developed and

leads to accumulation of ubiquitinated proteins in combination with anticancer effects.!%®

These high number of CRL’s substrate receptors enable recognition of an enormous variety of
degrons, specific degradation signals within the protein structure. PTMs of degrons are key factors
in timing protein-E3 ligase interaction, including HIF-1a. Under hypoxic conditions, HIF-1a forms
a heterodimeric transcription factor for adaptation to low oxygen levels. Upon normoxic
conditions, a HIF-1a-specific prolyl hydroxylase utilizes molecular oxygen for hydroxylation of
proline (P564) of HIF-1a, generating the oxygen-dependent degron.'® This degron is recognized
by the E3 ligase VHL, connected by elongin B and C to Cul2 and RBX1.2°° VHL is associated with the
von Hippel-Lindau syndrome, first described by von Hippel in 1911 and characterized by the
development of multiple vascular tumors caused by mutations of VHL gene, disabling the

assembly of CRL2VH complex. Therefore VHL gene is considered an tumor suppressor gene.?

Similar to VHL, feminization-1 homolog b (FEM1B) is incorporated into a Cul2 E3 complex and is
considered a tumor suppressor gene. Feminization-1 (FEM1) was found to regulate the sex
determination pathway of nematodes by acting as an E3 ligase.?®? Likewise, its homolog b marks
the oncoprotein Glil for proteasomal degradation in humans and FEM1B single nucleotide

polymorphism is associated with polycystic ovary syndrome,20%203

CRLAXRBN represents another well-known E3 ligase complex. Consisting of cereblon (CRBN)
connected by DNA damage-binding protein 1 (DDB1) to Cul4 and RBX1, it was identified as the
driver of teratogen effects of the anti-insomnia drug thalidomide. It is recognized by CRBN and
binds transcription factors to the E3 ligase. Subsequent polyubiquitination and degradation of the
transcription factors results in the teratogen and immunomodulatory effects.?%* Thalidomide and
derivatives are further introduced in chapter “1.3.4 Modalities for Target Protein Degradation —
PROTACs & Beyond”. Cause of the neo-substrate binding is the structural similarity of thalidomide
to the C-terminal cyclic imide degron recognized by CRBN (Fig. 12). This PTM originates from
glutamine or asparagine and can occur by spontaneously cyclization, considered as protein

damage, or is generated by specific enzymes.?%
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Figure 12. Thalidomide and the cyclic imide post-translational modifications (PTMs) glutarimide and aspartimide.

As CRBN binds to DDB1], it is considered as a DDB1-CUL4 associated factor (DCAF). There are more
than 90 DCAFs known, categorized according to whether they contain WDR. The WDR facilitates
ligand discovery as there are known binders of WDR, while targeting WDR-free DCAFs (e.g. CRBN
and DCAF15-17) is more challenging and needs first-in-class ligands. DCAF11 belongs to the WDR

containing and is mainly localized in the nucleus.2%62%

Beside these CRL there are two homo-/heterodimer RING ligases frequently used in TPD. As
mentioned earlier, inhibitor of apoptosis protein (IAP) E3s are involved in DNA repair, further they
regulate apoptosis and innate immune response by regulation of nuclear factor “kappa-light-
chain-enhancer” of activated B-cells signaling.2%® They were first described in baculoviral genome
and protect cells from cell-death stimuli, thus are important for cancer cells, neuronal cells and
for the efficient replication of many viruses. They contain one to three N-terminal baculovirus IAP
repeats (BIR) domain and a C-terminal RING domain.?®® The BIR domain consist of approximately
70 residues and is responsible for binding the substrate groove of caspase.?!® However, only X
chromosome-linked IAP (XIAP) directly inhibits caspases-3, -7, -9 and possess the highest anti-
apoptotic activity, while cellular IAP1 and 2 (clAP1/2) regulate caspase 8 indirect by tumor necrosis
factor receptor signaling.?!%?'? |n addition, clAP1 and 2 are able of ubiquitination of caspase-3 and
-7 upon binding, resulting in the proteasomal degradation of the marked proteins.?'® As IAPs form
dimers, this E3 ligase activity leads to autoubiquitination and degradation of them.?* Further, the
methyl-ester of the approved drug bestatin was found to interact with BIR3 of clAP1 and promotes

auto-ubiquitination of clAP1.21®

Similar to IAP, mouse double minute 2 (MDM2) is a RING-type E3 ubiquitin ligase that functions in
dimers. MDM2 is closely linked to the tumor suppressor p53 as it is part of an autoregulatory
feedback loop: p53 activates the transcription of MDM2, which in turn downregulates p53
activity.?’* MDM2 negatively regulates p53 through three mechanisms: it binds to the
transactivation domain of p53, promotes its nuclear export, and facilitates its degradation by
acting as an E3 ligase. As a result, p53 levels remain low under physiological conditions.?”
However, in response to DNA damage, the MDM2-binding domain of p53 becomes

phosphorylated, preventing MDM2 interaction. This leads to p53 stabilization and activation,
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thereby promoting DNA repair and cell cycle arrest.?!® In addition to targeting p53, MDM2 also
undergoes autoubiquitination, allowing it to autoregulate its own protein levels.?!® As previously
noted, p53 is frequently inactivated or downregulated in cancer. Accordingly, its negative
regulator MDM?2 is often amplified in various malignancies. Interestingly, mutations in p53 and
amplification of MDM2 rarely occur simultaneously. For example, in soft tissue tumors, MDM?2
amplification is favored over p53 mutation.??° Due their critical in tumor biology, the p53—MDM?2
interaction has become an important target for cancer drug development. The interaction is
facilitated by a hydrophobic pocket of MDM2 for binding p53. Nutlins have been reported as

potent PPl inhibitors by mimicking the p53 interaction and occupying this hydrophobic pocket.??!

1.3.3 Mode of Action and Advantages of Targeted Protein Degradation

The key advantage of degraders, including proteolysis targeting chimeras (PROTACs), is their
catalytic mode of action, which results in unique properties of degraders compared to occupancy-
driven inhibitors. Degraders induce proximity between the POl and the E3 ligase, the catalytic
complex, which is responsible for polyubiquitination. In case of CRL, representing the largest group
of E3 ligases (see 1.3.2 E3 Ligases), a ubiquitin-loaded E2 is bound to the RING domain of the E3.
This enables the polyubiquitination of the POl and subsequent degradation by the 26S
proteasome (Fig. 13).222 After dissociation of the ternary complex, composed of POI, degrader,
and E3 ligase, the PROTAC can recruit the next POI for polyubiquitination. This, enables a catalytic

mode of action of the degrader.??

Based on this mode of action, degraders possess promising advantages compared to occupancy-
driven inhibitors, including prolonged pharmacological effects, subsequent potential longer dose
intervals, and dose reduction. As adverse effects by off-target inhibition are also dose dependent,
a decrease in side effects is expected due to dose reduction.?? Further POIl-independent adverse
effects are presumed, because of the E3 ligase recruitment. However, as the E3 ligase is only
transiently utilized, the physiological substrate degradation is probably not effected.?”® By
degrading the POI, degrader enable to target proteins considered undruggable before, including
transcription factors and other proteins that lack a catalytic function.?”® Another feature of the
catalytic mode of action is the ability to overcome POl overexpression or amplification, which is a
common escape strategy of cancer cells against occupancy-driven inhibitor treatment.??®
Moreover, PROTACs can bypass cancer cell resistance caused mutated ligand binding sites, as even

weak binders are able to from stable ternary complex leading to degradation of the POI.2?’ This is

due to complex-supporting PPl of the POl and the E3 ligase, resulting in positive cooperativity.
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Figure 13. Mode of action of proteolysis targeting chimeras (PROTACs). Under physiological conditions, the protein of
interest (POI) is not recognized by the E3 ligase. The PROTAC induces proximity between the POI and the E3 ligase, by
bearing ligands for both proteins. As the E3 ligase recruited a ubiquitin (Ub) loaded E2 ligase, it enables the transfer of
Ub to the POI. After multiple cycles of Ub-transfer, the POI is polyubiquitinated and recognized by the proteasome,
leading to degradation of the POl and recycling of Ub. An E1 ligase activates the Ub by transfer to the E2, which is
recruited by the E3. Together with the PROTAC, the E3 ligase complex is able to mark the next POl for proteasomal
degradation. Remarkable is the catalytic mode of action of PROTACs. After the POl is ubiquitinated, the PROTAC molecule
dissociates and can recruit the next POI for ubiquitination. Adapted from Li et al.??2 created with BioRender.com

Furthermore, the additional PPl and cooperativity drives degradation specificity, as it is dependent
of the recruited isoforms.?® Thereby, a promiscuous POI ligand can enable selective degradation,
if incorporated into a PROTAC.??® However, non-cooperative ternary complexes can be sufficient
in POI ubiquitination as well.?*® Moreover, the accessibility of free lysine residues of the POI and
geometry of the ternary complex are additional crucial requirement for successful Ub-transfer.
Therefore, the lysine residues facing the Ub-loaded E2 ligase are more accessible for
ubiquitination, while those at the opposite side are less likely to be modified. However, a stabile
ternary complex can be insufficient for target ubiquitination, if the POl is oriented away from the
Ub-loaded E2.%! These factors are influenced by the organization and interactions of the subunits
of the ubiquitinating complex. Achieving flexibility to bridge the space between free lysine of the
POl and C-terminus of ubiquitin can be beneficial.23 This flexibility is also required for elongation

of the Ub-chain.'*?
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1.3.4 Modalities for Target Protein Degradation — PROTACs & Beyond

The first discovery of a small molecule reprogramming the function of an E3 ligase was the
indoleacetic acid named auxin (Fig. 14). The phytohormone targets the E3 ligase complex
consisting of Skp1/2, Cull and FBP complex (SCF) and transport inhibitor response 1 (TIR1), which
leads to the recognition and degradation of a transcription repressor family. By removing the
transcription repressors, auxin-response factors can bind to the auxin-response elements causing
the expression of downstream genes, promoting cell growth. SCF™! consists of a Cull scaffold
connecting the RBX1 with SCF bound to the F-box TIR1.233 Auxin binds to the substrate receptor
TIR1, adding a hydrophobic patch to TIR1 and enables the binding of transcription repressors and
subsequent polyubiquitination by SCF™!, As the transcription repressors stick to TIR1 after the
addition of auxin, this effect is considered as molecular glue (MG) degrader mechanism and is
used for further molecules exhibiting a similar mode of action.?** One of which can be found in
human cells upon human papilloma virus (HPV) infection. HPV type 16 and 18 induce the
expression of the viral protein E6, which recruits the human E3 ligase E3A to p53, leading to
polyubiquitination and degradation of p53. This mechanism plays an essential role in HPV-induced

carcinogenesis.?®®

The term molecular glue was first used by Schreiber in 1992,2%¢ describing the ability of
cyclosporine A and FK506 to physically connect calcineurin to cyclophilin or FK506-binding
protein 12 (FKBP12), respectively (Fig. 14). Under physiological conditions, binding of calcineurin
to cyclophilin or FKBP12 was not observed, but by the addition of cyclosporin A or FK506 they
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Figure 14. Examples for molecular glues and molecular glue degraders.
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were glued together.?*® However, further studies indicated that in most cases molecular glues join
proteins, which possess slight basal interaction.?®” MG degraders can be distinguished in natural
degraders like the already introduced auxin and the viral protein E6, in contrast to synthetic

compounds exhibiting MG degrader properties, including thalidomide and derivatives.

The anti-insomnia drug thalidomide was first authorized in Germany in October 1957 and partially
sold without prescription, as it was found to be safe in rodents. In the early 1960s, an increasing
number of children were born with hypoplastic limb defects and a correlation with thalidomide
therapy during pregnancy lead to the withdrawal of the drug from commercial sales in 1961. In
this time, thalidomide was responsible for more than 10,000 cases of affected embryos, while 20-
36 days after fertilization was identified as the most sensitive period for development of
malformations under the use of thalidomide.”®® The S-enantiomer is associated with the
teratogenic effects, while the R-enantiomer represents the eutomer (Fig. 14).%° However,
thalidomide is hydrolysed fast and is rapidly racemized in vivo, so administering the eutomer is
not an applicable strategy.?*® The observation of anti-inflammatory, anti-angiogenetic, and anti-
myeloma effects led to the market reentry of thalidomide and development of derivatives
classified as immunomodulatory imide drugs (IMiDs), including lenalidomide.?*! Despite the huge
research effort, it took till 2010 to identify CRBN and CRL4A®N as the molecular target of
thalidomide, responsible for the teratogenicity.?** IMiDs bound to CRBN induce recognition and
polyubiquitination of the transcription factors lkaros (IKZF1) and Aiolos (IKZF3) by CRL4REN,
Subsequent degradation of the transcription factors, responsible for immune cell differentiation
lead to the anti-neoplastic effects.?*? Continuous research was able to identify even more neo-
substrates of CRL4*®N upon IMiD-treatment, including casein kinase 1a (CK1a), G1 to S phase
transition 1 (GSPT1), and Sal-like protein 4 (SALL4), whereas the last one is mainly responsible for

the teratogenicity in form of limb deformations.?43-24

In analogy to IMiDs, the MG degrader properties of aryl sulfonamides, such as indisulam, were
identified retrospectively (Fig. 14). By hijacking CRL4P“AF%5 indisulam induces degradation of the
splicing factor RNA binding motif protein 39 (RBM39). RBM39 degradation causes aberrant pre-
mRNA splicing resulting in cytotoxicity in hematopoietic and lymphoid cancer cells, especially
under high DCAF15 expression. Interestingly, indisulam only exhibits binding affinity to the
complex of DCAF15 and RBM39, not to the single proteins, indicating that high affinity ligands are
not needed for effective MG degradation.?*® Despite their serendipitous identification, MG
degraders encompasses advantages like non-saturable kinetics (hook effect, see 1.3.4.1
Proteolysis Targeting Chimeras (PROTACs)), more drug-like properties, and in case of thalidomide

and derivatives, the existence of already approved drugs.?*’ In recent years, drug discovery for MG
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degraders has changed to more intentional screening methods. One approach is to investigate
cytotoxicity data of small molecules and correlate them with E3 ligase expression levels. By this
data-mining process, Stabicki et al. identified a correlation between the cytotoxicity of (R)-CR8
(Fig. 14), a CDK inhibitor, and mRNA levels of DDB1, the CUL4 adaptor protein, bypassing the
utilization of a substrate receptor. Further proteomics studies, knockout resistance screens, and
crystal structures confirmed the recruitment of CDK12 to the DDB1-CUL4-RBX1 complex. As
CDK12 binds cyclin K, bridging the gap to the Ub-loaded E2, cyclin K gets ubiquitinated and
degraded.?® Mayor-Ruiz et al. developed a phenotypic screening by inactivating the NEDDS8-
transferring E2 ligase ubiquitin conjugating enzyme E2 M (UBE2M) leading to CRL dependent
degrader resistance. By comparison of UBE2MYT and UBE2M™t"e ce|ls, they identified different
MG degraders, through screening over 2,000 small molecules. Further knockout resistance

screens and proteomics studies were applied for E3 ligase and POl identification.?*®

Recent examples in development of degraders led to the closing of the gap between monovalent
MG degraders and bifunctional PROTACs. The Nomura group reported two covalent handles,
which can be fused to multiple POI ligands for the recruitment of RING finger protein (RNF) 126
or DCAF16, respectively. The ribociclib-based degrader EST1060 and the JQ1l-based degrader
ML 1-50 (Fig. 15) induced substantial degradation of CDK4 or bromodomain containing protein 4
(BRDA4), respectively. Further, the concept could be expanded to additional targets, including the
androgen receptor (AR) and bruton tyrosine kinase (BTK). Despite calling the compounds MG
degraders, the authors state, the degraders can be considered as spacer-less or mini-PROTACs, as

they are composed of a distinct E3 ligase recruiter and a POI ligand.?>%2%!

As TPD is an innovative and modern field of research with ongoing development and new
concepts, there are multiple modalities beyond MG degraders, PROTACs, and modalities in
between. This includes heterobifunctional molecules targeting non-UPS dependent pathways, like
autophagy-targeting chimeras (AUTACs), autophagosome-tethering compounds (ATTECs),
lysosome-targeting chimeras (LYTACs) and antibody-based PROTACs (AbTACs). Similar to
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Figure 15. MG degraders, also considered as spacer-less or mini-PROTACs. The POI ligand is highlighted in orange and
the E3 ligase recruiter in green.
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PROTACs, AUTACs, and ATTECs target degradation of intracellular POls. As S-guanylation leads to
autophagy, AUTACs connect a guanine derivative to a POI recruiter (AUTAC2, Fig. 16), leading to
successful degradation of FKBP12 and other proteins by exchanging the POI ligand. In addition, as
autophagy is responsible for organelle and disease-related debris, AUTACs targeting mitochondria
are able to remove fragmented mitochondria.?®* Similarly, Autophagy-targeting chimeras
(AUTOTACs) target the same degradation mechanism, but with a ligand for the autophagy
receptor p62. By activating p62, they lead to assembly of the autophagosome and degradation of
the associated POI.?>®> Comparable, ATTECs tether proteins directly to the autophagosome by
recruiting 1B-light chain 3 (LC3), as part of the autophagosome membrane. Li et al. first discovered
a ligand to degrade the mutant huntingtin protein by this mechanism, while further studies fused

the LC3 ligand to a POl recruiter, creating heterobifunctional molecules like 10f, which successfully
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degraded BRD4.%4%5° |t should be noted, that the uses of the terms AUTAC, AUTOTAC, and ATTEC
are not perfectly separated and can be used to describe identical compounds.?® In contrast to this
cytoplasmic POI recruitment, LYTACs and AbTACs trigger extracellular processes. After initial
feasibility studies, the first LYTAC (Ab-1, Fig. 16) was composed of a monoclonal antibody (mAb)
directed to the extracellular apolipoprotein E4 (ApoE4), related to Alzheimer’s disease. The mAb
is conjugated to multiple serine-O-mannose-6-phosphonate (M6Pn) alanine copolymers (M6Pn-
co-Ala),, which is recognized by the cation-independent mannose-6-phosphate receptor (Cl-
MG6PR), a lysosome-targeting receptor. By internalization and shuttling to the lysosome, cellular
uptake of ApoE4 was successful. Apart from extracellular targets, also transmembrane POls were
degraded by LYTACs, including epidermal growth factor receptor (EGFR).2>” AbTACs are also
antibody-based, however, they are entirely recombinant bispecific antibodies. One antibody arm
is directed against the POl and the other arm is directed against membrane-bound E3 ligase
RNF43. Incorporating one arm of the programmed death-ligand 1 (PD-L1) binding mAb
atezolizumab, Cotton et al. were able to degrade PD-L1 in a lysosomal-dependent manner with

AC-1 (Fig. 16).25%

The promising opportunities of TPD will lead to the development of further modalities and
techniques for targeted degradation. However, the next subchapters are focused on the

modalities most relevant for this work.

1.3.4.1 Proteolysis Targeting Chimeras (PROTACs)

Proteolysis targeting chimeras are the most common modality in TPD with more than 6,000
PROTACs reported according to the PROTAC-DB 3.0.%° These bifunctional molecules are
composed of three parts: the POI ligand, binding the protein that is supposed to be degraded, an
E3 ligase recruiter, enabling ubiquitination, and a spacer, connecting the two ligands and

facilitating the optimal distance and geometry for the ternary complex (Fig. 13).2°

Sakamoto et al. introduced the first PROTAC, which utilized a phospho-degron recognized by
SCF*TP* and comprised a phosphorylated decapeptide derived from Inhibitor of NF-kB a
(IkBat).21262 By fusing the phospho-degron of IkBa to the methionine aminopeptidase-2 (MetAP-
2) inhibitor ovalicin they developed PROTAC-1 (Fig. 17), which successfully induced ubiquitination
and degradation of MetAP-2. However, the use of the phosphorylated decapeptide limited cell
permeability of PROTAC-1. In 2004, the first cell permeable PROTAC was introduced by combining
a cell-penetration peptide sequence with the degron of HIF-1a. It contains a central proline, which
is hydroxylated under normoxic conditions leading to VHL recruitment (PROTAC-4, Fig. 17). This

enabled the degradation of FKBP12 or the androgen receptor in a cellular environment.?® These
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first generation of PROTACs successfully proved the feasibility of targeted protein degradation by
heterobifunctional molecules, but only yielded low-micromolar activity due to the peptide
substructure and limited cell permeability. In addition, peptide-based drug candidates also come

with the risk of immunogenicity.®’
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The first non-peptide PROTAC was reported in 2008 that degrades the androgen receptor by
recruitment of MDM2 with a nutlin-3 derivative (14, Fig. 17), thereby improving cell permeability
and introducing the third E3 ligase for TPD.?* However, it exhibited still low-micromolar activity.
In the following years, a novel E3 ligase was introduced to TPD by Itoh et al. reporting PROTAC 4b,
which degraded cellular retinol- and retinoic acid-binding protein | and Il (CRABP-I and Il) in a sub-
micromolar range by recruitment of clAP1 using a bestatin-derived structure (Fig. 17).2> As MDM?2
and IAPs promote tumorigenesis by degradation of p53 and inhibition of apoptosis, respectively,
they are often overexpressed in cancer cells, enabling cancer-specific POl degradation by
degraders. Further, the utilization for TPD can lead to stabilization of the physiological substrate
and yields additional antiproliferative efficiency.?°%2%” PROTACs recruiting IAPs are also called
specific and nongenetic IAP-dependent protein erasers (SNIPERs).2%® However, utilization of IAPs

and MDM?2 is limited due to autoubiquitination (see 1.3.2 E3 Ligases & Ligands).

Due to the limitations of the peptide-based VHL ligand, a small-molecule recruiter was developed
in parallel, bearing the central hydroxy-proline. Fragment-based screens and docking studies led
to the first non-peptide VHL ligand and further optimization yielded VH032 with nanomolar
binding activity.2®?7° VH032 and its derivatives were used for the development of the first small-
molecule VHL-recruiting PROTACs (ChloroPROTAC1, Fig. 17). The reactive chloroalkyl ligand
enabled covalent binding to the haloalkane dehalogenase tag (HaloTag)-enhanced green
fluorescent protein (EGFP) fusion-protein.?’! The HaloTag system utilizes a modified bacterial
haloalkane dehalogenase and an electrophilic ligand.?”> While this system offers high specificity
and flexibility by the irreversible covalent ligand and the possibility to fuse the HaloTag to any
protein of choice, ChloroPROTACs can be only considered tool-compounds, which lose the ability
of catalytic POI turnover, due to irreversible binding of the POIl. More drug-like properties were
gained by MZ1, utilizing again VH032 but degrading BRD2, 3 and 4 by integration of the selective
BET family recruiter JQ1. Similar to previous work, HIF-1a is not stabilized by hijacking VHL

preventing undesired effects upon physiological substrate stabilization.?”®

However, in parallel CRBN was discovered as the target of IMiDs that results in the degradation of
neosubstrates, including IKZF1 and 3.2 This discovery led to the development of dBET1 and ARV-
825 targeting CRBN with thalidomide and pomalidomide (Fig. 18). Both integrate JQ1 as POI
ligand, achieving BRD4 degradation, but differ in spacer design and length. Interestingly, ARV-825
proved to be superior to conventional BRD4 inhibitors in terms of duration and exhibiting half
maximal degradation concentration (DCso) in the picomolar range. Further, Winter et al.
accomplished in vivo degradation and expanded the portfolio of degradable proteins by CRBN to

other targets such as FKBP12.27427>
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The spacer design for the mentioned PROTACs was rather simple, typically composed of
polyethylene glycol (PEG) or alkyl chains. In recent times, spacer design has been recognized as a
pivotal step in degrader development, to achieve a highly active ternary complex by enforcing
suitable geometry and drug-like properties. Spacer length, composition, rigidity, and attachment
point have to be optimized for every POI/E3 ligase pair separately. As ternary complex prediction
remains a complex challenge, there are currently only limited application strategies for spacer
development than trial and error.?’® Despite this, some experiences were gained in spacer
optimization. There is a sweet-spot in spacer length that is considered optimal.?’’ However, the
range of optimal length could be rather wide, as in some cases only a minimal length is required
upon which positive cooperativity supports the ternary complex.??® Even short spacers can achieve
stable E3-POI complexes and probably lead to more selective degradation, due to distinct
interactions of E3 and POI.?”® Furthermore, a longer spacer, particularly alkyl-based, can also be
associated with decreased solubility and absorption.?”® To handle this issue, spacer composition
can be changed from alkyl to PEG-based, increasing water solubility with the risk of reduced cell
permeability.?®® The composition can also affect the rigidity of the spacer, by incorporation of
ethynyl or cyclic groups, including saturated heterocycles like piperazine and piperidine, or triazole

and other aromatic groups or spiro-cyclic moieties (Fig. 19). Especially if the optimal length is
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Figure 19. (A) Different types of spacers incorporated into PROTACs. (B) Effect of changed attachment points on
androgen receptor (AR) degradation potency.
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known, rigidification can be beneficial.?’” However, the majority of spacers is still alkyl-based,
followed by PEG-based spacers.?® In addition, more rigid spacers can also decrease degradation
potency, probably due to less stable ternary complexes or reachable lysine residues for
ubiquitination. 3278281 Ag the ternary complex is a highly dynamic construct, the sweet-spot
between rigidification and flexibility has to be determined empirically. Besides the spacer
composition and structure, the attachment points at the POl and E3 recruiters are also crucial. For
instance, changing spacer attachment at the CUL4f®N recruiter from position 6 to 5, the

degradation potency of PROTAC 29c is reduced from 51% (PROTAC 30c) to 0% (Fig. 19).%!

As the research field of TPD and PROTACs is still young and rapidly evolving, there are no approved
PROTACs on the market yet, however, multiple are under clinical development. The first PROTAC
entering the clinics was bavdegalutamide/ARV-110, recruiting CRBN by a fluoro-thalidomide
ligand connected by a rigid piperazine-piperidine-spacer to the androgen receptor ligand (Fig. 20).
It proved to degrade wild type and abiraterone or enzalutamide associated mutant AR. First
disclosed preclinical data showed superiority of the oral administered PROTAC against occupancy
driven inhibitors.?®? The most advanced PROTAC in clinical development is vepdegestrant/ARV-
471 (Fig. 20). Recently, the developing companies submitted a new drug application to the FDA
for vepdegestrant, which is therefore estimated to be the first approved PROTAC.?® This oral
bioavailable estrogen receptor degrader targets both wild type and mutant ER. In the recent phase
Il clinical trial, it was tested in ER positive and human EGFR2 negative advanced breast cancer
patients in monotherapy as well as in combination treatment with the CDK4/6 inhibitor
palbociclib.?®* Apart from these two PROTACs developed by Arvinas, there are multiple others
clinical trials for PROTACs from different companies, targeting also other tumor targets, including

BTK, EGFR, B-cell ymphoma protein 6 and Kirsten rat sarcoma virus (KRAS).28

Furthermore, multiple innovative approaches have been developed to improve PROTACs in

toxicity and physicochemical properties. 286728
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Figure 20. Vepdegestrant is the PROTAC in the most advanced clinical phase, while bavdegalutamide was the first
PROTAC entering clinical trial.
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1.3.4.2. Hydrophobic Tagging

An emerging alternative for PROTACs and MG degraders in TPD is hydrophobic tagging. The POl is
destabilized or mimics destabilized proteins by the hydrophobic-tagged (HyT) degrader, resulting
in recruitment of the cellular quality control machinery (Fig. 21).2° Under physiological conditions,
hydrophobic residues are mainly localized in the inner core of the protein, as they aggregate
spontaneously in a hydrophobic collapse after biosynthesis, forming the secondary and ternary
structure of the protein.?®* An incorrectly folded protein displays hydrophobic residues at its
surface, which is recognized by chaperones, including the HSP70 member binding immunoglobulin
protein (BiP).2%2 Chaperones bind to these hydrophobic areas to prevent aggregation and support
refolding of proteins, as aggregates are highly toxic for cells. In case of increased stress conditions
or if refolding failed, the misfolded protein will be degraded by the UPS or the autophagy-
lysosome system.?®* As mentioned before, the major cellular machinery disposing misfolded
proteins is the UPS. The C-terminus of HSP70 interacting protein (CHIP) represents an E3 ligase,
binding to the C-terminal domain of HSP70, HSC70, or HSP90 and transfers ubiquitin to the bound
client proteins leading to proteasomal degradation of misfolded proteins. In addition, CHIP
regulates elevated chaperone levels after recovery of stress conditions, by transferring ubiquitin

to the chaperones itself.2#?% HyT degraders mimic the hydrophobic residues at the surface of
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Figure 21. Degradation mechanism of HyT degraders. The most common mechanism is assumed to recruit heat shock
proteins (HSP) by the HyT degrader or by the destabilized protein of interest (POIl). These are recognized by E3 ligases
like CHIP transfering ubiquitin (Ub) to the POl and lead to degradation of it. Alternative routes for degradation of the

POl include pathways via the autophagosome, unfolded proteins response, or direct 20S proteasome recruitment. Created
with BioRender.com
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misfolded proteins, triggering the recognition of chaperones and refolding fails, thereby leading
to proteasomal degradation (Fig. 21). However, as the exact mechanism of hydrophobic tag
induced degradation is still not fully elucidated, there are further pathways proposed to be at least
partially responsible for degradation. Autophagosome is also proposed to be involved as well as
unfolded protein response (UPR) activated by endoplasmic reticulum stress, or ubiquitin

independent proteasomal degradation by direct targeting of the 20S proteasome (Fig. 21).2%¢

In 2011, Neklesa et al. disclosed the first HyT degraders.?’ By utilizing the HaloTag system, which
was also used for the ChloroPROTACs, proteasomal degradation of HaloTag-EGFP fusion proteins
was induced. The HyT degraders are composed of the covalent HaloTag ligand connected by a long
triazol-containing PEG spacer to different hydrophobic moieties (Fig. 22). HyT13 containing an
adamantyl moiety was chosen for further in vivo studies, because of successful degradation, high
stability, and cell permeability. By fusing the HaloTag to the known tumor target Harvey rat
sarcoma virus mutant G12V (HRAS®?Y) it was confirmed that HyT13 treatment can reduce
HRAS®?V-HaloTag levels in vitro and tumor growth in vivo.?®” Only one year later Long et al.
published tert-butyl carbamate-protected arginine (BocsArg) as a hydrophobic moiety do generate
HyT degraders. They connected the covalent glutathione-S-transferase-al (GST-al) recruiter
ethacrynic acid to BocsArg by an alkyl spacer to generate compound EA-BocsArg (Fig. 22). The
degrader was able to degrade GST-al in a time- and concentration-dependent manner. They also
introduced the first non-covalent HyT degrader TMP-BocsArg (Fig. 22), based on the approved
drug trimethoprim, for successful Escherichia coli dihydrofolate reductase (eDHFR) degradation.?®®
Subsequent studies revealed that the Boc3Arg moiety did not induced ubiquitination or
destabilization of the POI. Instead the 20S proteasome is sufficient for degradation of the POI as
BocsArg is directly interacting and activating the proteasome core particle.?®® Further adamantyl-
based HyT degraders were developed for multiple targets, including human EGFR3, AR, Polo-like-
Kinase 1, or MDM?2.3%03% The hydrophobic tagging technique was further expanded to peptide-

based degraders that target the tau protein, which is involved in Alzheimer’s disease.3%

Development of the CDK4/6 targeting HyT degrader LPM3770277 (Fig. 22) revealed a further
degradation mechanism. Besides proteasomal degradation, lysosomal-mediated autophagy was
identified as a degradation mechanism.3% Similarly, assessment of degradation mechanism of HyT
degraders MS1943 and 3a (Fig. 22), targeting enhancer of zeste homolog 2 (EZH2) and poly(ADP-
ribose) polymerase (PARP) for degradation, respectively, revealed unexpected mechanisms of
degradation. Treatment of both degraders result in upregulation of ER stress and UPR marker

proteins, indicating the participation of degradation mechanism of HyT degraders.30%:307
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Additionally, a variety of hydrophobic tags were employed for TPD, like carboranes, norbornene,

menthoxyacetyl, B-naphthoflavone, and D-ring-contracted artemisinin (Fig. 23).308-312

39



Alternatve hydrophobic tags

0]
Carborane Norbornene Menthoxyacetyl
o =CH
o =BH

B-Naphthoflavone D-Ring-contracted artemisinin
Figure 23. Alternative hydrophobic tags used for HyT degrader in TPD.
Although HyT degraders exhibit degradation potency commonly in the low micromolar to higher
nanomolar range, they own specific advantages over PROTACs. The hydrophobic moiety of HyT
degraders is smaller and easier to synthesize than E3 ligase ligands of PROTACs, which facilitates
the design and synthesis of HyT degraders.?®® Direct comparison of the structurally related
PROTAC ND1-YL2 and HyT degrader, YL2-HyT6 revealed higher cellular uptake and metabolic
stability of the HyT degrader.3'* Furthermore, the conversion of an IAP-recruiting PROTAC into a
HyT degrader, bearing an adamantyl moiety, reduced the molecular weight, number of hydrogen
bond donors/acceptors and topological polar surface area. These more drug-like properties are
accompanied by increased blood-brain barrier penetration.3’®> Moreover, drug-like properties
enabled oral administration of HyT degraders, while the corresponding PROTACs were applied
intravenously.313%® This advanced drug-likeness is supported by the utilization of a different
mechanism for degradation compared to PROTACs. The latter relies on ternary complex formation
and specific molecular machinery, while HyT degradation is based on a not yet fully understood,
but more versatile mechanism. Therefore, HyT degraders represent an alternative degradation

strategy in case of ineffective PROTACs.2%

HyT degraders are possibly more common than they are currently known. One a posteriori
identified HyT degrader is the intramuscular administered estrogen receptor antagonist
fulvestrant (Faslodex) approved for treatment of hormone receptor-positive metastatic breast
cancer in post-menopausal women (Fig. 22).3Y The selective estrogen receptor degrader (SERD)
relocates helix 12 upon binding to the ER. This structural change results in an increased
318

hydrophobic surface of the nuclear receptor, leading to its destabilization and degradation.

Recent developments led to the approval of the oral bioavailable SERD elacestrant.3®
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1.3.5 HDAC Degraders

As TPD offers promising advantages over occupancy driven inhibitors it appears to be especially
interesting for HDACs. Market authorized HDAC inhibitors have issues in HDAC selectivity and
targeting the corepressor complexes associated with HDAC1-3. Both issues could be addressed by

HDAC degraders through gain of selectivity and collateral degradation.3?°

The first histone deacetylase PROTAC was reported in 2018 and targeted the NAD*-dependent
SIRT2. A Cu(l)-catalyzed cycloaddition was used to connect a SIRT2 selective ligand with the spacer,
fused to thalidomide for CULAREN recruitment.3?! The first zinc-dependent HDAC PROTAC was the
crebinostat-derived degrader 9c¢, utilizing pomalidomide for CRBN recruitment and a PEG spacer
(Fig. 24). As crebinostat is a non-selective inhibitor, cell-based assays confirmed inhibition of

multiple HDAC-isoforms by 9c, intriguingly, it selectively degrades HDAC6 with other isoforms
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Figure 24. First-in-class HDAC PROTACs and degradation selectivity changes by switching E3 ligases. The POI ligand is
marked in orange, spacer in yellow and E3 ligase recruiter in green.
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been untouched.??? In contrast, incorporation of an HDAC1-3 selective benzamide inhibitor into a
CUL4RBN_recruiting PROTAC did not result in changed degradation selectivity. Instead, the
HDAC1-3 selective inhibitor CI-994-based PROTAC 2 resulted in degradation of HDAC1-3. Similar
PROTAC JPS004 (Fig. 24), representing the first CUL2""-recuiting HDAC-PROTAC, degraded
HDAC1-3 but with increased potency.3?®* However, Cao et al. reported in the same year CI-994-
based CUL4®N-recruiting PROTACs with shorter spacers, which resulted in preferential HDAC3
degradation over HDAC1-2.3** The unexpected gain of selectivity by PROTACs incorporating
promiscuous HDAC ligands was confirmed by a systematic screen of multiple HDAC PROTACs.
Dacinostat was chosen as a non-selective HDAC inhibitor, and the new E3 ligase IAP was
introduced for HDAC degradation. By changing the recruited E3 ligase from the CUL2V"'-recruiting
PROTAC XY-07-093 to the IAP-recruiting PROTAC XY-07-143 (Fig. 24), Xiong et al. induced a switch
in degradation selectivity from HDAC3 and 8 to HDACSG, respectively, highlighting the impact of
the chosen E3 ligase for degradation selectivity. Furthermore, they confirmed degradation
potency and selectivity to be cell line dependent, similar to spacer length and attachment points
(see 1.3.4.1 Proteolysis Targeting Chimeras).3% As class | HDACs appear to be part of multi-protein
complexes, the phenomenon of collateral degradation could be observed for other complex
members. Neighboring proteins of the targeted HDAC isoform could be degraded by the PROTAC
in combination with the targeted HDAC isoform. In case of HDAC3 degraders, this could result in
SMRT/NCoR complex members, or MIER1-3 components in case of HDAC1-2. Intriguingly,
PROTACs degrading MIER1-3 components were not able to degrade HDAC1-2.325326

Today, more than 100 HDAC-PROTACs have been reported, with divergent HDAC ligands
connected by a variety of spacers to recruiters of one of the three introduced E3 ligases.?>3?’
Similar to the development in HDAC inhibitors, researchers are aiming to develop isoform
selective degraders. As introduced earlier, CI-994 was used for the development of class | selective
PROTACs and further optimization of JPS004 resulted in identification of JPS014 and JPS016 (Fig.
25). These PROTACs differ to JPS004 by the incorporation of oxygen atoms at both ends of the
spacer and exhibit submicromolar DCso values for HDAC1-2, while a hook effect occurs for HDAC3
degradation. This could be circumvented by changes in the CUL2"" ligand and spacer attachment,
leading to JPS036 which exhibited a maximal degradation (Dmax) of 77% for HDAC3 compared to
HDAC1-2 Drmax of 18-41%, thereby showed potent and preferential HDAC3 degradation (Fig. 25).3%
Xiao et al. used the HDAC inhibitor SR-3558 for PROTAC design, bearing a n-propyl-hydrazide as
an alternative HDAC1-3 selective ZBG. CUL4“®8N and CUL2""-recruiting PROTACs bearing PEG or
alkyl spacers were evaluated and XZ29002 exhibited potent HDAC3 degradation (DCso = 4 nM) with
HDACI, 2, and 6 being unaffected (Fig. 25).3%
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Figure 25. HDAC class | selective degraders. The POl ligand is marked in orange, spacer in yellow, and E3 ligase recruiter
in green.
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Further optimization of the HDAC ligand led to YX968, which achieved a single-digit nanomolar
DCso value for HDAC3 (Fig. 25). Surprisingly, HDAC8 was degraded with similar potency, along with
collateral degradation of NCoR components.3?® Among others, Darwish et al. developed selective
HDACS8 degrading PROTACs based on an inhibitor selective for HDACS8. Despite maintaining strong
HDACS inhibition, CUL2"-based PROTACs and adamantyl-based HyT degraders did not result in
HDACS degradation. Only CUL4“®®N-recruiting PROTACs achieved moderate HDACS8 degradation,
including CRBN_1e (Fig. 25).3%*° In addition, unconventional HDAC degraders, including the MG
degrader or spacer-less PROTAC DD-1-073 successfully induced HDAC1 and 3 degradation over
HDAC2 and 6, by directly connecting an RNF126 recruiter to a vorinostat-like scaffold (Fig. 25).2*°
Similarly, compound 15 targeted HDAC3 and 6 (Fig. 25), although designed as a multitarget drug
combining the antitumor effects of 18B-glycyrrhetinic acid analogue methyl 2-cyano-3,11-dioxo-
18B-olean-1,12-dien-30-oate (CDOCA-Me) with vorinostat. Compound 15 was able to reduce

protein levels of HDAC 3 and 6, though mechanistic proof of degradation was not performed.3!

Only few PROTACs were successfully developed for selective HDAC class lla degradation. The
trifluoromethyl-1,2,4-oxadiazole (TFMO) moiety, a class lla-selective ZBG, was used in all class lla
degrader-studies currently published. PROTAC 11 exhibitted potent and selective HDAC4
degradation, while PROTAC B4 showed potent and selective HDAC7 degradation (Fig. 26).33%7334

HDAC class Ilb targeting degraders, particularly targeting HDAC6, are probably most frequently
reported among the zinc-dependent HDACs.3?*® To obtain HDAC6 selectivity by design, the
selective HDACG inhibitor nexturastat A was incorporated in various PROTACs. Wu et al. reported
CUL4BN_recruiting PROTACs with triazol-containing spacers. After optimizing spacer attachment
and length, PROTAC 12d exhibited a single-digit nanomolar DCso value for HDAC6 as well as neo-
substrate degradation due to the partial structure of pomalidomide, while sparing other HDAC
isoforms (Fig. 26).3% Sinatra et al. accelerated compound library preparation by establishing solid-
phase parallel synthesis for PROTAC assembly.33® The resulting most potent vorinostat-based
degrader A6 selectively degraded HDAC6 at a nanomolar DCs level, confirming PROTAC-based
selective HDAC6 degradation with promiscuous ligands and CUL4“®®N recruitment (Fig. 26).3*” The
Hansen group further elaborated alternative ZBGs. Keuler, Konig, and Blickreil} et al. reported the
first non-hydroxamate HDACG6-selective PROTAC utilizing the difluoromethyl-1,3,4-oxadiazole
(DFMO) ZBG in the HDAC ligand. Both CUL4“®"N and CUL2VM-recruiting PROTACs showed
significant HDAC6 degradation, while the pomalidomide-based PROTAC 1 exhibited the most
potent degradation (Fig. 26).3%8 Further improved DCso values of HDAC6 was achieved by the ethyl-
hydrazide-based CUL4R®N-recruiting PROTACs (17c) reported by Stopper and Honin et al., while

other HDAC isoform levels were unaffected (Fig. 26). However, CUL2""'-recruiting PROTACs,
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showed no effect on HDACE6 levels.3*® Most recently Zhai et al. reported the first-in-class selective
HDACG6 and 10 degrading PROTACs. Based on tubastatin A as a ligand and a CULA%REN recruiter, the
PROTAC AP1 degraded HDAC6 and 10 with nanomolar DCso values (Fig. 26).3%°
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Figure 26. HDAC class Il selective degraders. (A) HDAC class lla selective PROTACs. (B) HDAC class I1b selective PROTACs.
The POl ligand is marked in orange, spacer in yellow, and E3 ligase recruiter in green.
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1.4 Scope of Thesis

Epigenetic modulators, like HDACs, play a crucial role in gene regulation and therefore impact a
variety of physiological and pathophysiological mechanisms. They represent important targets for
both cancerous and non-neoplastic diseases. This already led to the approval of six HDAC
inhibitors by various national and international regulatory authorities. While these drugs have
demonstrated therapeutic value, their limited isoform selectivity and associated toxicity highlights
the need for the development of new drug modalities.”14%41 By the event-driven pharmacology,
targeted protein degradation represents an alternative to occupancy-driven inhibitors, bearing
the potential for increased isoform selectivity, extended duration of drug effects, reduced side
effects, and the ability to overcome drug resistance. Recently, this led to the development of
multiple HDAC degraders. However, it is important to note that degraders are susceptible to the
development of resistance.?®®> Moreover, the majority of HDAC degraders rely on one of the most
commonly utilized E3 ligases in TPD, namely CRBN, VHL, and IAP.3%! To fully harness the potential
of PROTACs and to provide alternatives in case of PROTAC resistance, there is a need to establish
new E3 ligases for targeted degradation of HDACs. As certain E3 ligases are tissue or tumor
enriched, their utilization would enable more specific PROTAC-therapies with reduced side
effects.?*?3* Furthermore, the engagement of understudied E3 ligases can help to target new
tumor entities, because of diverse and cell line-dependent degrader-sensitivity patterns.3*
Moreover, the E3 ligase ligands for CBRN and VHL come with certain limitations, as thalidomide
and derivatives are associated with teratogenicity and stability issues, while VHL ligands are
challenging by their molecular size and topological polar surface area.??* The objective of this
thesis is to develop and explore alternative HDAC degraders that are not based on the commonly
utilized E3 ligases, with the aim of expanding the repertoire of E3 ligases available for HDAC
degradation. Furthermore, this strategy may provide the opportunity to vary or increase the

selectivity of the degraded HDAC isoform.

Chapter 2 covers the exploration of the E3 ligase FEM1B for the degradation of HDAC. The design
of proteolysis targeting chimeras will be based on a previously published covalent ligand of FEM1B
and the approved HDAC inhibitor vorinostat.3* Solid-phase parallel synthesis will be utilized for
the preparation of a set of PROTACs, differing in type and length of the spacer.33%37 The aim of
this study is to examine the impact of FEM1B on the degradation of different HDAC isoforms. First,
the most efficacious compounds will be identified based on HDAC1 and 6 degradation in the
multiple myeloma cell line MM.1S. The degradation capabilities of the selected PROTACs will be

further characterized by the determination of DCso and Dmax Values, as well as examination of the
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inhibition of representative HDAC isoforms and confirmation of cellular target engagement. To
further investigate the impact of FEM1B recruitment for HDAC degradation, the degradation
selectivity for HDAC isoforms will be assessed, and proteasomal degradation will be confirmed.
Subsequent analysis will include determination of degradation and antiproliferative effects in
additional cancer cell lines. Furthermore, the anticancer effects in MM.1S cells will be evaluated
in more detail. Finally, a global proteomics screen will be performed to determine the degradation

selectivity beyond the selected HDAC isoforms.

Chapter 3 aims to employ the understudied DCAF11 as a suitable E3 ligase for HDAC degradation.
The literature known vorinostat-based HDAC6 degrading PROTAC A6 will be used as a template to
design a set of PROTACs utilizing a previously published covalent DCAF11 warhead.337:3% Solid-
phase synthesis protocols will be employed for the synthesis of the target compounds. An initial
degradation screening of HDAC1 and 6 in combination with a viability assay in MM. 1S cells will be
utilized for hit selection.?*®3%” HDAC inhibition assays, analysis of histone H3 and a-tubulin
hyperacetylation, and degradation studies using a negative control will be employed to confirm
PROTAC target engagement and elucidate their mode of action. Potential anticancer effects in
MM.1S cells will be confirmed by additional assays and further cancer cell lines will be used to

determine the antiproliferative efficacy of selected DCAF11-recuitung PROTACs.

Chapter 4 focuses on the hydrophobic tagging approach, an alternative degradation method.?*°
The aim of this study is to establish this technique as an additional opportunity for targeted
degradation of HDACs. Therefore, a series of HDAC inhibitors with varying linker and cap types will
be combined with a set of hydrophobic tags with and without the incorporation of spacers. The
resin-based solid-phase synthesis approach will be used to prepare the hydrophobic-tagged HDAC
inhibitors.33%337 The antiproliferative activity in MM.1S cells will serve as main indicator for hit
selection. Furthermore, the evaluation of HDAC isoform and cellular HDAC inhibition, in
combination with identification of hyperacetylation of HDAC target proteins will be performed to
confirm target engagement by the hydrophobic-tagged HDAC inhibitors. The degradation
efficiency will be determined for the nuclear located isoforms HDAC1 and HDAC2, as well as for
the cytosolic HDAC6. The proteasomal degradation will be confirmed by co-treatment with a
proteasome inhibitor and the anticancer effects will be further assessed by determining the

induction of apoptosis.
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2.1 Publication Summary

Targeted protein degradation is an emerging and rapidly expanding research field due to its
unique mode of action. The most common modalities are PROTACs and MG degraders, which
induce proximity between an E3 ubiquitin ligase and a POI, triggering polyubiquitination and
proteasomal degradation.??>?%° This approach offers potential advantages such as prolonged
pharmacological effects, improved selectivity, reduced off-target effects, the ability to overcome

drug resistance, and the potential to utilize promiscuous warheads.?2%226:229

Numerous PROTACs have been developed against a variety of targets, including HDACs.3?” These
epigenetic modulators participate in multiple cellular processes, including chromatin remodeling
by removing acetyl residues from histones and other proteins. Of the four HDAC classes, three
share a zinc-dependent catalytic mechanism. Class | HDACs are primarily located in the nucleus
and frequently overexpressed in human cancer, which often correlates with poor prognosis.?*”*

Thus, several HDAC inhibitors have been approved for cancer treatment and HDAC-targeting

PROTACs have been developed.!0*!

Although the human genome encodes over 600 E3 ligases, only three have been successfully
applied for HDAC degradation.”*3?” Nevertheless, alternative E3 ligases offer opportunities for
tissue or tumor selectivity, to provide options in case of PROTAC resistance, and to avoid
limitations of established E3 ligase recruiters.?2*3** Recently, ligands for understudied E3 ligases
have been developed, often bearing electrophilic warheads for covalent engagement.3%-34°
Thereby, the corresponding PROTAC forms a covalent bond to a specific cysteine of the E3 ligase.

This enables the covalent PROTAC-E3 ligase complex to recruit a POI, forming a pseudo-binary

complex, for ubiquitin transfer and subsequent degradation of the POI.3%°

To expand the number of E3 ligases for targeted HDAC degradation and to profit from the pseudo-

binary mechanism, the electrophilic ligand EN106 was selected to target FEM1B.3%* A set of twelve
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PROTACs was designed, derived from EN106 and a non-selective vorinostat-like HDAC warhead,
to achieve broad HDAC engagement. Both moieties were linked via spacers of varying length and
rigidity (1a-k). A spacer-less variant (2) was included as well. All PROTACs were prepared by solid-
phase synthesis, for rapid library generation, following our previously established protocols.33¢337
After modifying the 2-chlorotrityl chloride (2-CTC) resin, PROTACs were assembled from the HDAC
warhead via the spacer to the FEM1B ligand by iterative amide coupling reactions. After cleavage,

the PROTACs were purified by preparative high-performance liquid chromatography (HPLC) to a

purity of > 95% with total yields of 9 — 45% over five to seven steps.

An initial antiproliferative screening in the multiple myeloma cell line MM.1S revealed single-digit
micromolar half maximal effective concentration (ECso) values, except for the C3 alkyl and PEG-
based spacer-bearing PROTACs. Furthermore, a degradation screen for HDAC1 and 6 showed no
significant changes in HDACG6 levels, while HDAC1 was strongly degraded by several compounds,
particularly by those with shorter spacers. Based on the superior HDAC1 degradation and

antiproliferative effects, PROTACs 1a, 1g, and 1j were selected for further evaluation.

Comprehensive profiling of HDAC1 identified 1g as the most effective degrader (Dmax = 85.2%; DCs
= 257 nM). Furthermore, Target engagement was confirmed by in vitro enzyme inhibition assays
and hyperacetylation studies of HDAC substrates. Both experiments revealed HDAC1, 2, and 6
engagement, with nanomolar /Cs values for HDACL, 2, and 6 and hyperacetylation of histone H3
and a-tubulin, indicating reduced class | and HDACG6 activity. The determination of protein levels
of class | isoforms, along with representatives of class Ila and Ilb isoforms, after the treatment
with the respective PROTAC showed significant HDAC1-3 degradation, while HDAC4, 6, and 8
remained unaffected. Compared to the selective HDAC6 degrader A6,%” which shows structural
similarity to 1j but employs a different E3 ligase recruiter for CRBN-binding, this emphasizes the

substantial impact of recruiting FEM1B for HDAC degradation.

Next, a non-degrading control (1g-nc) lacking the electrophilic warhead at the FEM1B ligand was
designed and synthesized. 1g-nc demonstrated no significant degradation of HDAC1, confirming
covalent FEM1B engagement as essential for HDAC1 degradation. Further, co-treatments with 1g
and a proteasome inhibitor or vorinostat verified that HDAC1 degradation relies on proteasome
activity and HDAC recruitment. Moreover, HDAC1 degradation induced by 1g was confirmed in
other cancer cell lines, which was accompanied by antiproliferative activity. However, these
effects were less pronounced in the tested solid cancer cell lines, compared to MM.1S. Further,
the antiproliferative effects in MM.1S cells were investigated by cell cycle analysis and annexin

V/propidium iodide (P1) staining, confirming that all FEM1B-recruiting PROTACs induced cell cycle
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arrest and apoptosis. In addition, long term effects on the replicative potential was investigated
by a clonogenic growth assay and confirmed significant reduction in the number of colonies after

treatment with 1a, 1g, and 1j.

Finally, a global proteomics screen provided results for a less biased view on degradation
selectivity of 1g. In addition to HDAC1 and 2, it revealed significant degradation of proteins which
are members of multi-protein complexes containing HDAC1, 2, or 3. This phenomenon is known

as collateral degradation or bystander effect.16432°

In conclusion, this study successfully established FEM1B as a new E3 ligase for HDAC degradation.
The glycine spacer-bearing PROTAC 1g showed the most effective HDAC1-3 degradation and the
strongest antiproliferative effects in different cancer cell lines. Compared to the structural similar
CRBN-recruiting PROTAC A6, the FEM1B-recruiting PROTACs degraded HDAC1-3 instead of
HDAC6, despite being based on the same non-selective vorinostat-like HDAC warhead. The
selectivity switch induced by changing the recruited E3 ligase from CRBN to FEM1B for HDAC

degradation highlights the impact of the chosen E3 ligase.

2.2 Author Contributions

Felix Feller: Study plan, compound design, synthesis (except of 1g-nc), analytical characterization
(except of 1g-nc), CellTiter-Glo® cell viability assays, Simple Western™ immunoassays,
immunoblot assays (except of HDAC3 and 8), HDAC enzyme inhibition assays, cell cycle assays,

data analysis, writing — original draft.

Irina Honin: Clonogenic growth assays, CellTiter-Glo® cell viability assays of the non-degrading

control 1g-ncin MM.1 S cells.

Martina Miranda: Synthesis and analytical characterization of the non-degrading control 1g-nc.

Heiko Weber: MTT cell viability assays.

Svenja Henze: Immunoblot assays for HDAC3 and 8.

Maria Hanl: Annexin V/PI assays.

Finn K. Hansen: Conceptualization, formal analysis, funding acquisition, project administration,

resources, supervision, writing — review & editing.
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3.1 Publication Summary

Cancer is a multi-factorial disease which can be treated not only on the genetic but also on the
epigenetic level.’® Therefore, epigenetic regulators, including HDACs, have emerged as promising
anti-tumor targets. This is especially true, given that the up-regulation of multiple HDAC isoforms
is associated with poor prognosis in cancer therapy, whereas the application of HDAC inhibitors
can lead to reduced angiogenesis, cell migration, proliferation, and drug resistance. These effects
are further supported by apoptosis induction and cell differentiation upon HDAC inhibitor
treatment.®®1113%1 By hydrolyzing the amide bond of acetylated lysine residues of histones, HDACs
restore the positive charge, leading to a more compact chromatin.*® However, the three zinc

dependent classes of HDACs also engage multiple non-histone targets.”

Besides the development of HDAC inhibitors, TPD represents a promising alternative for HDAC
drug discovery. MG degraders or PROTACs have been designed and synthesized to hijack a suitable
E3 ligase and bring it in close proximity to the POI, leading to its degradation through
polyubiquitination and recognition by the proteasome.’?%2 TPD comes with several potential
advantages over occupancy-driven inhibitors, due to its event-driven pharmacology, such as

extended pharmacological effects, dose reduction, and overcoming drug resistance.??%%2

Since the first PROTACs for zinc-dependent HDACs were disclosed in 2018, over 100 degraders
have been reported, utilizing a broad variety of HDAC ligands.??” However, only CRBN, VHL and
IAP have been successfully employed thus far.?>® Expanding the number of E3 ligases for HDAC
degradation is a substantial need, as there are over 600 ligases encoded in the human genome
and targeting different E3 ligases offers unique benefits, including tissue or tumor specific
activity.®*'7! For example, targeting DCAF11 appears promising because this could potentially

stabilize the physiological substrate, the tumor suppressor p21,3%33%
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The PROTAC design was based on the previously published HDAC6 degrader A6.3*” As it bears a
vorinostat-like HDAC ligand, it can potentially recruit a variety of HDAC isoforms and enables to
study the effect of the recruited E3 ligase on HDAC degradation selectivity profile. For recruiting
DCAF11, a previously reported electrophilic covalent ligand was selected.3*® The chosen warhead
enables a pseudo-binary complex formation of the covalent PROTAC-E3 ligase complex, which

only has to recruit the next POI for polyubiquitination.3*°

A set of ten spacers with varying rigidity and length was selected to connect POl and E3 ligase
ligand (1a-j), with addition of the spacer-less compound 2. The PROTACs were synthesized using
a 2-CTC resin-based solid-phase approach to fully leverage the advantages of parallel
synthesis.33%337 The DCAF11 ligand was introduced by an on resin Ugi four-component reaction
(U-4CR) to finalize the resin-bound PROTACs. After cleavage and purification by preparative HPLC,

the eleven PROTAC s of the set were afforded in total yields of 10 — 57% over five to seven steps.

To evaluate the degradation capabilities of the synthesized PROTACs, HDAC1 and 6 levels were
determined after treatment of the multiple myeloma cell line MM.1S with the respective PROTAC.
While the cyclic spacer-based PROTACs showed no significant effects on HDAC1, PEG spacer-based
PROTACs resulted in up to 51% degradation of HDAC1. Moreover, the alkyl spacer-based PROTACs
unveiled unexpected results: while 1h with the C5 alkyl spacer exhibited no significant HDAC1
degradation, both longer and shorter spacers achieved significant degradation, with the spacer-
less PROTAC 2 and the C11 spacer-bearing PROTAC 1j being the most efficient HDAC1 degrader.
In addition, 1j and 2 were capable of inducing significant HDAC6 degradation. A cell viability assay
demonstrated that the best degraders also exhibited the highest antiproliferative activity (1j: ECso
= 2.8 UM and 2: ECso = 1.5 uM), while the HDAC6-selective predecessor PROTAC A6 showed no
effect. This divergence could not be traced back to the DCAF11 ligand, as its contribution to

cytotoxicity was found to be not significant compared to vorinostat.

Notably, in vitro enzyme assays confirmed comparable HDAC1, 2, 4, and 6 inhibition for PROTAC
2 and A6, while 1j exhibited higher ICso values for all tested isoforms. HDAC inhibition was
confirmed in a cellular setup by studying hyperacetylation of cellular HDAC substrates. The
observed hyeracetylation of a-tubulin confirmed the HDAC6 inhibition trend from the enzyme
assay, while hyperacetylation of histone H3 indicated a stronger HDAC class | inhibition for 1j in

comparison to 2 and A6.

For investigation in the degradation selectivity profile of the DCAF11-recruiting PROTACs, HDAC1
and 2, 4, and 6 were chosen as representatives of the classes |, lla, and llb, respectively. Both 1j

and 2 exhibited significant degradation of all tested isoforms. However, 2 degraded HDAC1 most
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effectively (74%) compared to moderate HDAC2 (51%), HDAC4 (40%), and HDAC6 (26%)
degradation. PROTAC 1j was also most efficient in HDAC1 degradation (90%), but substantially
more effective in HDAC2, 4, and 6 degradation (71 — 76%) compared to PROTAC 2. Furthermore,
a non-degrading control was designed and synthesized based on 1j, lacking the chloroacetamide
handle (1j-nc). Treatment of MM.1S cells with 1j-nc resulted in unchanged HDAC1 levels,

suggesting degradation dependency on DCAF11 and the covalent handle.

Next, the antiproliferative effects on MM.1S cells were studied in more detail. Both DCAF11-
recruiting PROTACs induced cell cycle arrest and apoptosis. Similarly, pronounced antiproliferative
effects could be observed in two additional solid cancer cell lines and a clonogenic growth assay
revealed significant reduction in the number of colonies after treatment with 1j and 2, while A6

and 1j-nc did not result in any significant clonogenic effects.

In summary, the most effective degrader of this study (1j) showed significant degradation of all
tested HDAC isoforms with a Dmax of 90% for HDACL. Further, HDAC degradation induced by 1j
and the spacer-less PROTAC 2 was accompanied by substantial antiproliferative effects in different
cancer cell lines. In contrast to the HDAC6 selective, CRBN-recruiting PROTAC A6, the results

highlight DCAF11 as an alternative E3 ligase applicable for pan-HDAC degradation.

3.2 Author Contributions

Felix Feller: Study plan, compound design, synthesis (except of 1j-nc), analytical characterization
(except of 1j-nc), CellTiter-Glo® cell viability assays (except of 1g-nc), Simple Western™
immunoassays, cellular HDAC inhibition assays, aqueous stability assays, immunoblot assays,

HDAC enzyme inhibition assays, cell cycle assays, data analysis, writing — original draft.
Heiko Weber: MTT cell viability assays.

Martina Miranda: Synthesis and analytical characterization of the non-degrading control 1j-nc.

Irina Honin: Clonogenic growth assays, CellTiter-Glo® cell viability assays of the non-degrading

control 1j-ncin MM.1 S cells.
Maria Hanl: Annexin V/PI assays.
Finn K. Hansen: Conceptualization, formal analysis, funding acquisition, project administration,

resources, supervision, writing — review & editing.
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4.1 Publication Summary

TPD has emerged as a powerful concept in drug discovery, offering the potential to eliminate
disease-specific proteins rather than transiently inhibiting their activity. PROTACs and MG
degraders are the most widely explored modalities, inducing proximity between the POl and an
E3 ligase. While these approaches can yield potent and selective degraders, they also face notable
challenges: PROTACs are limited by their large molecular size, while rational design of MG
degraders is difficult. Furthermore, both are restricted by narrow structure-activity-relationships,
possible teratogenicity, and the development of drug resistance.??*3** Therefore, hydrophobic
tagging represents an alternative technique in TPD. The hydrophobic tag is fused to a POI ligand,
thereby forming the HyT degrader which mimics a destabilized protein upon binding or directly
destabilizes the POI. This is recognized by the cellular repair machinery for refolding, including
chaperones. In the presence of the HyT degrader, refolding fails which leads to the degradation of

the POI.2%0313

To investigate whether hydrophobic tagging is applicable for HDAC degradation, two series of
hydrophobic-tagged HDAC inhibitors were designed and synthesized. The first set was composed
out of a vorinostat-like HDAC inhibitor connected directly or by alkyl-spacers of different length
to the hydrophobic tag (1a-b, 2a-f). 2-(Adamantan-1-yl)acetic acid or 2-(9H-fluoren-9-yl)acetic
acid were utilized as hydrophobic tags. For the second set, a C6 alkyl and a benzyl HDAC linker in
combination with two different cap groups were incorporated. The hydrophobic tag was adopted
as previously established by Neklesa et al. and fused by a Huisgen copper(l)-catalyzed azide-alkyne
cycloaddition to the HDAC inhibitor (3a-d).?®” To evaluate if the triazole is sufficiently solvent
exposed and does not impair HDAC binding, a docking study was performed. The docking indicated
suitable solvent exposure of the triazole to function as an exit vector, as well as a binding mode

of the ligand-triazole conjugate similar to vorinostat.
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Previously established solid-phase synthesis protocols were applied for fast and modular
preparation of the HyT degraders.3**3%” The adamantyl (1a, 2a-c) and fluorenyl! (2b, 2d-f) tagged
HDAC inhibitors of the first set were synthesized by subsequent amide couplings. Similarly, the
HDAC inhibitor-scaffold of the second set of HyT degraders was synthesized this way. However,
the hydrophobic tag was functionalized as an azide, following a known procedure, and coupled by
a Cu(l)-catalyzed Huisgen 1,3-dipolar cycloaddition to the resin-bound HDAC inhibitor.3>> After
cleavage and purification by preparative HPLC, this afforded HyT degraders 3a-d in a yield of
37 — 89% over four steps. Similarly, the first set was cleaved and purified by preparative HPLC to

provide the target compounds in yields ranging from 4 to 46% over five to seven steps.

For the biological evaluation of the HyT degraders, a phenotypic cell viability screen was
performed, to identify the most cytotoxic compounds. The HyT degraders 1a, 2a, 2d, and 3a
exhibited the best antiproliferative activity (ECsp = 3.97 — 11.6 uM), while other compounds
showed no effect. These four compounds were selected for further investigations, starting with a
cellular HDAC inhibition assay and enzyme inhibition assays for HDAC1, 2, and 6. The best
performing HyT degrader 2d exhibited cellular HDAC inhibition as well as HDAC1 and 2 enzyme
inhibition compared to vorinostat. Interestingly, all tested HyT degrader outperformed vorinostat

regarding HDACG inhibition.

To confirm the applicability of hydrophobic tagging for HDAC degradation, HDACL, 2, and 6 levels
were determined after treatment of MM.1S cells with the selected HyT degrader for 24 h. All
compounds under investigation exhibited significant HDAC1 degradation, while 1a and 2a
additionally reduced HDAC2 levels to some extent. Notably, HDAC6 levels remained unaffected
by all degraders, despite high HDACG6 inhibition capabilities. Hence, to investigate cellular target
engagement, the hyperacetylation of cellular HDAC substrates were evaluated. Cellular HDAC6
engagement was confirmed for all assessed HyT degraders by hyperacetylation of a-tubulin.
Similarly, hyperacetylation of histone H3 confirmed HDAC class | engagement which was most
prominent for 1a. Additionally, HDAC4 inhibition and degradation was examined as an example

for class lla HDACs. None of the HyT degraders showed inhibition or degradation of HDACA4.

Remarkably, all HyT degraders under investigation showed HDACG inhibition and cellular target
engagement but no HDAC6 degradation. Therefore, it was hypothesized that, by binding the wide
CD2 pocket of HDACS, the hydrophobic tag is not recognizable for the cellular quality control and
HDACES is therefore not degraded.”’

Moreover, to study the degradation mechanism of HDAC targeting HyT degraders, a co-treatment

of 1a and a proteasome inhibitor was performed. This resulted in a significant reduction of HDAC1
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degradation by 1a proving proteasomal dependency. However, some HDAC1 reduction remained,
indicating additional degradation mechanisms. Finally, the antiproliferative effects of 1a, 2a, 2d,
and 3a were investigated in more detail. All HyT degraders induced apoptosis and increased

caspase 3 and 7 activity, except for 2d.

Taken together, hydrophobic tagging has proven applicable for targeted HDAC degradation,
especially for class | HDACs. The most potent HyT degrader 1a achieved 47% degradation of

HDAC1, induced apoptosis, and exhibited antiproliferative activity.

4.2 Author Contributions
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Finn K. Hansen: Conceptualization, formal analysis, funding acquisition, project administration,

resources, supervision, docking study, writing — review & editing.
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5 Summary

By estimation of the world health organization’s cancer research agency, the global cancer burden
will increase by 62% to over 27 million new cases by the year of 2040.% This trend indicates an
urgent need for substantial investment in cancer-related drug discovery addressing this escalating
numbers. Cancer is characterized by multiple aberrancies, the so called hallmarks of cancer, which
provide various drug targets, including epigenetic regulators such as HDACs.® By removing acetyl
residues from lysine side chains of histones, they affect DNA condensation and subsequent gene
expression.”! That way, HDACs are involved in several key cellular processes including
differentiation, proliferation, and cell migration. Further, they contribute to carcinogenesis and
cancer progression by promoting angiogenesis, chemoresistance as well as cancer cell survival
rather than apoptosis.®®11135! Furthermore, HDACS are also frequently overexpressed in cancer
and associated with poor survival.1?%!!! Thus, they are promising targets in cancer therapy and

have been extensively studied, which led to the approval of several HDAC inhibitors.**

Since TPD holds promising advantages over occupancy driven inhibitors, the development of
HDAC degraders has recently become a prominent topic in drug discovery.3?’” The two most
common modalities, PROTACs and MG degraders, induce proximity between the POl and an E3
ligase for proteasomal degradation of the POI. Unlike inhibitors, degraders act in a catalytic mode
of action and enable the removal of the respective target protein. This mechanism has the
potential to result in numerous advantages, including targeting proteins considered undruggable
before, prolonged pharmacological effects, reduced side effect, overcoming of drug resistance,

and selectivity enhancement of non-selective POI ligands.6422

Although the human genome encodes over 600 E3 ligases, only the well-studied E3 ligases CRBN,
VHL, and IAP have been successfully harnessed for PROTAC-based HDAC degradation.’%2%
Expanding the use of understudied E3 ligases offers additional opportunities, such as tissue or
tumor selective degradation and provide alternatives in case of PROTAC resistance
development.?243% Additionally, the natural substrates of the E3 ligase can be stabilized by usage
for TPD, which can be beneficial in case of MDM2 — p53 or DCAF11 — p21.3%33% Besides,
established E3 ligase ligands like IMiDs are associated with teratogenicity and stability issues,
while VHL ligands are problematic in terms of their molecular size and topological polar surface
area.??* Thus, the development of ligands for understudied E3 ligases is a recent development in

TPD.3%73% Several of these ligands incorporate electrophilic warheads, such as chloroacetamide
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groups, enabling covalent engagement of specific cysteine residues on the E3 ligase. When
incorporated into a PROTAC, this enables a pseudo-binary complex instead of a ternary complex.
The covalently bound PROTAC-E3 ligase complex only needs to recruit the next POI for

polyubiquitination and subsequent degradation.3>°

The first project (chapter 2) investigated PROTACs engaging the understudied E3 ligase FEM1B for
targeted HDAC degradation and compared them with the previously published CRBN-recruiting
PROTAC A6 (Fig. 27).3¥” A vorinostat-like POI ligand was selected to target a broad range of
different HDAC isoforms. For FEM1B recruitment, the electrophilic ligand EN106 was chosen and
incorporated with slight modifications.3* Both moieties were connected by a variety of spacers,
ranging from short cyclic spacers to PEG or alkyl spacers of different lengths. Additionally, a
spacer-less PROTAC was designed. The resulting set of twelve PROTACs was prepared by an
efficient and parallel solid-phase synthesis approach.33¢33%7 Starting with modifying the 2-CTC resin,
the PROTACs were build up from the hydroxamic acid moiety of the HDAC ligand. The FEM1B
ligand was synthesized according to literature before attachment to the resin bound precursor.3*

After cleavage and purification by preparative HPLC all compounds were afforded in a purity of

> 95% and yields of 9 — 45% over 5 — 7 steps.

Initial antiproliferative screening in multiple myeloma cells revealed that most FEM1B-recruiting
PROTACs exhibited single-digit micromolar ECso values. Subsequent degradation profiling for
HDAC1 and HDAC6 demonstrated that HDAC6 remained largely unaffected, whereas HDAC1 was
significantly degraded by several compounds, particularly by those with short spacers and the C7
alkyl spacer-bearing 1j. Based on pronounced HDAC1 degradation and notable antiproliferative

activity, compounds 1a, 1g, and 1j were chosen for a detailed characterization.

PROTAC 1g was identified as the most potent degrader (Dmax = 85.2%; DCso = 257 nM). To confirm
target engagement, in vitro enzyme inhibition assays and cellular hyperacetylation analysis of
certain cellular HDAC substrates were performed. All PROTACs under study demonstrated
nanomolar /Cso values for HDAC1, HDAC2, and HDAC6 and caused increased acetylation levels of
histone H3 and a-tubulin, thereby proving the PROTAC-mediated suppression of class | HDACs and
HDACS6 activity. To assess the degradation selectivity of FEM1B-recruiting PROTACs, HDAC levels
of class | isoforms and representative class lla and llb isoforms were determined after the
treatment with 1a, 1g, and 1j. All three compounds induced significant degradation of HDAC1-3,
while HDAC4, HDAC6, and HDAC8 remained unaffected. Compared to the HDAC6 selective
PROTAC A®6, structurally similar to 1j but bearing a thalidomide derivative for CRBN recruitment,

the results underscore the critical influence of FEM1B recruitment on degradation selectivity.?%”
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Additionally, a non-degrading control (1g-nc), lacking the electrophilic FEM1B-binding motif, was
synthesized to validate the degradation mechanism. Notably, 1g-nc exhibited no detectable HDAC
degradation. Further, the degradation mechanism of PROTAC 1g was verified by rescue
experiments through co-treatment with a proteasome inhibitor or vorinostat. HDAC1 degradation
and antiproliferative effects induced by 1g were also confirmed in three additional cancer cell
lines, including solid cancer cell models and additional cell cycle analysis. Furthermore, annexin
V/PI staining indicated cell cycle arrest and apoptosis induction by the FEM1B-recruiting
degraders. Moreover, long-term effects were assessed via clonogenic growth assays, revealing

significant reductions in colony formation upon treatment with 1a, 1g, and 1j.

Finally, a global proteomic profiling provided an unbiased view of 1g degradation-activity
confirming HDAC1 and HDAC2 degradation. Additionally, collateral degradation of proteins
associated with HDAC-containing multi-protein complexes was shown. This effect was previously

described as the bystander effect in other degraders studies.6432°

In summary, FEM1B was successfully identified as a novel E3 ligase suitable for HDAC-targeted
PROTACs. Among the tested compounds, the glycine spacer-bearing PROTAC 1g (hereafter
dubbed FF2049) achieved the most efficient HDAC1-3 degradation and anticancer effects.
Importantly, FEM1B recruitment induced a selectivity shift compared to the CRBN-based degrader
A6. It favors degradation of HDAC1-3 rather than HDACS6, despite employing the same vorinostat-

derived non-selective HDAC ligand.
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Figure 27. FEM1B-recruting PROTAC FF2049 (1g) and its effects in comparison to CRBN-recruiting PROTAC A6.
Immunoblot results highlight the impact of the chosen E3 ligase for degradation selectivity. For more detailed
information, see chapter 2. cCreated with BioRender.com
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Similarly, the second project (chapter 3) studied the feasibility of DCAF11 recruitment for HDAC
degradation and its effect on different HDAC isoforms, in comparison to the CRBN-recruiting
PROTAC A6 (Fig. 28).3¥ The E3 ligase DCAF11 is responsible for degrading the tumor suppressor

p21. Therefore, targeting DCAF11 could stabilize p21 with potential benefits.3533

The PROTAC design was based on the previously reported HDAC6-selective degrader A6, which
employs a vorinostat-like POI ligand to enable engagement of multiple HDAC isoforms.3*” For
DCAF11 recruitment, an electrophilic ligand derived from the U-4CR was selected.3*® Electrophilic
warheads enable formation of a covalent PROTAC-E3 ligase complex that requires only POI

recruitment to initiate its polyubiquitination and degradation.3>°

A series of ten PROTACs (1a-1j) with spacers of varying length and rigidity as well as a spacer-less
compound (2), was synthesized via solid-phase synthesis.3*®33” The U-4CR was optimized to be
performed on solid-phase. Accordingly, the desired PROTACs were prepared entirely on solid-
phase to benefit from efficient parallel synthesis. Following cleavage and purification by
preparative HPLC, all PROTACs were afforded in a purity of > 95% and in yields of 10 — 57% over

five to seven steps.

For biological evaluation, HDAC1 and HDACS levels were evaluated after treating MM.1S cells with
the respective PROTAC. Cyclic spacer-containing PROTACs displayed no significant HDAC1
degradation, whereas PEG spacer-bearing compounds achieved significant activity up to 51%
degradation (1e) after treatment with 10 uM for 24 h. Interestingly, alkyl spacer-based PROTACs
produced very heterogeneous results: while C5 spacer-bearing 1h was inactive, both shorter (2)
and longer spacers (1j) led to effective HDAC1 degradation up to 71%. Notably, only 1j and 2 also
reduced HDAC6 levels. Consistent with these findings, 1j (ECso = 2.8 uM) and 2 (ECso = 1.5 uM)
exhibited the strongest antiproliferative activity in MM.1S cells, whereas the parent CRBN-
recruiting PROTAC A6 was inactive. The DCAF11 ligand itself was not found to be responsible for
antiproliferative activity of 1j and 2, since it did not contribute significantly to cytotoxicity of

vorinostat.

Investigation of target engagement using in vitro HDAC inhibition assays revealed comparable
HDAC1, 2, 4, and 6 inhibition by 2 and A6, while 1j showed weaker activity. Determination of
cellular hyperacetylation of histone H3 and a-tubulin confirmed HDAC1, 2, and 6 inhibition on a
cellular level, albeit to different extents. Furthermore, degradation selectivity profiling
demonstrated that both 1j and 2 degraded HDACI, 2, 4, and 6 with 1j being more potent (HDAC1
Drmax = 90%, HDAC2, 4, and 6 Dmax = 71 =76%). PROTAC 2 was most active for HDAC1 (Dmax = 74%)

while degradation for HDAC2, 4, and 6 was only moderate. To confirm DCAF11-dependent
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degradation, a non-degrading control lacking the covalent handle (1j-nc) was prepared, which was

shown not to reduce HDAC1 levels.

Further investigation of the antiproliferative effects in MM.1S cells indicated cell cycle arrest and
apoptosis induction by both 1j and 2. Additionally, antiproliferative effects were observed in two
solid cancer cell lines, and a colony formation assay revealed reduced clonogenicity upon
treatment with the DCAF11-recruiting PROTACs. These effects were either not observed for A6

and 1j-nc or only to a lesser extent.

In summary, this study established DCAF11 as a new E3 ligase for pan-HDAC degradation. The
most active degrader 1j (here after dubbed FF2039) achieved up to 90% HDAC1 degradation, as
well as over 70% degradation for representative HDACs of class Ila and llb, which was
accompanied by strong anticancer effects. Compared to the parent PROTAC A6, which shares the
same non-selective HDAC recruiter, switching from CRBN to DCAF11 shifted the degradation

profile from HDAC6 selective degradation to pan-HDAC degradation.
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Figure 28. DCAF11-recruting PROTAC FF2039 (1j) and its degradation profile in comparison to CRBN-recruiting PROTAC
A6, underscoring the importance of the selected E3 ligase for degradation selectivity. For more detailed information, see
chapter 3. created with BioRender.com
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In the third project (chapter 4), the alternative degradation methodology of hydrophobic tagging
was assessed for targeted HDAC degradation (Fig. 29). While PROTACs and MG degraders have
produced potent compounds, limitations persist: PROTACs suffer from high molecular weight and
pharmacokinetic challenges, MG degraders are difficult to design rationally, and both face narrow
structure—activity relationships, potential teratogenicity, and drug resistance.??*3** Consequently,
hydrophobic tagging has emerged as an alternative TPD approach. HyT degraders fuse a
hydrophobic tag to a POI ligand, mimicking misfolded proteins and promoting degradation via the
protein quality control machinery. When refolding fails, chaperone-mediated recognition leads to

proteasomal elimination of the POI.%9%313

To explore the applicability of hydrophobic tagging for HDAC degradation, two HyT degrader series
were synthesized. The first set contained vorinostat-like HDAC inhibitors linked directly (1a-b) or
through alkyl spacers of varying length (2a-f) to either 2-(adamantan-1-yl)acetic acid or 2-(9H-
fluoren-9-yl)acetic acid as the hydrophobic tags. The second set varied the HDAC ligand and
utilized a hydrophobic tag moiety that was previously established by Neklesa et al.?’ Benzyl or C6
alkyl HDAC linkers were combined with two distinct cap groups and azide-functionalized
hydrophobic tags were coupled via a Huisgen copper(l)-catalyzed azide-alkyne cycloadditions
(3a-d). Docking studies confirmed that the triazole linkage preserved the HDAC binding mode and

assured an adequate solvent exposure for the hydrophobic tag.

Again, solid-phase synthesis based on the previously published protocols enabled efficient
preparation of all compounds.33%3%7 The first series (1a, 2a-f) was obtained by sequential amide
couplings (yields 4 — 46%, over five to seven steps), whereas the second set involved a Cu(l)-
catalyzed Huisgen 1,3-dipolar cycloaddition on solid-phase as the final step on-resin (yields 37 —
89%, over four steps). After cleavage and preparative HPLC purification, the compounds were

evaluated for biological activity in a purity of > 95%.

Phenotypic screening in MM.1S cells identified 1a, 2a, 2d, and 3a as the most potent
antiproliferative agents (ECso = 3.97 — 11.6 uM). Enzyme and cellular HDAC assays confirmed
HDAC1 and HDAC2 inhibition, in the case of 2d comparable to vorinostat, while all selected HyT
degraders displayed superior HDAC6 inhibition. However, degradation profiling revealed a
different pattern: all compounds significantly reduced HDACI1 levels after 24 h, with minor HDAC2
degradation by 1a and 2a, but showed no detectable HDAC6 degradation. Therefore, cellular
target engagement was investigated by determination of hyperacetylated HDAC target proteins.
The results indicated that all tested HyT degraders engage class | HDACs as well as HDAC6. Given

this unexpected discrepancy between the apparent cellular HDAC6 engagement and the absence

66



of corresponding HDAC6 degradation, it was hypothesized that the hydrophobic tag cannot be
efficiently be recognized within the large CD2 pocket of HDAC6.#

Mechanistic investigation demonstrated partial rescue of HDAC1 degradation upon co-treatment
with a proteasome inhibitor. This indicates a proteasome-dependent degradation mechanism but
also suggesting additional pathways. Additionally, further studies of the antiproliferative effects

revealed caspase 3/7 activation and apoptosis induction by the HyT degraders.

In conclusion, hydrophobic tagging is feasible for HDAC degradation, particularly for class |
isoforms. The most active compound 1a achieved 47% of HDAC1 degradation, induced apoptosis,
and exhibited notable antiproliferative activity. However, robust HDAC6 inhibition could not be
transferred into degradation. This shows isoform-specific limitations of the hydrophobic tagging
technology and supports the hypothesis that degradation efficacy depends on the structural
accessibility of the hydrophobic tag. Besides that, the incomplete rescue by proteasome inhibition

underscores the complexity of HyT-mediated degradation mechanisms.
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Figure 29. Schematic presentation of degradation mechanism of HyT degrader 1a, which showcased hydrophobic
tagging for targeted HDAC degradation. For more detailed information, see chapter 4. created with BioRender.com

In summary, these three projects expanded the methodology of targeted HDAC degradation: They
revealed the potential of FEM1B and DCAF11 for PROTAC-based HDAC degradation, as well as the
feasibility of HDAC degradation via hydrophobic tagging. Further, the results of this thesis show
that HDAC degradation profiles can be fine-tuned by selecting a suitable E3 ligase and degradation
methodology, emphasizing the untapped potential of other understudied E3 ligases and

alternative degradation methods.
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7.1 Appendix |. Publication 1. Development of the First-in-Class FEM1B-Recruiting

Histone Deacetylase Degraders

The following pages include the full text and supplementary information of the article
“Development of the First-in-Class FEM1B-Recruiting Histone Deacetylase Degraders”, as it was

published in the Journal of Medicinal Chemistry by the American Chemical Society.

The article is reprinted with permission from:

Felix Feller, Irina Honin, Martina Miranda, Heiko Weber, Svenja Henze, Maria Hanl, and Finn K.

Hansen.
Development of the First-in-Class FEM1B-Recruiting Histone Deacetylase Degraders. J. Med.
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ABSTRACT: Targeted protein degradation (TPD) represents a
promising alternative to conventional occupancy-driven protein
inhibition. Despite the existence of more than 600 E3 ligases in the
human proteome, so far only a few have been utilized for TPD of
histone deacetylases (HDACs), which represent important epigenetic
anticancer drug targets. In this study, we disclose the first-in-class Fem-
1 homologue B (FEM1B)-recruiting HDAC degraders. A set of 12
proteolysis targeting chimeras (PROTACs) was synthesized using a
solid-phase supported parallel synthesis approach utilizing a covalent
FEM1B ligand as an E3 ligase warhead. The evaluation of the HDAC
degradation efficiency revealed substantial HDAC1 degradation by the
top-performing degrader FF2049 (1g: D, = 85%; DCs, = 257 nM).
Unlike our previously published cereblon-recruiting selective HDAC6
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degrader, A6, which uses the same HDAC ligand, the FEM1B-based PROTACs achieved selective HDAC1—3 degradation. This
unexpected change in the HDAC isoform degradation profile was accompanied by significant enhancement of the antiproliferative

properties.

B INTRODUCTION

In recent years, targeted protein degradation (TPD) has gained
increasing interest due to its potential to overcome limitations of
conventional protein inhibition. TPD encompasses two main
modalities: molecular glues and proteolysis targeting chimeras
(PROTACs). However, the distinction between these ap-
proaches is increasingly blurred." Monovalent molecular glues
are often identified serendipitously, whereas the discovery and
design of the heterobivalent PROTAC:s tend to follow a more
rational approach.” The latter consist of a protein of interest
(POI) ligand and an E3 ligase recruiter, connected by a suitable
spacer. This structure enables PROTAC:s to induce proximity
between the POI and an E3 ligase, which is accompanied by an
ubiquitin-loaded E2 ligase (Figure 1, middle).” For Cullin RING
ligases (CRLs), representing the major class of E3 ligase
complexes, the E2 ligase transfers ubiquitin to the bound
substrate/POI, typically leading to polyubiquitination and
subsequent degradation via the ubiquitin-proteasome system
(ups).**

The key advantage of PROTAC: is their catalytic mode of
action.® This translates into promising properties like prolonged
pharmacological effects and dose reduction of administered
PROTACs compared to a classical inhibitor. These benefits
potentially elongate treatment intervals and reduce side effects.
In addition, PROTACS can also overcome cancer cell resistances
to occupancy-driven inhibitors. For example, target amplifica-

© 2025 American Chemical Society
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tion or overexpression can effectively be addressed by
PROTACs.” Moreover, PROTACs can bypass drug target
alterations since they do not rely on tight-binding POI ligands.
Even weak binding ligands can sufficiently form a productive
ternary complex, supported by stabilizing protein—protein
interactions (PPIs).”® These PPIs depend on the respective
E3 and recruited POI and can enhance selectivity of
promiscuous POI ligands when incorporated into a PROTAC.’

Recently, this approach has been applied to the targeted
degradation of histone deacetylases (HDACs).'"~"> HDACs are
key components of the epigenetic machinery, with their primary
function to hydrolyze acetylated lysine residues on histones.
This restores the positive charge on the amine, leading to a more
compact chromatin structure. In addition to histones, there are
multiple other HDAC substrates, depending on the isoform and
some HDACs are part of multiprotein complexes. The enzyme
family is divided into four zinc-dependent classes consisting of
11 isoforms: class I (HDAC1—3 and 8), class Ila (HDAC4, S, 7
and 9), class ITb (HDAC6 and 10), and class IV (HDAC11)."*"°
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Figure 1. Mode of action of PROTACs covalently targeting the E3 ligase. Top: under physiological conditions, POI and E3 ligase are not in contact.
Adding the electrophilic PROTAC induces proximity between POI and E3 ligase, which is accompanied by an ubiquitin-loaded E2. This complex
(middle) facilitates polyubiquitination and proteasomal degradation of the POI (bottom left). By binding the E3 ligase covalently, PROTAC and E3
form a pseudobinary complex capable of recruiting the next POI (cycle on the right).
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Figure 2. Design of FEM1B-recruiting HDAC degraders. The PROTAC design is inspired by vorinostat as POI ligand (orange) and by EN106 as
FEMIB recruiter (green).* Eleven different PROTACs were designed, incorporating a variety of spacers (yellow, la—k), and a spacer-less variant (2).

HDACs are compelling targets in oncology, as their over-
expression is associated with poor prognosis in diseases such as
multiple myeloma, adenocarcinoma of the lung, and acute
myeloid leukemia.'®~"® Furthermore, HDAC inhibition disrupts
the cell cycle, reduces DNA-damage response, and impairs
metastasis, angiogenesis, and proliferation.'” Additionally,
HDAC inhibition can enhance apoptosis and cell differentiation,
and increase chemosensitization of tumor cells.””*" Currently,
there are five HDAC inhibitors (HDACi) approved by the U.S.
Food and Drug Administration (FDA) or European Medicines
Agency: vorinostat, romidepsin, belinostat, and panobinostat for
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the treatment of T-cell lymphoma or multiple myeloma as well
as givinostat for treatment of Duchenne muscular dys-
trop}1y.14’22 In addition, the National Medical Products
Administration of China has approved the class I selective
HDACi tucidinostat (formerly known as chidamide) for the
treatment of hormone receptor positive breast cancer and
peripheral T-cell lymphoma.****

Although the human genome encodes for more than 600 E3
ligases,” only a few are predominately used in PROTAC
development. For HDAC degradation, this is further limited to
cereblon (CRBN), Von Hippel-Lindau (VHL), and cellular
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Scheme 1. Solid-Phase Synthesis of FEM1B-Recruiting HDAC PROTACs”
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“Reagents and conditions: a) (i) 20% piperidine, DMF, rt, 2 X S min, (ii) Fmoc-4-aminobenzoic acid, HATU, HOBt-H,O, DIPEA, DMF, rt, 18 h;
b) (i) 20% piperidine, DMF, rt, 2 X S min, (ii) Fmoc-NH-spacer-COOH, HATU, HOBt-H,O, DIPEA, DMF, 1t, 18 h; ¢) (i) 20% piperidine, DMF,
rt, 2 X S min, (ii) FEM1B ligand (10), HATU, HOBt-H,O, DIPEA, DMF, rt, 18 h, (iii) 5% TFA, 5% triisopropylsilane, CH,CL, rt, 1 h.

inhibitor of apoptosis proteins (cIAP).”® To fully harness the
potential of PROTAC:s, the range of utilized E3 ligases needs to
be expanded. As expression levels and activity of certain E3
ligases are tissue- or cell-type dependent, identifying and using
new E3 ligases could enable the development of tissue specific
PROTAC: with reduced side effects. Likewise, targeting tumor-
enriched or tumor-essential E3 ligases presents a promising
opportunity to expand the range of E3 ligases employed, further
enhancing the therapeutic potential of PROTACs in oncology.””
In addition, the most commonly used ligands for CRBN and
VHL have certain limitations: thalidomide and derivatives are
associated with teratogenicity and stability concerns, while VHL
ligands tend to increase molecular weight and total polar surface
area, which can create challenges for oral bioavailability and
application.28 Furthermore, expanding the utilization of
alternative E3 ligases can help to overcome cancer resistance
against degraders. In fact, resistance mechanisms against
PROTAC : arise primarily at the CRL, but rarely at the POI,
as they heavily rely on a multiprotein complex for successful
degradation.”””° Studies have shown that PROTACs can
restore POI degradation in PROTAC-resistant cells by changing
the recruited E3 ligase from CRBN to VHL.”" This highlights
the importance of expanding the repertoire of E3 ligases used in
TPD.

Expanding the range of ligandable E3 ligases for use in
PROTAC : is a recent development in TPD. For example, E3
ligases such as Ring Finger Protein 4 (RNF4),”” Ring Finger
Protein 114 (RNF114),”” DDB1- and CUL4-associated factor
11 (DCAF11),”* DDBI1- and CUL4-associated factor 16
(DCAF16),”* and Fem-1 homologue B (FEMIB)*® were
successfully hijacked for TPD in recent years. All mentioned
E3 ligases were targeted by covalent ligands, typically containing
electrophilic groups (primarily chloroacetic acid residues),
which engage specific cysteine residues of the E3 ligase.
Subsequently, the ternary complex transitions into a pseudobi-
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nary complex in which the covalently bound PROTAC-E3 ligase
complex only needs to recruit the next POI for polyubiquiti-
nation (Figure 1, right).37

The FEM1B ligand EN106 (Figure 2) was discovered by the
Nomura group™® through a competitive fluorescence polar-
ization assay. Subsequent liquid-chromatography-tandem mass
spectrometry experiments confirmed that EN106 forms adducts
exclusively with C186, a residue located in a region that is critical
for FEMI1Bs substrate recognition. This ligand was then
transformed into PROTACs capable of targeting and degrading
bromodomain-containing protein 4 (BRD4) or Abelson murine
leukemia viral oncogene homologue and fusion protein (c-ABL/
BCR-ABL).*® The aim of this study is to functionalize the
FEM1B ligand EN106 for targeted degradation of HDAC:,
thereby expanding the range of E3 ligases employed for HDAC
degradation. To this end, a set of 12 PROTACs was synthesized
using the FDA-approved, unselective HDAC inhibitor vorino-
stat as a template for the POI ligand,14 with the goal of targeting
a broad spectrum of HDACs. The synthesis of the FEMI1B-
recruiting degraders was realized on solid-phase, to benefit from
the typically good yields and the parallel synthesis approach of
solid-phase synthesis. All synthesized compounds were
subsequently examined for their degradation efficacy and
cytotoxicity. A detailed biological investigation of the most
active compounds uncovered notable changes in the HDAC
degradation selectivity profile and led to the identification of the
PROTAC 1g, which demonstrated substantial antiproliferative
properties.

B RESULTS AND DISCUSSION

Design and Synthesis of FEM1B-Recruiting HDAC
PROTACs. To investigate whether FEMIB recruitment can
induce targeted degradation of HDACs, we designed a set of 12
target compounds (Figure 2). Most of these compounds follow
the conventional PROTAC structure, consisting of three
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components: a HDAC ligand, a FEMIB recruiter, and a
connecting spacer. We chose the previously published covalent
E3 ligase ligand of Nomura and coworkers®® (10, Schemes 1 and
S1) to hijack FEM1B and to induce proteasomal degradation of
HDACs. The POI ligand was inspired by the unselective HDAC
inhibitor vorinostat, in order to engage a broad spectrum of
HDAC isoforms. The exit vector of the POI and E3 ligase
ligands have been already established,>*>® but for the PROTAC
spacers, we incorporated a variety of different types to cover a
broad range of length, rigidity, and polarity. For the design of our
PROTACs, we included three short and rigid cyclic spacers
(la—c), three longer and flexible polyethylene glycol (PEG)
spacers (1d—f), and alkyl spacers of varying lengths in
combination with high flexibility (1g—k). In addition, a
spacer-less compound (2) was designed to minimize the
distance between the HDAC and FEM1B ligand (Figure 2).

The desired PROTACs were prepared by solid-phase
synthesis to enable a rapid generation of a degrader library. To
this end, we followed our previously published protocol®**’
starting from a 2-chlorotrityl chloride resin (2-CTC resin,
Scheme 1). In detail, the resin was first modified by the reaction
with N-hydroxyphthalimide. The phthaloyl group was sub-
sequently deprotected by treatment with hydrazine hydrate to
release the immobilized hydroxylamine as a precursor of the
zinc-binding group (not shown). Next, the linker of the HDAC
ligand was added by the attachment of Fmoc-protected 7-
aminoheptanoic acid using HATU and HOBt as reagents for the
amide coupling reaction. This provided the preloaded resin 3*
with a loading of 0.62—0.68 mmol/g, serving as key building
block for the subsequent parallel synthesis. After Fmoc-
deprotection of the resin-bound precursor, Fmoc-protected
para-aminobenzoic acid was added as the HDAC:i cap group by
another amide coupling reaction. This sequence yielded the
resin-bound, Fmoc-protected HDAC ligand 4. To generate the
library of 12 PROTACsS, the FEM1B ligand 10 was synthesized
according to literature known protocols, with slight modification
(Scheme S1).* In the first step, the FEM1B ligand was attached
to the resin bound HDAC ligand 4 by Fmoc deprotection and
amide coupling reaction. After cleavage from the resin by
treatment with 5% TFA and 5% triisopropylsilane in dichloro-
methane, the spacer-less PROTAC 2 was generated in a yield of
39% over S steps and a purity of >95% after purification by
preparative HPLC. The 11 spacer-containing PROTACs were
synthesized in a similar manner, with the additional step of
coupling the respective Fmoc-protected spacer (Sa—k) before
attaching the FEMIB ligand 10. After cleavage and purification
by preparative HPLC, the spacer-containing PROTACs (1a—k)
were obtained with yields ranging from 9% to 45% over 7 steps.

FEM1B-Recruiting PROTACs Show HDAC1 Degrada-
tion and Antiproliferative Activity. All PROTACs were first
tested for their antiproliferative activity against the human
multiple myeloma cell line MM.1S using a cell viability assay
(Figure 3A). The published selective HDAC6 PROTAC A6"!
was included as a control (Figure 3B), which recruits CRBN
with a thalidomide-based ligand. A6 is analogous to 1j, only
differing in the E3 ligase ligand. With the exception of the three
PEG spacer-bearing PROTACs (1d—f) and the y-aminobutyric
acid derivative 1h, all compounds showed single-digit micro-
molar half maximal effective concentration (ECs,) values against
MM.1S. Notably, 1g, 1j and 1k outperformed ricolinostat, a
HDACG6 preferential inhibitor currently in clinical develop-
ment.'” In contrast, A6 did not show antiproliferative effects
against the multiple myeloma cell line.
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Figure 3. Antiproliferative activity of FEMIB-recruiting HDAC
PROTACs in MM.1S cells. (A) MM.1S cells were treated with the
indicated compounds in increasing concentration for 72 h followed by a
CellTiter-Glo cell viability assay. Mean =+ standard deviation of n = 3
biological replicates, each performed in duplicates; n.e.: no effect
(<25% effect up to SO uM). (B) Structure of the CRBN-recruiting
HDAC6 PROTAC A6."!

Building on the promising antiproliferative activity of our
degraders, we performed an initial degradation screen at 1 uM
(Figure 4). HDAC1 and 6 were investigated due to their
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Figure 4. Initial degradation screen of HDACI and 6 by Simple
Western immunoassay analysis of MM.1S cell lysates. MM.1S cells were
treated with the indicated compounds (1 4uM) or vehicle (DMSO) for
24 h. Top: Quantification of HDACI levels, presented as mean +
standard deviation of n = 3 biological replicates; Significance compared
to vehicle: ns = p > 0.05; *** = p < 0.001. Bottom: Representative
images from a total of n = 3 biological replicates, labeled with spacer
type; w/o: without spacer.

contrasting cellular location and their representation of two well-
studied classes I and IIb."* Automated Simple Western
immunoassays revealed that HDACG6 levels remained largely
unaffected by the treatment with the PROTACs. In contrast,
HDACI levels showed significant degradation in the case of
most compounds, particularly those with shorter spacers, except
for 1j. The most prominent effect was observed for 1g, 1a, and 1j
with 62.3, 61.9, and 52.8% degradation of HDAC1 at 1 yM.
These three degraders were selected for further investigations.
Degradation Potency, Target Engagement, and
Selective HDAC1-3 Degradation of 1a, 1g, and 1j. To
further characterize the degradation profile of the three initial
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hits, we determined the maximal degradation (D,,,,) and half-
maximal degradation concentration (DCgp) of 1a, 1g, and 1j for
HDAC1 (Figure S). To this end, MM.1S cells were treated with
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Figure 5. DC;; and D,,,, determination for HDAC1 by Simple Western
immunoassay analysis of MM.1S cell lysates. MM.1S cells treated with
the indicated compounds or vehicle (DMSO) in increasing
concentrations for 24 h. Top: Representative images from a total of n
= 3 biological replicates. Bottom: Quantification of HDACI levels
(DCyp and D,,,,), presented as mean + standard deviation of n = 3
biological replicates.

the indicated compounds in increasing concentrations for 24 h.
The most effective HDAC1 degrader from the initial screen, 1g,
demonstrated an excellent D, of 85.2% and low DCs of 257
nM. 1a exhibited a slightly lower D, in combination with a less
favorable DCs, while 1j displayed a comparable DC, combined
with a lower D,,, compared to 1g. In addition, the degradation
mediated by 1g was not only concentration dependent, but also
time dependent (Figure S1).

Interestingly, all hits induced HDAC1 degradation without
affecting HDACG6 levels, despite being equipped with an
unselective HDAC recruiter. This raises the questions of
whether target binding is altered by the incorporation of the
vorinostat-like ligand into the FEM1B-engaging PROTACs and
which other HDAC isoforms might be degraded. To clarify the
first question, we conducted in vitro HDAC enzyme inhibition
assays, which are summarized in Table 1. The assays revealed
that the lowest half maximal inhibitory concentration (ICj)
values were observed for HDAC6 inhibition with ICs, values
ranging from 0.004 to 0.009 uM, while the ICs, values for
HDACI and 2 inhibition ranged from 0.070 to 0.094 M and
0.143 to 0.196 uM, respectively. All FEMI1B-recruiting
PROTAC S outperformed the control inhibitors vorinostat and

ricolinostat in inhibiting HDACI1, 2, and 6, while for all
compounds under study the inhibition of HDAC4 was weak.
The target engagement was orthogonally validated in a
cellular environment by analyzing MM.1S cell lysates by
immunoblot analysis to assess the hyperacetylation of HDAC
target proteins after PROTAC treatment. The hyperacetylation
of histone H3 indicates HDAC class I inhibition/degradation,
while a-tubulin hyperacetylation was used as an indicator of
reduced HDAC6 activity. The results, depicted in Figure 6,

DMSO 1a 19 1j A6
c [uM] - 1 1 1 1
52 kDa TS e e | Ac-a-tubulin
17 kDa —— — | Ac-histone H3
36 kDa | — — ‘ GAPDH

Figure 6. Cellular target engagement by 1a, 1g, 1j, and A6. Immunoblot
analysis of acetylated a-tubulin and histone H3 in MM.1S cell lysates
after treatment with the indicated compounds (1 yM) or vehicle
(DMSO) for 24 h. Representative images from a total of n = 3 biological
replicates.

confirmed strong target engagement of the compounds in the
cellular environment. In good agreement with the enzymatic
data, the three FEMI1B-recruiting PROTACs showed higher
activity against class I HDACs, and 1j additionally against
HDACS, than the CRBN recruiting PROTAC A6.

Since all selected PROTACs demonstrated engagement of
multiple HDAC isoforms, the degradation profile was
investigated in more detail. Immunoblot analysis was conducted
to examine degradation of all HDAC isoforms from class I
(HDAC], 2, 3 and 8) and representative isoforms for class IIa
(HDAC#4) and IIb (HDACS6). Remarkably, the FEM1B-based
PROTACs induced strong and selective degradation of
HDAC1-3 while all other investigated isoforms remained
unaffected (Figure 7). This degradation pattern stands in
pronounced contrast to our previously published CRBN-based
PROTAC A6, which selectively degraded HDACG6. These
findings confirm that FEM1B recruitment is not only suitable for
HDAC degradation, but also offers selectivity for HDAC1-3.
For instance, comparing A6 and 1j—both of which share the
same HDAC ligand and spacer but differ in the E3 ligase
warhead—revealed a switch in selectivity from HDAC6
degradation to HDACI1—3 degradation. This highlights the
potential for fine-tuning PROTAC selectivity by altering the
recruited E3 ligase.

Degradation Confirmation, Rescue Experiments, and
Cross-Cell Line HDAC Degradation. To confirm that

Table 1. HDAC Isoform Inhibition by FEM1B-Recruiting PROTACs

ICsp [uM]*

Compound Spacer structure E3 ligase HDAC1 HDAC2 HDAC4 HDAC6

la cyclic FEM1B 0.094 + 0.006 0.196 + 0.011 8.60 +0.33 0.006 + 0.001
1g Cl1 FEM1B 0.074 + 0.003 0.156 + 0.004 13.3 + 1.0 0.009 + 0.001
1j c7 FEM1B 0.070 £ 0.00S 0.143 + 0.002 3.62 + 0.43 0.004 + 0.001
A6 Cc7 CRBN 0.125 + 0.009 0.274 + 0.036 5.26 + 0.50 0.009 + 0.004
Vorinostat 0.094 £ 0.010 0.215 + 0.028 n.e. 0.046 + 0.005
Ricolinostat 0.160 + 0.00S 0.361 + 0.036 722 £0.39 0.018 + 0.002

“Mean =+ standard deviation of at least two independent experiments, each performed in duplicates. n.e.: no effect (<30% inhibition up to 10 uM).
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Figure 7. HDAC isoform degradation selectivity of the selected PROTACs. MM.1S cells were treated with the indicated compounds (1 M) or vehicle
(DMSO) for 24 h. HDAC1—4, HDAC6, and HDACS levels were analyzed by immunoblotting. (A) Representative images from a total of n = 3
biological replicates. (B) Quantification of HDAC1, 2, and 3 levels, presented as mean = standard deviation of n = 3 biological replicates; significance

compared to vehicle: ns = p > 0.05; *** = p < 0.001.

Scheme 2. Synthesis of the Nondegrading Control 1g-nc”
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“Reagents and conditions: a) Triethylamine, propionyl chloride, CH,Cl,, 0 °C to rt, 4 h; b) (i) 11, TFA/CH,CL, (1/3 v/v), rt, 2 h; (ii) Sg, 20%
piperidine, DMF, rt, 2 X S min; (iii) $g-NH,, 11-COOH, HATU, HOBt-H,0, DIPEA, DMF, rt, 18 h; (iv) 5% TFA, 5% triisopropylsilane, CH,Cl,,

rt, 1 h.

degradation is FEMIB dependent, we synthesized a non-
degrading control of 1g, which was the most active PROTAC.
The nondegrading control 1g-nc was designed to lack the
electrophilic warhead and instead bears a propionyl moiety,
which is known to abolish binding to FEM1B.*® This was
realized by treating 8 with propionyl chloride to yield the
corresponding tertiary amide, deprotection of the tert-butyl
ester, and the subsequent amide coupling with the solid-phase
bound precursor Sg (Scheme 2). After cleavage from the resin,
the nondegrading control 1g-nc was generated in a purity of
>95% after purification by preparative HPLC.

In addition, we performed rescue experiments by pretreat-
ment with an excess of vorinostat and studied whether the
degradation is neddylation-dependent. Treating MM.1S cells
with the nondegrading control led to no degradation, thereby
confirming the requirement of FEM1B binding for degradation
(Figure 8). A similar result was gained by cotreatment of 1g and
vorinostat. The latter displaces the PROTAC from the binding
pocket of HDACI, disrupting ternary complex formation, and
prohibits degradation of HDACI. Suppressing the activity of E3
ligases by the neddylation inhibitor MLN4924 also rescued
HDACI from degradation by 1g. All taken together, these data
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Figure 8. Compound 1g induces degradation via binding to FEM1B
and HDACI1 in neddylation-dependent manner. HDAC1 levels were
determined by Simple Western immunoassay analysis of MM.1S cell
lysates. MM.1S cells were incubated with 1g (1 uM), 1g-nc (1 uM),
MLN4924 (MLN, 10 M), vorinostat (SAHA, 10 uM) or the indicated
cotreatment for 6 h. For cotreatments, the incubation with MLN4924
and vorinostat started 30 min before the addition of 1g. Representative
image from a total of n = 3 biological replicates.

demonstrate that the observed HDAC degradation occurs via
ternary complex formation and the UPS.

The multiple myeloma cell line MM.1S is a widely used cancer
model for evaluating degraders,'”**~** but we wanted to explore
whether the FEMIB-recruiting degraders could also reduce
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HDACI levels in other cancer entities. To this end, we analyzed
HDACI degradation by our best degrader 1g in three additional
cell lines: the acute monocytic leukemia cell line MV4—11, the
mamma carcinoma cell line MDA-MB-231, and the glioblasto-
ma cell line U-87MG. The results are summarized in Figure 9.
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Figure 9. Cell line dependent degradation of HDAC1 by FEMIB-
recruiting PROTAC:s. Simple Western immunoassay analysis of MV4—
11 (A), MDA-MB-231 (B), or U-87MG (C) cell lysates. The cells were
incubated with the indicated compound (10 #M) or vehicle (DMSO)
for 24 h. Top: Quantification of HDACI levels, presented as mean +
standard deviation and representative images of n = 2 biological
replicates; Significance compared to vehicle: ns = p > 0.0S and *** =p
<0.001; bottom: representative images from a total of n = 2 biological
replicates.

PROTAC 1ginduced significant HDAC1 degradation in MV4—
11 cells as well as in the two solid tumor cell lines MDA-MB-231
and U-87MG. The most pronounced HDAC1 degradation was
observed in MV4—11 (87%), followed by the degradation in U-
87MG cells (75%), while the HDAC1 degradation in MDA-
MB-231 was the weakest (53%). In contrast, the nondegrading
control 1g-nc did not affect HDACI levels in any cell line,
indicating that the observed effects for 1g were caused by ternary
complex formation and FEM1B recruitment.
Antiproliferative Activity of 1a, 1g, and 1j Originates
from Cell Cycle Arrest and Induction of Apoptosis. To
determine whether the degradation resulted in antiproliferative
activity, viability assays were conducted (Table 2). The two
hematological cancer cell lines MM.1S and MV4—11 exhibited
similar results: The antiproliferative activity increased from 1a to
1j, whereas the nondegrading control showed no or only
minimal toxicity. The antiproliferative effects against MV4—11
cells was for all compounds more pronounced than against
MM.1S. In contrast, the results in the solid tumor cell lines were
notably weaker, particularly in U-87MG cells, and the potency

ranking of the PROTACs changed. Importantly, the non-
degrading control 1g-nc again showed no effects, reinforcing the
assumption that the observed antiproliferative effects were
related to ternary complex formation and subsequent HDAC
degradation. When compared to the included controls, all
FEM1B-recruiting PROTACs were significantly more effective
than the CRBN-based A6. Notably, 1j even outperformed the
clinical candidate ricolinostat in the hematological cell lines
MM.1S and MV4-11, demonstrating its superior activity in
these models.

For a more detailed picture of the cellular effects of the
FEM1B-recruiting PROTACs, we studied the impact of 1a, 1g,
and 1j on the different stages of the cell cycle (Figure 10A,B).
The different phases of the cell cycle were analyzed after staining
with propidium iodide (PI) to quantify DNA content. The three
FEM1B-recruiting PROTACs showed a significant reduction in
S phase in combination with an increase in sub G1 phase,
indicating cell cycle arrest and induction of apoptosis. In
comparison, both the nondegrading control 1g-nc as well as the
CRBN recruiting PROTAC A6 produced no significant
changes. These results were confirmed by the measurement of
apoptosis induction by annexin V/PI staining (Figure 10C,D).
The FEMI1B-recruiting PROTACs 1a, 1g, and 1j induced a
significant increase in early and late apoptotic cells, while the
nondegrading control 1g-nc and CBRN recruiting A6 caused no
significant changes.

Clonogenic Growth Assay. The results of short-term cell
viability assays were complemented by a clonogenic growth
assay, which was used to assess the long-term effects on
replicative potential of MDA-MB-231 cells. The clonogenic
growth was determined by counting the number of colonies after
48 h of treatment with the respective compounds or vehicle,
followed by 9 days of growth. All three PROTAC:s (1a, 1g, 1j)
showed reduced clonogenic growth, similar to the effects
observed with the HDAC:i vorinostat and ricolinostat (Figure
11). In contrast, the CRBN-recruiting degrader A6 showed no
reduction in clonogenic growth. While FEMIB-recruiting
PROTACS initially appeared less effective than HDAC
inhibitors in short-term metabolic activity assays (Table 2),
their long-term efficacy was demonstrated through a significant
reduction in clonogenic growth. In good agreement with the
previous assays, the nondegrading control 1g-nc exhibited no
significant antiproliferative effects in the clonogenic growth
assay.

Quantitative Proteomics and Collateral Degradation.
To analyze the selectivity profile of the best degrader 1g in more
detail, a global quantitative proteomics screen was conducted in
MM.1S cells after 6 h treatment with 1g (0.5 M). The analysis

Table 2. Antiproliferative Activity of FEM1B-Recruiting HDAC PROTACs Against Different Hematological and Solid Cancer

Cell Lines

Compound ECs, [uM]“

MM.1S MV4-11 MDA-MB-231 U-87MG
la 4.73 £ 0.73 1.14 £ 0.37 8.68 +2.17 66.0 +9.2
1g 233 +0.29 0.958 + 0.140 26.5 +3.1 374+ 11.5
1j 2.28 +0.37 0.358 + 0.068 233 +33 497 +£72
1g-nc n.e. 14.1 £ 3.2 n.e. n.e.
A6 n.e. 175 + 1.4 n.e. n.e.
Ricolinostat 3.15 +£0.59 0.713 + 0.116 6.09 +2.99 7.59 + 1.14
Vorinostat 0.501 + 0.135 0.166 + 0.029 2.39 +0.22 3.59 £0.76

“Mean + standard deviation of at least three independent experiments. n.e.: no effect (<25% effect up to SO uM).
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Figure 10. Cell cycle and apoptosis induction analysis by flow cytometry. MM.1S cells were treated with the respective compound (10 #M) or vehicle
(DMSO) for 48 h. (A) Representative data of cell cycle analysis of MM.1S cells after PI staining. (B) Quantification of cell cycle analysis, presented as
mean =+ standard deviation of n = 3 biological replicates, each performed in duplicates. (C) Representative data of apoptosis induction analysis of
MM.1S cells after annexin V-FITC/PI staining. (D) Quantification of apoptosis induction analysis, presented as mean = standard deviation of n = 3
biological replicates, each performed in triplicates. Significance of apoptosis analysis is regarding the combined quantities of early and late apoptosis. In
the case of (B) and (D), significance of quantification is compared to vehicle: ns = p > 0.05; * = p < 0.05; ** = p < 0.01 and *** = p < 0.001.
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Figure 11. Clonogenic growth assay of FEM1B-recruiting PROTACs. MDA-MB-231 cells were treated with the respective compound (10 zM) or
vehicle (DMSO) for 48 h. (A) Representative images of two biological replicates after 9 days of growth and crystal violet staining. (B) Quantification of
counted colonies, presented as mean =+ standard deviation of pooled data of two biological replicates, each performed in triplicates. Significance of
quantification compared to vehicle: ns = p > 0.05; * = p < 0.05; ** = p < 0.01 and *** = p < 0.001.

was performed using diaPASEF-based mass spectrometry and
more than 5700 proteins could be identified.*’ As presented in
Figure 12, the results indicated moderate but significant
HDACI1 and 2 degradation by 1g. Interestingly, KDMI1A
(LSD1), RCORI, RCOR3, SIN3A, NCORI, and MIERI
showed an even more pronounced degradation. All mentioned
proteins represent family members of multisubunit complexes
(CoREST, SMRT/NCoR, SIN3, and MIER) which contain
HDAC1/2 or 3.*** The phenomenon of degraded proteins
within multisubunit complexes that contain the POI can be
explained by E3 ligase recruitment and ternary complex
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formation. This process not only leads to the polyubiquitination
of the POI but also of other members within the entire complex.
This so-called collateral degradation (or bystander effect) has
been previously observed for other degraders and can occur to
neighboring members within multiprotein complexes contain-
ing the POL>"*!

B CONCLUSION

In this study, we have designed and synthesized the first-in-class
FEMI1B-recruiting HDAC degrading PROTAC:s. The prepared
compounds feature varying spacers, which led to differences in

https://doi.org/10.1021/acs.jmedchem.4c02569
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Figure 12. diaPASEF quantitative proteomics for the FEMIB-
recruiting degrader 1g. MM.1S cells were treated with 1g (0.5 yM)
for 6 h. Scatter plot of log2 fold change in 1g treated cells compared to
vehicle (DMSO) versus -log10 of the p-value. Proteins with <0.8-fold
change and >0.001 p-value compared to vehicle treatment are
considered to be significant (red). Presented as mean of n = 2
independent experiment.

both antiproliferative activity and degradation efficacy of
HDACI in multiple myeloma cell line MM.1S. The best
degrader 1g (hereafter dubbed FF2049), containing a short
glycine spacer, caused time- and concentration-dependent
degradation of HDACI1 with a DCy, value of 257 nM and a
D, of 85%. Furthermore, the examined PROTACs showed
fascinating selectivity profiles: they effectively degraded the class
I members HDAC]I, 2 and 3, while showing no degradation of
HDACS, the remaining member of class I. Although vorinostat
is known to be an unselective HDACi,46 and the HDAC ligand
used in these PROTAC: is based on vorinostat, no degradation
of the class Ila and IIb representatives HDAC4 and 6 was
observed. The HDAC1—3 selectivity appears to be driven
entirely by the recruitment of FEM1B. The selectivity switch
induced by the FEM1B recruiter becomes even more apparent
when compared to our previously published PROTAC A6. Like
the FEM1B-recruiting PROTACs la—k and 2, A6 uses the same
vorinostat-like POI ligand, but instead of recruiting FEM1B, A6
contains a thalidomide derivate to recruit CRBN, resulting in
selective degradation of HDACG.

As degradation can be very cell line specific, we confirmed that
HDACI1 degradation is not restricted to MM.1S cells but also
occurs in MV4—11, MDA-MB-231 and U-87MG cells. These
results suggest that FEM1B-based TPD could be extended to
other cancer entities. Furthermore, we demonstrated that
HDAC degradation translates into antiproliferative activity,
even in the triple negative breast cancer cell line MDA-MB-
231." This short-term antiproliferative activity was further
validated by analysis of the log-term efficacy, as seen in
clonogenic growth assays with MDA-MB-231 cells. Addition-
ally, the cytotoxicity in MM.1S was shown to result from cell
cycle arrest and the induction of apoptosis. Finally, through a
global proteomics screen, we were able to show that treatment of
MM.1S cells with FF2049 resulted in collateral degradation of
neighboring proteins within HDAC1-3-containing multi-
protein complexes. These results highlight the broader impact
of the FEM1B-recruiting HDAC PROTAC:S on cellular protein
networks.

Taken together, by employing FEM1B for HDAC degrada-
tion via FF2049 and comparing it to our previously published
HDACG6-selective PROTAC A6, we were able to highlight the
impact of the chosen E3 ligase on the selectivity profile. This
illustrates how switching E3 ligases can drastically alter the
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degradation pattern of PROTACsS, even when utilizing the same
HDAC ligand.

B EXPERIMENTAL SECTION

Chemistry. General Remarks. Chemicals were purchased
from ABCR, Acros Organics, BLDpharm, Carl Roth, Fisher
Scientific, Fluorochem, Sigma-Aldrich, Tokyo Chemical In-
dustry, and VWR Chemicals. Fmoc protection was performed
according to our previously published protocol.”” 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). Thin layer chromatography
was carried out with precoated silica gel (60 F,g,) aluminum
sheets from Merck. Detection was performed with UV light at
254 and 360 nm. Acros Organics silica gel 60 (70—230 mesh)
was taken for preparative column chromatography. Uncorrected
melting points were measured on a Gallenkamp Melting Point
Device (MPD350.BM3.5).

High Performance Liquid Chromatography (HPLC). A
Thermo Fisher Scientific UltiMateTM 3000 UHPLC system
with a Nucleodur 100-S 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 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 measure-
ment at a wavelength of A =220 nm and 4 = 250 nm. Bidest. H,0
(A) and MeCN (B) were used as eluents with an addition of
0.1% TFA for eluent A. 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. The following gradients were applied: A (95% A and 5% B
for S min, to 5% A and 95% B in 5 min, 5% A and 95% B for 12
min), B (95% A and 5% B for S min, to 5% A and 95% B in 10
min, 5% A and 95% B for 12 min).

Mass Spectrometry. Low resolution electrospray ionization
mass spectra (LRMS) were acquired with an Advion expression
compact mass spectrometer coupled with an automated Advion
TLC plate reader Plate Express (Advion, Ithaca, NY, USA). ESI-
MS (LCMS) analyses were carried out on an API 2000 mass
spectrometer coupled with an Agilent HPLC HP 1100 using an
ECS50/2 Nucleodur C18 Gravity 3 ym column or on an Agilent
Infinity Lab LC/MSD-system coupled with an Agilent HPLC
1260 Infinity II using an EC50/2 Nucleodur C18 Gravity 3 ym
column. The purity of synthesized compounds was determined
by HPLC-DAD. HR-ESI-MS spectra were recorded on a Bruker
micrOTOF-Q mass spectrometer coupled with a HPLC Dionex
UltiMate 3000 or a LTQ Orbitrap XL.

Nuclear Magnet Resonance (NMR) Spectroscopy. NMR
spectra were recorded on a Bruker Avance ITI 600 (600 MHz 'H
NMR, 151 MHz *C NMR). Chemical shifts are given in parts
per million (ppm) referring to the signal center using the solvent
peaks for reference, DMSO-dy (2.49/39.7) or CDCl; (7.26/
77.16). The multiplicity of each signal is reported as singlet (s),
doublet (d), triplet (t), multiplet (m) or combinations thereof.
Multiplicities and coupling constants are reported as measured
and might disagree with the expected values.

General Procedure A (Amide Coupling on Resin). This
procedure was performed as previously published.”®*” This
reaction was performed in a scale of 0.21—3.72 mmol. The
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preloaded resin 3 (loading: 0.618—0.681 mmol/g, prepared
according to our previously published protocol®**” was swelled
in DMF for 1 h. After deprotection of the Fmoc group by
treatment with the deprotection solution (20% piperidine in
DMF) two times for S min, the resin was washed with DMF (4 X
SmL), MeOH (4 X S mL) and DMF (4 X S mL). In parallel, the
respective Fmoc protected acid (2.00 equiv), HATU (2.00
equiv), HOBt-H,O (2.00 equiv), and DIPEA (3.00 eq—4.00 eq)
were dissolved in DMF and stirred for § min. This solution was
added to the resin and the amide coupling was performed for 18
h. Subsequently, the resin was washed with DMF (S X S mL)
and CH,Cl, (10 X S mL) and the completion of the reaction was
confirmed via TNBS test, conducted according to manufac-
turer’s protocol, and by HPLC analysis after test cleavage. The
modified resin was dried in vacuo.

General Procedure B (Cleavage from Resin). This procedure
was performed as previously published.*®* For confirmation of
completion of the reaction, dried resin (2—3 mg) was shaken
with the cleavage solution (CH,CI,/TFA, 95/5 v/v; 100 uL/
mg) for 1 h at room temperature. After filtration, the solution
was adjusted to 1 mL with MeCN and analyzed by HPLC.

The large scale cleavage for purification of the final
compounds, was carried out in the same way using CH,Cl,/
TFA/TIPS, 90/5/5 (v/v/v), but after 1 h of incubation the
cleavage solution was removed under reduced pressure and the
crude product was dissolved in DMSO/acetone (15/85 v/v) for
purification by preparative HPLC.

1-(2-{7-[2-Chloro-N-(2-cyanoethyl)acetamido]-2,3-dihy-
dro-4H-benzo[b][1,4]oxazin-4-yl}acetyl)-N-(4-{[7-(hydroxya-
mino)-7-oxoheptyllcarbamoyliphenyl)piperidine-4-carbox-
amide-TFA (1a). Fmoc-protected 4-aminobenzoic acid (1.38 g,
3.72 mmol, 2.00 equiv) was coupled to 3 (2.73 g, 1.86 mmol,
1.00 equiv) according to general procedure A using HATU
(1.41 g, 3.72 mmol, 2.00 equiv), HOBt-H,O (0.57 g, 3.72 mmol,
2.00 equiv), and DIPEA (971 uL, 5.58 mmol, 3.00 equiv)
dissolved in DMF (4.67 mL). The second coupling cycle was
performed according to general procedure A using the resin
bound precursor 4 (300 mg, 0.17 mmol, 1.00 equiv), Fmoc-
protected isonipecotic acid (120 mg, 0.34 mmol, 2.00 equiv),
HATU (130 mg, 0.34 mmol, 2.00 equiv), HOBt-H,O (52 mg,
0.34 mmol, 2.00 equiv), and DIPEA (89 4L, 0.51 mmol, 3.00
equiv) dissolved in DMF (0.4 mL). The final coupling step was
also performed according to general procedure A using the
resin bound precursor Sa (160 mg, 0.08 mmol, 1.00 equiv) and
the TFA salt of 10 (76 mg, 0.17 mmol, 2.00 equiv), HATU (64
mg, 0.17 mmol, 2.00 equiv), HOBt-H,0O (26 mg, 0.17 mmol,
2.00 equiv), and DIPEA (59 uL, 0.34 mmol, 4.00 equiv)
dissolved in DMF (0.4 mL). Cleavage was performed according
to general procedure B and purification by preparative HPLC
afforded the TFA salt of 1a as an amorphous pale violet powder
(22 mg, 27 pumol). Yield 32% (over 7 steps from 3); '"H NMR
(600 MHz, DMSO-d,) & = 10.31 (s, 1H), 10.13 (s, 1H), 8.28 (t,
J = 5.6 Hz, 1H), 7.79 (d, ] = 8.4 Hz, 2H), 7.66 (d, ] = 8.4 Hz,
2H), 6.79—6.69 (m, 2H), 6.56 (d, ] = 8.4 Hz, 1H), 4.40—4.18
(m, SH), 4.01 (s, 2H), 3.94 (d, ] = 13.3 Hz, 1H), 3.80 (t, ] = 6.7
Hz, 2H), 3.45—3.37 (m, 2H), 3.26—3.18 (m, 2H), 3.11 (t, ] =
12.7 Hz, 1H), 2.71-2.59 (m, 4H), 1.94 (t, ] = 7.4 Hz, 2H), 1.85
(t, ] = 15.0 Hz, 2H), 1.75—1.65 (m, 1H), 1.54—1.44 (m, SH),
1.33—1.22 (m, 4H), C—NH—OH signal could not be detected
due to solvent exchange; *C NMR (151 MHz, DMSO-d;) & =
1732, 169.1, 166.4, 166.0, 165.5, 158.1 (q, JJ = 35.4 Hz, TFA),
143.4, 141.6, 136.0, 129.1, 128.5, 127.9, 120.7, 118.8, 118.2,
115.0, 111.7, 64.2, 50.8, 46.8, 45.0, 43.6, 42.6, 42.3, 40.8, 40.1,
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32.2,29.1, 28.6, 28.3, 28.1, 26.2, 25.1, 15.7. HRMS (ESI) m/z
[M + H]* caled for C4iH,,CIN,O, 710.3064, found 710.3036;
HPLC (gradient B), tp = 13.23 min, 99.1% purity.
4-[4-(2-{7-[2-Chloro-N-(2-cyanoethyl)acetamido]-2,3-di-
hydro-4H-benzo[b][1,4]oxazin-4-yl}acetamido)cyclohexane-
1-carboxamido]-N-[7-(hydroxyamino)-7-oxoheptyl]-
benzamide-TFA (1b). Fmoc-protected 4-aminobenzoic acid
(0.96 g, 2.60 mmol, 2.00 equiv) was coupled to 3 (2.11 g, 1.30
mmol, 1.00 equiv) according to general procedure A using
HATU (0.99 g, 2.60 mmol, 2.00 equiv), HOBt-H,O (0.40 g,
2.60 mmol, 2.00 equiv), and DIPEA (680 xL, 3.90 mmol, 3.00
equiv) dissolved in DMF (3.3 mL). The second coupling cycle
was performed according to general procedure A using the
resin bound precursor 4 (305 mg, 0.20 mmol, 1.00 equiv),
Fmoc-protected 4-aminocyclohexane-1-carboxylic acid (142
mg, 0.39 mmol, 2.00 equiv), HATU (148 mg, 0.39 mmol,
2.00 equiv), HOBt-H,O (60 mg, 0.39 mmol, 2.00 equiv), and
DIPEA (102 uL, 0.58 mmol, 3.00 equiv) dissolved in DMF (0.6
mL). The final coupling step was also performed according to
general procedure A using the resin bound precursor Sb (151
mg, 0.09 mmol, 1.00 equiv) and the TFA salt of 10 (80 mg, 0.18
mmol, 2.00 equiv), HATU (67 mg, 0.18 mmol, 2.00 equiv),
HOBt-H,0 (27 mg, 0.18 mmol, 2.00 equiv), and DIPEA (63 uL,
0.35 mmol, 4.00 equiv) dissolved in DMF (0.3 mL). Cleavage
was performed according to general procedure B and
purification by preparative HPLC afforded the TFA salt of 1b
as an amorphous pale yellow powder (7 mg, 8 ymol). Yield 9%
(over 7 steps from 3); '"H NMR (600 MHz, DMSO-d;) § =
10.30 (s, 1H), 10.00 (s, 1H), 8.27 (t, ] = 5.7 Hz, 1H), 7.97*/7.92
(d/d, ] = 7.3, 8.0 Hz, 1H), 7.79—7.76 (m, 2H), 7.68—7.63 (m,
2H), 6.78—6.73 (m, 2H), 6.61—6.54 (m, 1H), 4.25—4.20 (m,
2H), 4.00 (d, J = 5.2 Hz, 2H), 3.96 (s, 1H), 3.88 (s, 2H), 3.82—
3.76 (m, 2H), 3.49—-3.46 (m, 2H), 3.25—3.19 (m, 2H), 2.71—
2.64 (m, 2H), 1.94 (t, J = 7.4 Hz, 2H), 1.90-1.76 (m, 4H),
1.74—1.68 (m, 1H), 1.65—1.60 (m, 1H), 1.56—1.44 (m, 6H),
1.32—1.23 (m, SH), C—NH—OH signal could not be detected
due to solvent exchange; due to two conformers of the
cyclohexane spacer signals can occur as two distinct sets of
signals. (*) correspond to peaks assigned to the minor
conformational isomer; '*C NMR (151 MHz, DMSO-d;) § =
174.2, 174.1, 169.1, 168.3, 167.9, 166.0, 165.5, 158.2 (q, =
34.3 Hz, TFA), 143.6, 143.6, 141.8, 141.7, 135.8, 135.7, 129.0,
128.9, 128.9, 128.8, 127.9, 120.7, 118.8, 118.7, 118.1, 115.2,
115.1, 111.8, 111.6, 64.2, 64.2, 53.5, 53.0, 47.5, 47.5, 47.2, 45.0,
45.0,44.0,42.3,42.3,40.1,32.2, 31.5,29.1, 28.8, 28.3, 28.0, 26.2,
25.1, 24.4, 15.7, 15.7. HRMS (ESI) m/z [M + H]* caled for
C;36H,6CIN, 0, 724.3220, found 724.3208; HPLC (gradient B),
tr = 13.27 min, 98.7% purity.
4-{(1r,4r)-4-[(2-{7-[2-Chloro-N-(2-cyanoethyl)acetamido]-
2,3-dihydro-4H-benzo[b][1,4]oxazin-4-yl}acetamido)-
methylicyclohexane-1-carboxamido}-N-[7-(hydroxyamino)-
7-oxoheptyllbenzamide-TFA (1c). Fmoc protected 4-amino-
benzoic acid (1.38 g, 3.72 mmol, 2.00 equiv) was coupled to 3
(2.73 g, 1.86 mmol, 1.00 equiv) according to general procedure
A using HATU (1.41 g, 3.72 mmol, 2.00 equiv), HOBt-H,O
(0.57 g 3.72 mmol, 2.00 equiv), and DIPEA (971 uL, 5.58
mmol, 3.00 equiv) dissolved in DMF (4.67 mL). The second
coupling cycle was performed according to general procedure A
using the resin bound precursor 4 (303 mg, 0.19 mmol, 1.00
equiv), trans-4-(Fmoc-aminomethyl)cyclohexanecarboxylic
acid (147 mg, 0.39 mmol, 2.00 equiv), HATU (147 mg, 0.39
mmol, 2.00 equiv), HOBt-H,O (59 mg, 0.39 mmol, 2.00 equiv),
and DIPEA (101 uL, 0.58 mmol, 3.00 equiv) dissolved in DMF
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(0.5 mL). The final coupling step was also performed according
to general procedure A using the resin bound precursor Sc (152
mg, 0.09 mmol, 1.00 equiv) and the TFA salt of 10 (80 mg, 0.18
mmol, 2.00 equiv), HATU (67 mg, 0.18 mmol, 2.00 equiv),
HOBt-H,0 (27 mg, 0.18 mmol, 2.00 equiv), and DIPEA (63 uL,
0.35 mmol, 4.00 equiv) dissolved in DMF (0.3 mL). Cleavage
was performed according to general procedure B and
purification by preparative HPLC afforded the TFA salt of 1c
as an amorphous pale yellow powder (19 mg, 23 umol). Yield
26% (over 7 steps from 3); "H NMR (600 MHz, DMSO-dg) & =
10.31 (s, 1H), 9.98 (s, 1H), 8.26 (t, ] = 5.6 Hz, 1H), 8.00 (t, ] =
5.9 Hz, 1H),7.77 (d, ] = 8.5 Hz, 2H), 7.64 (d, ] = 8.8 Hz, 2H),
6.79—6.75 (m, 2H), 6.54 (d, J = 8.2 Hz, 1H), 425 (t, ] = 4.4 Hz,
2H), 3.99 (s,2H), 3.90 (s,2H), 3.79 (t, J = 6.6 Hz,2H), 3.47 (t,]
= 4.4 Hz, 2H), 3.24—3.18 (m, 2H), 2.96 (t, ] = 6.3 Hz, 2H), 2.67
(t,] = 6.6 Hz, 2H), 2.27 (tt, ] = 12.1, 3.6 Hz, 1H), 1.94 (t, ] = 7.4
Hz, 2H), 1.88—1.81 (m, 2H), 1.78—1.73 (m, 2H), 1.52—1.46
(m, 4H), 1.43—1.34 (m, 3H), 1.32—1.21 (m, 4H), 0.96—0.87
(m, 2H), C—NH—OH signal could not be detected due to
solvent exchange; *C NMR (151 MHz, DMSO-d;) § = 174.5,
169.1, 168.8, 166.0, 165.5, 158.2 (q, 2] = 36.7 Hz, TFA), 143.7,
141.8, 135.7, 129.1, 128.9, 127.8, 120.7, 118.7, 118.1, 115.4 (q,
1] =291.0 Hz), 115.2, 111.7, 64.2, 53.6, 47.5, 45.0, 44.9, 44.6,
422, 40.1, 37.0, 32.2, 29.5, 29.1, 28.6, 28.3, 262, 25.1, 15.7.
HRMS (ESI) m/z [M + H]" caled for C5,H,5CIN,O, 738.3377,
found 738.3374; HPLC (gradient B), t; = 13.37 min, 97.3%
purity.
4-(3-{2-[2-(2-{7-[2-Chloro-N-(2-cyanoethyl)acetamido]-
2,3-dihydro-4H-benzo[b][1,4]oxazin-4-yl}acetamido)-
ethoxyJethoxy}propanamido)-N-[7-(hydroxyamino)-7-
oxoheptyllbenzamide-TFA (1d). Fmoc-protected 4-amino-
benzoic acid (0.96 g, 2.60 mmol, 2.00 equiv) was coupled to 3
(2.11 g, 1.30 mmol, 1.00 equiv) according to general procedure
A using HATU (0.99 g, 2.60 mmol, 2.00 equiv), HOBt-H,O
(0.40 g, 2.60 mmol, 2.00 equiv), and DIPEA (680 uL, 3.90
mmol, 3.00 equiv) dissolved in DMF (3.3 mL). The second
coupling cycle was performed according to general procedure A
using the resin bound precursor 4 (300 mg, 0.17 mmol, 1.00
equiv), Fmoc-NH-PEG2-acid (136 mg, 0.34 mmol, 2.00 equiv),
HATU (130 mg, 0.34 mmol, 2.00 equiv), HOBt-H,O (52 mg,
0.34 mmol, 2.00 equiv), and DIPEA (89 uL, 0.51 mmol, 3.00
equiv) dissolved in DMF (0.4 mL). The final coupling step was
also performed according to general procedure A using the
resin bound precursor 5d (166 mg, 0.08 mmol, 1.00 equiv) and
the TFA salt of 10 (75 mg, 0.17 mmol, 2.00 equiv), HATU (63
mg, 0.17 mmol, 2.00 equiv), HOBt-H,0O (25 mg, 0.17 mmol,
2.00 equiv), and DIPEA (57 uL, 0.33 mmol, 4.00 equiv)
dissolved in DMF (0.3 mL). Cleavage was performed according
to general procedure B and purification by preparative HPLC
afforded the TFA salt of 1d as an amorphous pale violet powder
(27 mg, 31 pmol). Yield 38% (over 7 steps from 3); '"H NMR
(600 MHz, DMSO-d,) & = 10.31 (s, 1H), 10.12 (s, 1H), 8.28 (t,
J=5.6Hz, 1H),8.03 (t,J = 5.8 Hz, 1H), 7.78 (d, ] = 8.8 Hz, 2H),
7.64 (d,] = 8.8 Hz, 2H), 6.79—6.72 (m, 2H), 6.52 (d, ] = 8.4 Hz,
1H), 4.25—4.20 (m, 2H), 3.99 (s, 2H), 3.88 (s, 2H), 3.79 (t, ] =
6.6 Hz, 2H), 3.70 (t, J = 6.2 Hz, 2H), 3.54—3.46 (m, 4H), 3.44
(t,] = 4.5 Hz, 2H), 3.40 (t, ] = 5.9 Hz, 2H), 3.25—3.18 (m, 4H),
2.67 (t, ] = 6.6 Hz, 2H), 2.57 (t, ] = 6.3 Hz, 2H), 1.94 (t, ] = 7.4
Hz, 2H), 1.53—1.45 (m, 4H), 1.33—1.21 (m, 4H), C-NH—OH
signal could not be detected due to solvent exchange; '*C NMR
(151 MHz, DMSO-di) § = 169.5, 169.1, 169.0, 166.0, 168.5,
158.1 (q, 2J = 36.1 Hz, TFA), 143.7, 141.5, 135.7, 129.1, 127.9,
122.9, 120.8, 118.8, 118.1, 115.2, 111.8, 69.6, 69.5, 68.9, 66.5,
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64.2,53.6,47.5,45.0,42.3,40.1,38.4,37.2, 32.2,29.1,28.3,26.2,
25.1,15.7.HRMS (ESI) m/z [M + H]* calcd for C34H,sCIN,O,
758.3275, found 758.3279; HPLC (gradient B), ty = 12.90 min,
97.3% purity.
4-(1-{7-[2-Chloro-N-(2-cyanoethyl)acetamido]-2,3-dihy-
dro-4H-benzo[b][1,4]oxazin-4-yl}-2-ox0-6,9, 12-trioxa-3-aza-
pentadecan-15-amido)-N-[7-(hydroxyamino)-7-oxoheptyl]-
benzamide-TFA (1e). Fmoc-protected 4-aminobenzoic acid
(0.96 g, 2.60 mmol, 2.00 equiv) was coupled to 3 (2.11 g, 1.30
mmol, 1.00 equiv) according to general procedure A using
HATU (0.99 g, 2.60 mmol, 2.00 equiv), HOBt-H,O (0.40 g,
2.60 mmol, 2.00 equiv), and DIPEA (680 uL, 3.90 mmol, 3.00
equiv) dissolved in DMF (3.3 mL). The second coupling cycle
was performed according to general procedure A using the
resin bound precursor 4 (300 mg, 0.17 mmol, 1.00 equiv),
Fmoc-NH-PEG3-acid (151 mg, 0.34 mmol, 2.00 equiv), HATU
(130 mg, 0.34 mmol, 2.00 equiv), HOBt-H,O (52 mg, 0.34
mmol, 2.00 equiv), and DIPEA (89 uL, 0.51 mmol, 3.00 equiv)
dissolved in DMF (0.4 mL). The final coupling step was also
performed according to general procedure A using the resin
bound precursor Se (163 mg, 0.08 mmol, 1.00 equiv) and the
TFA salt of 10 (72 mg, 0.16 mmol, 2.00 equiv), HATU (61 mg,
0.16 mmol, 2.00 equiv), HOBt-H,O (24 mg, 0.16 mmol, 2.00
equiv), and DIPEA (56 uL, 0.32 mmol, 4.00 equiv) dissolved in
DMF (0.4 mL). Cleavage was performed according to general
procedure B and purification by preparative HPLC afforded the
TFA salt of 1e as an amorphous pale violet powder (24 mg, 26
umol). Yield 32% (over 7 steps from 3); '"H NMR (600 MHz,
DMSO-d,) § = 10.31 (s, 1H), 10.11 (s, 1H), 8.28 (t, ] = 5.6 Hz,
1H), 8.03 (t,] = 5.7 Hz, 1H), 7.78 (d, ] = 8.7 Hz, 2H), 7.64 (d, ]
= 8.6 Hz, 2H), 6.79—6.73 (m, 2H), 6.53 (d, ] = 8.4 Hz, 1H),
4.25—4.21 (m, 2H), 3.99 (s, 2H), 3.88 (s, 2H), 3.79 (t, ] = 6.7
Hz,2H),3.70 (t,] = 6.2 Hz,2H), 3.53—3.47 (m, 6H), 3.47—3.43
(m,4H),3.39 (t,]=5.9 Hz,2H), 3.25—3.18 (m, 4H), 2.67 (t,] =
6.6 Hz, 2H), 2.57 (t, ] = 6.2 Hz, 2H), 1.94 (t, | = 7.4 Hz, 2H),
1.53—1.4S5 (m, 4H), 1.33—1.22 (m, 4H), C—-NH—OH signal
could not be detected due to solvent exchange; '*C NMR (151
MHz, DMSO-dg) 6 = 169.5, 169.1, 169.0, 166.0, 165.5, 158.2 (g,
2] = 36.5 Hz, TFA), 143.7, 141.5, 135.7, 129.1, 129.1, 127.9,
120.8, 118.8, 118.1, 115.2, 111.8, 66.5, 64.2, 53.6, 47.5, 45.0,
42.3, 40.1, 38.4, 37.2, 32.2, 29.1, 28.3, 26.2, 25.1, 15.7. HRMS
(ESI) m/z [M + H]* calcd C;3H:,CIN,O,, for 802.3537, found
802.3550; HPLC (gradient B), tp = 12.95 min, 99.1% purity.
4-(1-{7-[2-Chloro-N-(2-cyanoethyl)acetamido]-2,3-dihy-
dro-4H-benzo[b][1,4]oxazin-4-yl}-2-0x0-6,9,12,15-tetraoxa-
3-azaoctadecan-18-amido)-N-[7-(hydroxyamino)-7-
oxoheptyllbenzamide-TFA (1f). Fmoc-protected 4-aminoben-
zoic acid (0.96 g, 2.60 mmol, 2.00 equiv) was coupled to 3 (2.11
g, 1.30 mmol, 1.00 equiv) according to general procedure A
using HATU (0.99 g, 2.60 mmol, 2.00 equiv), HOBt-H,O (0.40
g, 2.60 mmol, 2.00 equiv), and DIPEA (680 uL, 3.90 mmol, 3.00
equiv) dissolved in DMF (3.3 mL). The second coupling cycle
was performed according to general procedure A using the
resin bound precursor 4 (300 mg, 0.17 mmol, 1.00 equiv),
Fmoc-NH-PEG4-acid (166 mg, 0.34 mmol, 2.00 equiv), HATU
(130 mg, 0.34 mmol, 2.00 equiv), HOBt-H,O (52 mg, 0.34
mmol, 2.00 equiv), and DIPEA (89 uL, 0.51 mmol, 3.00 equiv)
dissolved in DMF (0.4 mL). The final coupling step was also
performed according to general procedure A using the resin
bound precursor $f (167 mg, 0.08 mmol, 1.00 equiv) and the
TFA salt of 10 (70 mg, 0.16 mmol, 2.00 equiv), HATU (59 mg,
0.16 mmol, 2.00 equiv), HOBt-H,O (24 mg, 0.16 mmol, 2.00
equiv), and DIPEA (54 uL, 0.31 mmol, 4.00 equiv) dissolved in

https://doi.org/10.1021/acs.jmedchem.4c02569
J. Med. Chem. 2025, 68, 1824—1843


pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.4c02569?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Medicinal Chemistry

pubs.acs.org/jmc

DMF (0.4 mL). Cleavage was performed according to general
procedure B and purification by preparative HPLC afforded the
TFA salt of 1f as an amorphous violet powder (24 mg, 25 ymol).
Yield 32% (over 7 steps from 3); "H NMR (600 MHz, DMSO-
dg) 5=10.31 (s, 1H), 10.11 (s, 1H), 8.28 (t, ] = 5.6 Hz, 1H), 8.04
(t,J = 5.7 Hz, 1H), 7.78 (d, ] = 8.7 Hz, 2H), 7.64 (d, ] = 8.7 Hz,
2H), 6.79—6.72 (m, 2H), 6.53 (d, ] = 8.5 Hz, 1H), 426—4.21
(m,2H), 3.99 (s,2H), 3.89 (s,2H), 3.79 (t,] = 6.6 Hz, 2H), 3.70
(t,J = 6.2 Hz, 2H), 3.52—3.46 (m, 12H), 3.4 (t, ] = 4.5 Hz, 2H),
3.40 (t, ] = 5.9 Hz, 2H), 3.25—3.18 (m, 4H), 2.67 (t, ] = 6.6 Hz,
2H),2.57 (t,] = 6.2 Hz, 2H), 1.94 (t, ] = 7.4 Hz, 2H), 1.53—1.45
(m, 4H), 1.32—1.21 (m, 4H), C—NH—OH signal could not be
detected due to solvent exchange; *C NMR (151 MHz,
DMSO-d,) 6 = 169.5, 169.1, 169.0, 166.0, 165.5, 158.1 (g, ¥ =
36.3 Hz, TFA), 143.7, 141.5, 135.7, 129.1, 129.1, 127.9, 120.8,
118.8,118.1,115.2, 111.8,69.7, 69.7, 69.7, 69.7, 69.7, 69.6, 68.9,
66.5,64.2,53.6,47.5,45.0,42.3,40.1,38.4,37.2,32.2,29.1,28.3,
262, 25.1, 157. HRMS (ESI) m/z [M + H]* caled for
C4oHsCIN,O,, 846.3799, found 846.3797; HPLC (gradient
B), tg = 12.98 min, 99.5% purity.
4-[2-(2-{7-[2-Chloro-N-(2-cyanoethyl)acetamido]-2,3-di-
hydro-4H-benzo[b][1,4]oxazin-4-yl}acetamido)acetamido]-
N-[7-(hydroxyamino)-7-oxoheptyllbenzamide (1g). Fmoc-
protected 4-aminobenzoic acid (1.38 g, 3.72 mmol, 2.00
equiv) was coupled to 3 (2.73 g 1.86 mmol, 1.00 equiv)
according to general procedure A using HATU (1.41 g, 3.72
mmol, 2.00 equiv), HOBt-H,O (0.57 g, 3.72 mmol, 2.00 equiv),
and DIPEA (971 uL, 5.58 mmol, 3.00 equiv) dissolved in DMF
(4.67 mL). The second coupling cycle was performed according
to general procedure A using the resin bound precursor 4 (308
mg, 0.21 mmol, 1.00 equiv), Fmoc-Gly-OH (130 mg, 0.43
mmol, 2.00 equiv), HATU (163 mg, 0.43 mmol, 2.00 equiv),
HOBt-H,0 (66 mg, 0.43 mmol, 2.00 equiv), and DIPEA (112
4L, 0.64 mmol, 3.00 equiv) dissolved in DMF (0.5 mL). The
final coupling step was also performed according to general
procedure A using the resin bound precursor 5g (169 mg, 0.10
mmol, 1.00 equiv) and the TFA salt of 10 (92 mg, 0.20 mmol,
2.00 equiv), HATU (78 mg, 0.20 mmol, 2.00 equiv), HOBt:
H,0 (31 mg, 0.20 mmol, 2.00 equiv), and DIPEA (71 uL, 0.41
mmol, 4.00 equiv) dissolved in DMF (0.4 mL). Cleavage was
performed according to general procedure B and purification
by preparative HPLC afforded 1g as an amorphous pale violet
powder (29 mg, 45 umol). Yield 45% (over 7 steps from 3); 'H
NMR (600 MHz, DMSO-d,) 6 = 10.31 (s, 1H), 10.17 (s, 1H),
8.63 (s, 1H), 8.34 (t, J = 5.8 Hz, 1H), 8.29 (t, ] = 5.6 Hz, 1H),
7.79 (d, ] = 8.7 Hz, 2H), 7.63 (d, ] = 8.8 Hz, 2H), 6.80—6.76 (m,
2H), 6.64 (d, ] = 9.2 Hz, 1H), 4.28—4.24 (m, 2H), 4.00 (d, ] =
5.3 Hz, 4H), 3.94 (d, ] = 5.7 Hz, 2H), 3.79 (t, ] = 6.7 Hz, 2H),
3.48 (t, ] = 4.4 Hz, 2H), 3.25—3.18 (m, 2H), 2.67 (t, ] = 6.6 Hz,
2H), 1.94 (t, ] = 7.4 Hz, 2H), 1.54—1.45 (m, 4H), 1.33—1.22
(m, 4H); '*C NMR (151 MHz, DMSO-d,) 6 = 169.6, 169.1,
167.8, 166.0, 165.5, 143.7, 141.2, 135.6, 129.3, 129.2, 128.0,
120.8, 118.8, 118.2, 115.2, 112.1, 64.2, 53.6, 47.5, 45.0, 42.6,
42.3,40.1, 32.2, 29.1, 28.3, 26.2, 25.1, 15.7. HRMS (ESI) m/z
[M + H]* caled for C4;H3,CIN,0O, 656.2594, found 656.2586;
HPLC (gradient B), t = 12.88 min, 97.6% purity.
4-[4-(2-{7-[2-Chloro-N-(2-cyanoethyl)acetamido]-2,3-di-
hydro-4H-benzo[b][1,4]oxazin-4-yl}acetamido)-
butanamido]-N-[7-(hydroxyamino)-7-oxoheptyl]-
benzamide-TFA (1h). Fmoc-protected 4-aminobenzoic acid
(1.38 g, 3.72 mmol, 2.00 equiv) was coupled to 3 (2.73 g, 1.86
mmol, 1.00 equiv) according to general procedure A using
HATU (1.41 g, 3.72 mmol, 2.00 equiv), HOBt-H,0 (0.57 g,
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3.72 mmol, 2.00 equiv), and DIPEA (971 uL, 5.58 mmol, 3.00
equiv) dissolved in DMF (4.67 mL). The second coupling cycle
was performed according to general procedure A using the
resin bound precursor 4 (308 mg, 0.21 mmol, 1.00 equiv),
Fmoc-GABA—OH (142 mg, 0.42 mmol, 2.00 equiv), HATU
(159 mg, 0.42 mmol, 2.00 equiv), HOBt-H,O (64 mg, 0.42
mmol, 2.00 equiv), and DIPEA (109 uL, 0.63 mmol, 3.00 equiv)
dissolved in DMF (0.5 mL). The final coupling step was also
performed according to general procedure A using the resin
bound precursor Sh (163 mg, 0.10 mmol, 1.00 equiv) and the
TFA salt of 10 (88 mg, 0.19 mmol, 2.00 equiv), HATU (74 mg,
0.19 mmol, 2.00 equiv), HOBt-H,O (30 mg, 0.19 mmol, 2.00
equiv), and DIPEA (68 uL, 0.39 mmol, 4.00 equiv) dissolved in
DMF (0.3 mL). Cleavage was performed according to general
procedure B and purification by preparative HPLC afforded the
TFA salt of 1h as an amorphous pale violet powder (32 mg, 40
umol). Yield 42% (over 7 steps from 3); "H NMR (600 MHz,
DMSO-d,) § = 10.31 (s, 1H), 10.07 (s, 1H), 8.27 (t, ] = 5.6 Hz,
1H), 8.06 (t, ] = 5.8 Hz, 1H), 7.77 (d, ] = 8.7 Hz, 2H), 7.64 (d, ]
= 8.6 Hz, 2H), 6.80—6.70 (m, 2H), 6.53 (d, J = 8.5 Hz, 1H),
4.27—4.22 (m, 2H), 3.98 (s, 2H), 3.87 (s, 2H), 3.77 (t, ] = 6.6
Hz,2H),3.44 (t,] = 4.5Hz,2H), 3.24—3.18 (m,2H), 3.17-3.11
(m,2H),2.66 (t,J=6.6 Hz,2H),2.33 (t,] = 7.4 Hz,2H), 1.94 (t,
J=7.4Hz,2H), 1.77-1.70 (m, 2H), 1.53—1.45 (m, 4H), 1.32—
1.22 (m, 4H), C—NH—OH signal could not be detected due to
solvent exchange; '*C NMR (151 MHz, DMSO-d;) & = 171.2,
169.1, 168.9, 166.0, 165.5, 158.0 (q, ] = 33.9 Hz, TFA), 143.7,
141.6, 135.7, 129.1, 129.0, 127.9, 120.8, 118.7, 118.1, 115.2,
111.8, 64.1, 53.8, 47.5, 45.0, 42.3, 40.1, 38.1, 33.8, 32.2, 29.1,
28.3,26.2,25.1,25.0,15.7. HRMS (ESI) m/z [M + H]" calcd for
C33H4,CIN; 0, 684.2907, found 684.2900; HPLC (gradient B),
tr = 12.92 min, 99.3% purity.
4-[6-(2-{7-[2-Chloro-N-(2-cyanoethyl)acetamido]-2,3-di-
hydro-4H-benzo[b][1,4]oxazin-4-yl}acetamido)-
hexanamido]-N-[7-(hydroxyamino)-7-oxoheptyllbenzamide
(1i). Fmoc-protected 4-aminobenzoic acid (1.38 g, 3.72 mmol,
2.00 equiv) was coupled to 3 (2.73 g, 1.86 mmol, 1.00 equiv)
according to general procedure A using HATU (1.41 g, 3.72
mmol, 2.00 equiv), HOBt-H,O (0.57 g, 3.72 mmol, 2.00 equiv),
and DIPEA (971 uL, 5.58 mmol, 3.00 equiv) dissolved in DMF
(4.67 mL). The second coupling cycle was performed according
to general procedure A using the resin bound precursor 4 (302
mg, 0.21 mmol, 1.00 equiv), Fmoc-protected 6-aminohexanoic
acid (148 mg, 0.41 mmol, 2.00 equiv), HATU (156 mg, 0.41
mmol, 2.00 equiv), HOBt-H,O (63 mg, 0.41 mmol, 2.00 equiv),
and DIPEA (107 uL, 0.62 mmol, 3.00 equiv) dissolved in DMF
(0.5 mL). The final coupling step was also performed according
to general procedure A using the resin bound precursor 5i (156
mg, 0.09 mmol, 1.00 equiv) and the TFA salt of 10 (83 mg, 0.19
mmol, 2.00 equiv), HATU (70 mg, 0.19 mmol, 2.00 equiv),
HOBt-H,0 (28 mg, 0.19 mmol, 2.00 equiv), and DIPEA (64 uL,
0.37 mmol, 4.00 equiv) dissolved in DMF (0.3 mL). Cleavage
was performed according to general procedure B and
purification by preparative HPLC afforded 1i as an amorphous
pale violet powder (28 mg, 40 ymol). Yield 44% (over 7 steps
from 3); "H NMR (600 MHz, DMSO-d,) § = 10.31 (s, 1H),
10.04 (s, 1H), 8.27 (t,J = 5.6 Hz, 1H), 7.98 (t, ] = 5.8 Hz, 1H),
7.77 (d, ] = 8.8 Hz,2H), 7.64 (d, ] = 8.8 Hz, 2H), 6.79—6.72 (m,
2H), 6.52 (d, ] = 8.4 Hz, 1H), 4.25—4.21 (m, 2H), 3.99 (s, 2H),
3.86 (s, 2H), 3.78 (t, ] = 6.6 Hz, 2H), 3.43—3.42 (m, 2H), 3.24—
3.18 (m, 2H), 3.11-3.05 (m, 2H), 2.66 (t, ] = 6.7 Hz, 2H), 2.31
(t,J=7.4Hz,2H), 1.93 (t,] = 7.4 Hz, 2H), 1.62—1.54 (m, 2H),
1.53—1.39 (m, 6H), 1.32—1.22 (m, 6H), C-NH—OH signal
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could not be detected due to solvent exchange; '*C NMR (151
MHz, DMSO-d,) § = 171.5, 169.1, 168.7, 166.0, 165.6, 143.7,
141.7, 135.7, 129.1, 129.0, 127.9, 120.8, 118.8, 118.1, 115.2,
111.7, 64.2, 53.7, 47.5, 45.0, 42.3, 40.1, 38.3, 36.4, 32.2, 29.1,
28.9,28.3,26.2,26.0, 25.1, 24.7, 15.7. HRMS (ESI) m/z [M +
H]* calcd for C;H,,CIN,O, 712.3220, found 712.3212; HPLC
(gradient B), tp = 13.21 min, 97.0% purity.
4-[8-(2-{7-[2-Chloro-N-(2-cyanoethyl)acetamido]-2,3-di-
hydro-4H-benzo[b][1,4]oxazin-4-yl}acetamido)-
octanamido]-N-[7-(hydroxyamino)-7-oxoheptyl]-
benzamide-TFA (1j). Fmoc-protected 4-aminobenzoic acid
(1.01 g, 2.73 mmol, 2.00 equiv) was coupled to 3 (1.99 g,
1.37 mmol, 1.00 equiv) according to general procedure A using
HATU (1.04 g, 2.73 mmol, 2.00 equiv), HOBt-H,0 (0.42 g,
2.73 mmol, 2.00 equiv), and DIPEA (714 uL, 4.10 mmol, 3.00
equiv) dissolved in DMF (3.42 mL). The second coupling cycle
was performed according to general procedure A using the
resin bound precursor 4 (1.55 g, 0.95 mmol, 1.00 equiv), Fmoc-
protected 8-aminooctanoic acid (0.73 g, 1.91 mmol, 2.00 equiv),
HATU (0.73 g 2.91 mmol, 2.00 equiv), HOBt-H,O (0.29 g,
1.91 mmol, 2.00 equiv), and DIPEA (498 uL, 2.86 mmol, 3.00
equiv) dissolved in DMF (2.4 mL). The final coupling step was
also performed according to general procedure A using the
resin bound precursor 5j (150 mg, 0.09 mmol, 1.00 equiv) and
the TFA salt of 10 (79 mg, 0.17 mmol, 2.00 equiv), HATU (66
mg, 0.18 mmol, 2.00 equiv), HOBt-H,0 (27 mg, 0.18 mmol,
2.00 equiv), and DIPEA (61 uL, 0.35 mmol, 4.00 equiv)
dissolved in DMF (0.3 mL). Cleavage was performed according
to general procedure B and purification by preparative HPLC
afforded the TFA salt of 1j as an amorphous white powder (24
mg, 29 pmol). Yield 37% (over 7 steps from 3); "H NMR (600
MHz, DMSO-d;) 6 = 10.31 (s, 1H), 10.03 (s, 1H), 8.26 (t, ] =
5.6 Hz, 1H), 7.96 (t, ] = 5.8 Hz, 1H), 7.77 (d, ] = 8.5 Hz, 2H),
7.64 (d, ] = 8.5 Hz, 2H), 6.79—6.73 (m, 2H), 6.52 (d, ] = 8.4 Hz,
1H),4.24 (t,] = 4.3 Hz,2H), 3.99 (s, 2H), 3.86 (s,2H), 3.79 (t,]
= 6.6 Hz, 2H), 3.45 (t, ] = 4.4 Hz, 2H), 3.25—3.18 (m, 2H),
3.10—3.04 (m, 2H), 2.67 (t, ] = 6.6 Hz, 2H), 2.31 (t, ] = 7.4 Hz,
2H), 1.94 (t, ] = 7.4 Hz, 2H), 1.62—1.55 (m, 2H), 1.52—1.46
(m, 4H), 1.43—1.37 (m, 2H), 1.33—1.21 (m, 10H), C—-NH—
OH signal could not be detected due to solvent exchange; B¢
NMR (151 MHz, DMSO-dy) 6 = 171.7, 169.3, 168.8, 166.2,
165.7,158.3 (q, 2]= 36.2 Hz, TFA), 143.9, 141.9, 135.9, 129.2,
129.1, 128.1, 1209, 118.9, 118.2, 115.4, 111.9, 64.3, 53.9, 47.7,
45.2,42.4,40.2,38.5,36.6,32.4,29.2,29.2,28.8, 28.6, 28.5, 26 4,
264,252, 25.1, 15.9. HRMS (ESI) m/z [M + H]* caled for
C;7H;,CIN, 0, 740.3533, found 740.3519; HPLC (gradient A),
tr = 11.23 min, 98.8% purity.
4-[12-(2-{7-[2-Chloro-N-(2-cyanoethyl)acetamido]-2,3-di-
hydro-4H-benzo[b][1,4]oxazin-4-yl}lacetamido)-
dodecanamido]-N-[7-(hydroxyamino)-7-oxoheptyl]-
benzamide (1k). Fmoc-protected 4-aminobenzoic acid (1.38 g,
3.72 mmol, 2.00 equiv) was coupled to 3 (2.73 g, 1.86 mmol,
1.00 equiv) according to general procedure A using HATU
(1.41 g, 3.72 mmol, 2.00 equiv), HOBt-H,O (0.57 g, 3.72 mmol,
2.00 equiv), and DIPEA (971 L, 5.58 mmol, 3.00 equiv)
dissolved in DMF (4.67 mL). The second coupling cycle was
performed according to general procedure A using the resin
bound precursor 4 (304 mg, 0.21 mmol, 1.00 equiv), Fmoc-
protected 12-aminododecanoic acid (186 mg, 0.41 mmol, 2.00
equiv), HATU (156 mg, 0.41 mmol, 2.00 equiv), HOBt-H,O
(63 mg, 0.41 mmol, 2.00 equiv), and DIPEA (107 uL, 0.62
mmol, 3.00 equiv) dissolved in DMF (0.5 mL). The final
coupling step was also performed according to general
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procedure A using the resin bound precursor Sk (167 mg,
0.09 mmol, 1.00 equiv) and the TFA salt of 10 (84 mg, 0.19
mmol, 2.00 equiv), HATU (71 mg, 0.19 mmol, 2.00 equiv),
HOBt-H,O (29 mg, 0.19 mmol, 2.00 equiv), and DIPEA (65 uL,
0.37 mmol, 4.00 equiv) dissolved in DMF (0.4 mL). Cleavage
was performed according to general procedure B and
purification by preparative HPLC afforded 1k as an amorphous
white powder (25 mg, 31 pgmol). Yield 34% (over 7 steps from
3); 'H NMR (600 MHz, DMSO-d,) & = 10.31 (s, 1H), 10.03 (s,
1H), 8.63 (s, 1H), 8.27 (t, ] = 5.6 Hz, 1H), 7.95 (t, ] = 5.7 Hz,
1H), 7.77 (d, ] = 8.8 Hz, 2H), 7.64 (d, ] = 8.8 Hz, 2H), 6.79—
6.72 (m, 2H), 6.51 (d, ] = 8.5 Hz, 1H), 4.26—4.22 (m, 2H), 3.99
(s,2H), 3.86 (s, 2H), 3.79 (t, ] = 6.7 Hz, 2H), 3.45 (t, ] = 4.4 Hz,
2H), 3.25—3.18 (m, 2H), 3.09—3.02 (m, 2H), 2.67 (t, ] = 6.6
Hz,2H), 2.31 (t, ] = 7.4 Hz, 2H), 1.94 (t, ] = 7.4 Hz, 2H), 1.62—
1.54 (m, 2H), 1.53—1.45 (m, 4H), 1.42—1.34 (m, 2H), 1.32—
1.19 (m, 18H); *C NMR (151 MHz, DMSO-dy) 6 = 171.6,
169.1, 168.6, 166.0, 165.6, 143.7, 141.7, 135.7, 129.1, 1289,
127.9, 120.7, 118.7, 118.1, 115.2, 111.7, 64.2, 53.8, 47.5, 45.0,
42.3,40.1,38.4,36.4,32.2,29.1,29.1,29.0, 28.9, 28.8,28.7, 28.7,
283, 26.3, 26.2, 25.1, 25.0, 15.7. HRMS (ESI) m/z [M + H]*
caled for C, HCIN,O; 796.4159, found 796.4159; HPLC
(gradient B), tp = 14.98 min, 98.9% purity.
4-[2-(2-{7-[N-(2-Cyanoethyl)propionamido]-2,3-dihydro-
4H-benzo[b][1,4]oxazin-4-yl}acetamido)acetamido]-N-[7-
(hydroxyamino)-7-oxoheptyllbenzamide-TFA (1g-nc). Fmoc-
protected 4-aminobenzoic acid (1.38 g, 3.72 mmol, 2.00 equiv)
was coupled to 3 (2.73 g, 1.86 mmol, 1.00 equiv) according to
general procedure A using HATU (1.41 g, 3.72 mmol, 2.00
equiv), HOBt-H,O (0.57 g, 3.72 mmol, 2.00 equiv), and DIPEA
(971 pL, 5.58 mmol, 3.00 equiv) dissolved in DMF (4.67 mL).
The second coupling cycle was performed according to general
procedure A using the resin bound precursor 4 (308 mg, 0.21
mmol, 1.00 equiv), Fmoc-Gly-OH (130 mg, 0.43 mmol, 2.00
equiv), HATU (163 mg, 0.43 mmol, 2.00 equiv), HOBt-H,O
(66 mg, 0.43 mmol, 2.00 equiv), and DIPEA (112 uL, 0.64
mmol, 3.00 equiv) dissolved in DMF (0.5 mL). For the next
coupling step, 11 was deprotected by stirring in TFA/CH,Cl,
(7.5 mL, 1/3 v/v) for 2 h, concentrated under reduce pressure
and used without further purification. The final coupling step
was also performed according to general procedure A using the
resin bound precursor Sg (167 mg, 0.09 mmol, 1.00 equiv) and
the TFA salt of the deprotected 11 (100 mg, 0.24 mmol, 2.00
equiv), HATU (92 mg, 0.24 mmol, 2.00 equiv), HOBt-H,0 (37
mg, 0.24 mmol, 2.00 equiv), and DIPEA (84 uL, 0.48 mmol,
4.00 equiv) dissolved in DMF (0.4 mL). Cleavage was
performed according to general procedure B and purification
by preparative HPLC afforded the TFA salt of 1g-nc as an
amorphous white powder (7 mg, 12 ymol). Yield 10% (over 7
steps from 3); "H NMR (600 MHz, DMSO-dg) 6 = 10.31 (s,
1H), 10.16 (s, 1H), 8.34 (t, ] = 5.9 Hz, 1H), 8.29 (t, ] = 5.6 Hz,
1H), 7.79 (d, ] = 8.2 Hz, 2H), 7.63 (d, ] = 8.3 Hz, 2H), 6.74—
6.56 (m, 3H), 4.26 (t, ] = 4.4 Hz, 2H), 3.99—3.91 (m, 4H), 3.75
(t, ] = 6.7 Hz, 2H), 3.47—3.46 (m, 2H), 3.25—3.19 (m, 2H),
2.65 (t, ] = 6.6 Hz, 2H), 2.02—1.96 (m, 2H), 1.94 (t, ] = 7.4 Hz,
2H), 1.53—1.46 (m, 4H), 1.32—1.23 (m, 4H), 0.89 (t, ] = 7.5
Hz, 3H), C—NH—OH signal could not be detected due to
solvent exchange; 13C NMR (151 MHz, DMSO-dy) 6 = 173.2,
169.7, 169.1, 167.8, 165.5, 158.0 (q, *J = 35.4 Hz, TFA), 143.7,
141.2, 13S.1, 131.0, 129.3, 120.8, 119.0, 118.2, 115.3, 112.2,
64.2,53.7,47.5,44.2,42.6,40.1,32.2,29.1, 28.3,26.8,26.2, 25.1,
15.9, 9.4. HRMS (ESI) m/z [M + H]* caled for C;,H,N,0,
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636.3140, found 636.3136; HPLC (gradient B), t = 12.16 min,
97.1% purity.

4-(2-{7-[2-Chloro-N-(2-cyanoethyl)acetamido]-2,3-dihy-
dro-4H-benzo[b][1,4]oxazin-4-yl}acetamido)-N-[7-(hydrox-
yamino)-7-oxoheptyllbenzamide-TFA (2). Fmoc protected 4-
aminobenzoic acid (1.38 g, 3.72 mmol, 2.00 equiv) was coupled
to 3 (2.73 g, 1.86 mmol, 1.00 equiv) according to general
procedure A using HATU (1.41 g, 3.72 mmol, 2.00 equiv),
HOBt-H,0 (0.57 g, 3.72 mmol, 2.00 equiv), and DIPEA (971
uL, 5.58 mmol, 3.00 equiv) dissolved in DMF (4.67 mL). The
final coupling step was also performed according to general
procedure A using the resin bound precursor 4 (144 mg, 0.09
mmol, 1.00 equiv) and the TFA salt of 10 (83 mg, 0.18 mmol,
2.00 equiv), HATU (70 mg, 0.18 mmol, 2.00 equiv), HOBt:
H,0 (28 mg, 0.18 mmol, 2.00 equiv), and DIPEA (64 uL, 0.37
mmol, 4.00 equiv) dissolved in DMF (0.4 mL). Cleavage was
performed according to general procedure B and purification
by preparative HPLC afforded the TFA salt of 2 as an
amorphous pale brown powder (26 mg, 36 umol). Yield 39%
(over § steps from 3); "H NMR (600 MHz, DMSO-dy) & =
10.31 (s, 1H), 10.27 (s, 1H), 8.30 (t, ] = 5.6 Hz, 1H), 7.80 (d, ] =
8.3 Hz, 2H), 7.66 (d, ] = 8.3 Hz, 2H), 6.79 (s, 1H), 6.78—6.74
(m, 1H), 6.64 (d, ] = 8.5 Hz, 1H), 4.26 (t, ] = 4.4 Hz, 2H), 4.19
(s, 2H), 4.00 (s, 2H), 3.79 (t, ] = 6.7 Hz, 2H), 3.53 (t, ] = 4.4 Hz,
2H),3.25—3.18 (m, 2H), 2.67 (t, ] = 6.6 Hz, 2H), 1.93 (t, [ = 7.4
Hz, 2H), 1.53—1.43 (m, 4H), 1.33—1.22 (m, 4H), C-NH—OH
signal could not be detected due to solvent exchange; '*C NMR
(151 MHz, DMSO-d,) 6 = 169.1, 168.3, 166.0, 165.4, 158.0 (q,
2] = 35.6 Hz, TFA), 143.6, 141.1, 135.6, 129.3, 129.1, 128.0,
1209, 118.8, 118.3, 115.3, 111.6, 64.2, 53.5, 47.4, 45.0, 42.3,
40.1, 32.2,29.0, 28.3, 26.2, 25.1, 15.7. HRMS (ESI) m/z [M +
H]* caled for C,oH;CINgO4 599.2379, found 599.2377; HPLC
(gradient B), tp = 13.33 min, 97.3% purity.

tert-Butyl 2-(7-nitro-2,3-dihydro-4H-benzo[b][1,4]oxazin-
4-yl)acetate (6). Commercially available 7-Nitro-3,4-dihydro-
2H-benzo[b][1,4]oxazine (1.00 g, 5.38 mmol, 1.00 equiv) was
dissolved in DMF (20 mL) and cooled to 0 °C. NaH (237 mg,
5.92 mmol, 1.0 eq, 60% in mineral oil) was added in small
portions and stirred for 30 min. Next, tert-butyl bromoatecate
(803 pL, 5.38 mmol, 1.00 equiv) was added dropwise and the
cooling was removed. The solution was stirred for 2 h at room
temperature, before it was cooled again to 0 °C and water (60
mL) was added. The suspension was filtered to afford 6 as a
yellow solid (1.47 g, 5.00 mmol). Yield: 93%; mp. 110—112 °C;
Rf=0.78 (cyclohexane/EtOAc, 1/1, v/v); "H NMR (600 MHz,
CDCl;) 6 =7.77 (dd, ] = 9.0, 2.6 Hz, 1H), 7.68 (d, ] = 2.7 Hz,
1H), 6.45 (d, ] = 9.0 Hz, 1H), 4.28 (t, ] = 4.5 Hz, 2H), 3.99 (s,
2H), 3.57 (t, ] = 4.6 Hz, 2H), 1.4 (s, 9H); NMR (151 MHz,
CDCl;) 6 = 168.2, 142.8, 140.8, 138.6, 119.0, 112.4, 109.6, 83.0,
64.1, 533, 48.3, 28.2. LRMS (ESI) m/z [M + H]* calced for
C14HgN,O; 295.1, found 295.0.

tert-Butyl 2-(7-nitro-2,3-dihydro-4H-benzo[b][1,4]oxazin-
4-yl)acetate (7). Compound 6 (1.35 g, 4.59 mmol, 1.00 equiv)
was dissolved in EtOH/H,0 (30 mL, 3/1 v/v). NH,CI (1.49 g,
27.6 mmol, 6.00 equiv) was added and the solution was heated
to 60 °C. After the addition of Fe powder (1.30 g, 23.0 mmol,
5.00 equiv), the mixture was heated to 80 °C and stirred for 18 h.
The reaction mixture was filtered through Celite, saturated
sodium carbonate solution (10 mL) was added and extracted
with EtOAc (3 X 30 mL). The combined organic phases were
washed with brine, dried over Na,SO,, and concentrated under
reduced pressure to afford 7 as a brown oil (1.03 g, 3.90 mmol).
Yield: 85%; Rf = 0.64 (CH,CL,/MeOH 95/5 v/v); "H NMR
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(600 MHz, CDCL,) 6 = 6.37 (d, ] = 8.4 Hz, 1H), 6.25 (d, ] = 2.5
Hz, 1H), 621 (dd, = 8.5,2.6 Hz, 1H), 427—4.22 (m, 2H), 3.81
(s, 2H), 3.49—3.08 (m, 4H), 1.41 (s, 9H); NMR (151 MHz,
CDCl;) 6 =170.2,145.2,138.5,127.7,113.2, 108.9, 105.0, 81.7,
65.3, 54.0, 48.4, 28.2. LRMS (ESI) m/z [M + H]" calcd for
C,,H,oN, 05 264.1, found 264.7.

tert-Butyl 2-{7-[(2-cyanoethyl)amino]-2,3-dihydro-4H-
benzo[b][1,4]oxazin-4-yl}acetate (8). The aniline 7 (1.00 g,
3.78 mmol, 1.00 equiv) was dissolved in acrylonitrile (15 mL)
and basic alumina (0.78 g, 7.57 mmol, 2.00 equiv) was added.
The reaction mixture was stirred for 18 h at 80 °C. Subsequently,
EtOAc (20 mL) was added and the mixture was filtered through
Celite. Water (20 mL) was added to the filtrate and extracted
with EtOAc (3 X 30 mL). The combined organic phases were
washed with brine, dried over Na,SO,, and concentrated under
reduced pressure. Purification by silica gel column chromatog-
raphy provided 8 as a brown oil (1.06 g, 3.34 mmol). Yield: 88%;
Rf = 0.58 (cyclohexane/EtOAc, 1/1, v/v); "H NMR (600 MHz,
CDCL,) 6 = 6.53—6.06 (m, 3H), 4.26 (t, ] = 4.5 Hz, 2H), 3.97—
3.71 (m, 2H), 3.60—3.02 (m, SH), 2.58 (t, ] = 6.5 Hz, 2H), 1.42
(s, 9H); NMR (151 MHz, CDCL) & = 170.0, 145.4, 138.8,
127.9, 118.5, 113.4, 107.5, 103.2, 81.8, 65.3, 53.9, 48.4, 41.1,
28.2, 18.2. LRMS (ESI) m/z [M + H]" caled for C,,H,3;N;0,
318.2, found 318.0.

tert-Butyl 2-{7-[2-chloro-N-(2-cyanoethyl)acetamido]-2,3-
dihydro-4H-benzo[b][1,4]oxazin-4-yl] acetate (9). Com-
pound 8 (925 mg, 2.91 mmol, 1.00 equiv) was dissolved in
CH,Cl, (15 mL) and the solution was cooled to 0 °C.
Triethylamine (1.22 mL, 8.74 mmol, 3.00 equiv) and
chloroacetyl chloride (351 uL, 4.37 mmol, 1.50 equiv) were
added dropwise. The cooling was removed and the solution was
stirred for 45 min at room temperature. Water (20 mL) was
added and the mixture was extracted with CH,Cl, (3 X 30 mL).
The combined organic phases were washed with brine, dried
over Na,SO,, and concentrated under reduced pressure.
Purification by silica gel column chromatography yielded 9 as
a brown oil (976 mg, 2.48 mmol). Yield: 85%; Rf = 0.44
(cyclohexane/EtOAc, 1/1,v/v); "TH NMR (600 MHz, CDCl;) §
=(dd,J=8.5,2.5Hz, 1H), 6.66 (d, ] = 2.5 Hz, 1H), 6.48 (d, ] =
8.5 Hz, 1H), 4.30—4.26 (m, 2H), 3.93—3.87 (m, 6H), 3.51—
3.48 (m, 2H), 2.66 (t, ] = 7.0 Hz, 2H), 1.43 (s, 9H); NMR (151
MHz, CDCL;) 6 = 169.0, 167.3, 144.6, 135.6, 129.8, 120.9,
117.7,115.6, 111.9, 82.4, 64.7, 53.1, 47.9, 46.1, 42.0, 28.2, 16.3.
LCMS (ESI) (90% H,O + 2 mM NH,OAc to 100% MeCN in
10 min, then 100% MeCN for 5 min, DAD 220—600 nm), tg =
6.56 min, m/z [M + H]" caled for C;4H,,CIN;0, 394.2, found
394.1.

2-{7-[2-Chloro-N-(2-cyanoethyl)acetamido]-2,3-dihydro-
4H-benzo[b][1,4]oxazin-4-yl}acetic acid-TFA (10). For tert-
butyl deprotection, compound 9 (1.57 g, 3.94 mmol, 1.00 equiv)
was dissolved in CH,Cl, (60 mL) and cooled to 0 °C. TFA (20
mL) was added dropwise and the solution was stirred at room
temperature, after cooling was removed. After 2 h, the solvent
was removed under reduced pressure and to provide the TFA
salt of 10 as a brown oil (1.64 g, 3.62 mmol), which was used
without further purification. Yield: 92%; '"H NMR (600 MHz,
CDCL,) 6=6.70 (d, ] = 8.4 Hz, 1H), 6.67 (s, 1H), 6.52 (d, ] = 8.5
Hz, 1H), 4.34—4.27 (m, 2H), 4.07 (s, 2H), 3.92—3.87 (m, 4H),
3.51 (t, J = 4.5 Hz, 2H), 2.66 (t, J = 6.9 Hz, 2H); NMR (151
MHz, CDClL;) 6 = 173.8, 167.7, 144.7, 135.4, 130.0, 121.0,
117.7, 115.7, 112.0, 64.7, 52.0, 47.8, 46.2, 42.0, 16.3. LCMS
(ESI) (90% H,O + 2 mM NH,OAc to 100% MeCN in 10 min,
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then 100% MeCN for S min, DAD 220—600 nm), tR = 0.93 min,
m/z [M + H]* calcd for CsH,(CIN;0, 338.1, found 338.0.

tert-Butyl 2-{7-[N-(2-cyanoethyl)propionamido]-2,3-dihy-
dro-4H-benzo[b][1,4]Joxazin-4-yl}acetate (11). Compound 8
(175 mg, 0.55 mmol, 1.00 equiv) was dissolved in CH,Cl, (2.8
mL) and the solution was cooled to 0 °C. Triethylamine (231
uL, 1.65 mmol, 3.00 equiv) and propionyl chloride (73 uL, 0.83
mmol, 1.50 equiv) were added dropwise and the mixture stirred
for 3.5 h. Next, water (5 mL) was added and the mixture was
extracted with CH,Cl, (3 X S mL). The combined organic
phases were washed with brine and concentrated under reduced
pressure. Purification by silica gel column chromatography
(cyclohexane/EtOAc, 1/1 v/v) provided 11 as an amber oil
(167 mg, 0.48 mmol). Yield 81%; R; = 0.36 (cyclohexane/
EtOAc, 1/1 v/v); "H NMR (600 MHz, DMSO-d) 6 = 6.70—
6.66 (m, 2H), 6.57 (d, ] = 8.2 Hz, 1H), 4.21 (t, ] = 4.4 Hz, 2H),
4.07 (s, 2H), 3.76 (t, ] = 6.7 Hz, 2H), 3.43 (t, ] = 4.4 Hz, 2H),
2.65 (t, ] = 6.7 Hz, 2H), 2.03—1.95 (m, 2H), 1.37 (s, 9H), 0.89
(t,J=7.4Hz,3H); *C NMR (151 MHz, DMSO-d,) 6 = 173.1,
169.1, 143.6, 134.7, 130.9, 120.8, 118.9, 115.4, 111.8, 80.9, 64.3,
52.1,46.9,44.2,27.7,26.7,15.9,9.4. LRMS (ESI) m/z [M + H]*
caled for C,,H,,N;0, 374.2, found 374.1.

Cell Culture. The human multiple myeloma cell line MM.1S
(CRL-2974) was obtained from American Type Culture
Collection (ATCC, Manassas, VA, USA) and the human
acute monocytic leukemia cell line MV4—11 (ACC 102) was
obtained from DSMZ (Leibniz Institute DSMZ-German
Collection of Microorganisms and Cell Cultures GmbH,
Hannover, Germany). MM.1S and MV4—11 cells were
cultivated in RPMI 1640 medium (Catalog#21875-034,
Gibco, ThermoFisher Scientific Inc, Waltham, MA, USA)
supplemented with 10% FBS (PAN Biotech GmbH; Aidenbach,
Germany) , 100 IU/mL penicillin and 0.1 mg/mL streptomycin
(PAN Biotech GmbH). The medium for the MM.1S cells
contained additionally 1 mM sodium pyruvate (ThermoFisher
Scientific Inc.). The human breast cancer cell line MDA-MB-
231 (HTB-26) and the human malignant glioma cell line U-
87MG were 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). All cells were
cultured at 37 °C in a 5% CO, atmosphere. Incubation times, as
part of assay protocols, were performed under these conditions
as well. The semiadherent MM.1S were detached mechanically
by using a cell scraper and the adhered MDA-MB-132 were
trypsinased by trypsin/EDTA (0.05%/0.02% in DPBS, PAN
Biotech GmbH) whereas the U-87MG were detached by EDTA
(0.46 g/L in DPBS, Catalog# P04-36500).

Simple Western Immunoassay. For the cell lysates,
MM.1S (0.5 X 10° cells/mL), MV4—11 (1 x 10° cells/mL),
MDA-MB-231 (0.18 X 10° cells/mL) or U-87MG (0.18 x 10°
cells/mL) cells were seeded and incubated with the indicated
concentration of compound or vehicle (DMSO) for the given
time. The adherent cells were cultured for 24 h under cell culture
conditions for attachment before treatment. Cell lysis was
performed with Cell Extraction Buffer (10 mM Tris, pH 7.4, 100
mM NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM NaF, 20 mM
Na,P,0,, 2 mM Na;VO,, 1% TritonX —100, 10% glycerol, 0.1%
SDS, 0.5% deoxycholate; Catalog# FNNO0011, Thermo Fisher
Scientific Inc, Waltham, MA, USA) with addition of Halt
Protease Inhibitor Cocktail (100x) (Catalog# 78429, Life
Technologies GmbH, Carlsbad, CA, USA) and phenyl-
methanesulfonyl fluoride (Catalog# 10837091001, Sigma-
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Aldrich, St. Louis, MO, USA) according to manufacturer’s
instructions. Protein content was determined by Pierce BCA
Protein Assay Kit (Catalog# 23225, Thermo Fisher Scientific
Inc.) according to manufacturer’s guidelines. Cell lysates were
diluted to a final concentration of 1 mg/mL and denatured
according to manufacturer’s guidelines. Anti-HDAC1 (Cata-
log# 53568, Cell Signaling Technology, Denver, MA, USA),
anti-HDAC6 (Catalog#7558S, Cell Signaling Technology) and
anti-GAPDH (Catalog# 2118S, Cell Signaling Technology)
antibodies were used in a dilution from 1:50—1:1250. The 12—
230 kDa Fluorescence Separation 8 X 25 Capillary Cartridges
(Catalog# SM-FL004-1, Protein Simple, Bio-Techne, Minne-
apolis, MN, USA) were used for separation and the Anti-Mouse
Detection Module (Catalog# DM-002, Protein Simple) was
used for detection with addition of 20x Anti-Rabbit HRP
Conjugate (Catalog# 043-426, Protein Simple) according to
manufacturer’s instructions. The assay was performed with the
Jess Simple Western System (catalog# 004-650, Protein
Simple), according to manufacturer’s settings. Evaluation and
quantification was performed with the compass software (6.2.0,
Protein Simple). GAPDH intensity was used as loading control.
GraphPad Prism (GraphPad Software, San Diego, CA, USA)
was used for normalization, statistical analysis, and bar graph
creation. Significance testing was performed with a one-way
analysis of variance (ANOVA). Half maximal degradation
concentration (DCg,) was determined by plotting dose
response curves and nonlinear regression. Dunnett’s posthoc
test was employed to obtain significance levels of each mean
compared to a reference mean value.

CellTiter-Glo Cell Viability Assay. For the cell viability
assay the automated pipetting robot system ASSIST PLUS
(Model# 4505, Integra Biosciences, Bibertal, Germany) was
used. MM.1S (2.5 X 10> cells/well) or MV4—11 (4 X 10° cells/
well) were seeded in white 384-well plates (Greiner Bio-One,
Kremsmuenster, Austria, #781080). The cells were incubated
with the respective compounds in increasing concentrations. For
this purpose, the dilution series were prepared in 200-fold
concentration in DMSO and further diluted to 10-fold
concentration in medium. 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) and the
half maximal effective concentration (ECj,) was determined by
plotting dose response curves and nonlinear regression with
GraphPad Prism (GraphPad Software, San Diego, CA, USA).

Immunoblot. The cell lysis was performed as descripted in
Simple Western Immunoassay. Samples were denatured by
Laemmli 2X Concentrate (Catalog# S$S3401-10VL, Sigma-
Aldrich) for 5 min at 95 °C, and Precision Plus Protein
Unstained Standard was used as molecular weight marker
(Catalog# 1610363, Bio-Rad, Hercules, CA, USA). SDS-PAGE
was performed with 10 or 12% Mini-PROTEAN TGX Stain-
Free Gel (Catalog# 458035, Bio-Rad) at 200 V for S0 min
(Catalog# 458035, Bio-Rad). Afterward, proteins were trans-
ferred with the Trans-Blot Turbo Transfer System (Catalog#
1704150, Bio-Rad) to Immobilon-FL. PVDF membranes
(Catalog# IPFL0000S, Millipore Merck, Burlington, MA,
USA) at 1.0 A for 30 min. After detection of the total protein
by the ChemiDoc XRS+ System (Catalog# 1708265, Bio-Rad),
the membranes were treated with 5% milk-powder solution for 1
h at room temperature under slight agitation. Subsequently, the
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membranes were treated with anti-HDACI1 (Catalog# 53568,
Cell Signaling Technology), anti-HDAC2 (Catalog# sc-9959,
Santa Cruz Biotechnology, Dallas, TX, USA), anti-HDAC3
(Catalog# 85057S, Cell Signaling Technology), anti-HDAC4
(Catalog#7628S, Cell Signaling Technology), anti-HDAC6
(Catalog#7558S, Cell Signaling Technology), anti-HDACS-
(Catalog#66042S, Cell Signaling Technology), antiacetyl-
histone H3 (Lys9/Lys14) (Catalog# 9677S, Cell Signaling
Technology), antiacetyl-a-tubulin (Catalog#533S, Cell Signal-
ing Technology) or anti-GAPDH (Catalog# 2118S, Cell
Signaling Technology) antibody solutions in 1:1000—1:8000
dilutions at 4 °C, overnight. Treatment with HRP-conjugated
secondary antimouse (Catalog# 1030—05, SouthernBiotech,
Birminham, AL, USA) and antirabbit (Catalog# 4030-0S,
SouthernBiotech) antibody solution was performed for 1.5 b,
and membranes were developed with clarity western ECL
substrate (Catalog# 1705061, Bio-Rad). The ChemiDoc XRS+
System was used for detection and Image Lab Software 6.1 (Bio-
Rad) for quantification. The total protein intensity was used as a
loading control. GraphPad Prism (GraphPad Software) was
used for normalization, statistical analysis, and bar graph
creation. Significance testing was performed with a one-way
analysis of variance (ANOVA). Dunnett’s posthoc test was
employed to obtain significance levels of each mean compared
to a reference mean value.

HDAC Enzyme Inhibition Assay. In vitro inhibitory
activities against HDAC1, 2 and HDAC6 were measured
using a previously published protocol.”® In wvitro inhibitory
activities against HDAC4 were measured using a previously
published protocol with slight modifications.”” For test
compounds and controls, serial dilutions of the respective
DMSO stock solution in DMSO were prepared, and 1.0 yL/well
of this serial dilution were transferred into OptiPlate-96 black
microplates (PerkinElmer, Waltham, MN, USA). A volume of 4
uL/well assay buffer (S0 mM Tris—HCI, pH 8.0, 137 mM NaCl,
2.7 mM KCl, 1.0 mM MgCl,-6H,0, 0.1 mg/mL BSA) was
added. In the case of HDACI, 2 and HDACS6, a volume of 35
uL/well of the fluorogenic substrate ZMAL (Z- Lys(Ac)-
AMC,*° 21.43 uM in assay buffer) and 10 uL/well enzyme
solution were added. In the case of HDAC4, 35 uL/well of the
fluorogenic substrate Boc-Lys(Tfa)-AMC (42.86 uM in assay
buffer, Catalog# 4060676, Bachem, Budendorf, Swiss) were
added, followed by 10 uL/well of enzyme solution. Human
recombinant HDAC1 (Catalog# 50051, BPS Bioscience, San
Diego, CA, USA), HDAC2 (Catalog# 50052, BPS Bioscience),
HDAC4 (Catalog# 50004, BPS Bioscience), or HDAC6
(Catalog# 50006, BPS Bioscience) were used. The total assay
volume of 50 uL (max. 2% DMSO) was incubated at 37 °C for
90 min. Subsequently, SO uL/well of trypsin (0.4 mg/mL) in
trypsin buffer (50 mM Tris—HC], pH 8.0, 100 mM NaCl) was
added, followed by additional 30 min of incubation at 37 °C.
Fluorescence (excitation A = 355 nm, emission A = 460 nm) was
measured using a FLUOstar OPTIMA microplate reader (BMG
labtech, Ortenburg, Germany). The half maximal inhibitory
concentration (ICy,) was determined by plotting dose response
curves and nonlinear regression with GraphPad Prism (Graph-
Pad Software).

MTT Cell Viability Assay. U-87MG cells (3 X 10* cells/
well) or MDA-MB-231 cells (5 X 10° cells/well) respectively
were seeded in 96-well flat-bottomed plates. After 24 h the cells
were incubated with the stock solutions of the respective
compounds dissolved in DMSO (highest DMSO concentration,
0.5%) to reach the final concentrations as indicated. Controls
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received DPBS or DMSO. Following a 71 h incubation period
20 pL of a freshly prepared S mg/mL MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, Appli-
Chem GmbH, Darmstadt, Germany) solution were added into
each well. The supernatant was discarded after 1 h incubation at
37 °C and the precipitated formazan was dissolved in 200 L
DMSO/well. Absorption was measured at 570 nm with
background subtraction at 690 nm using a photometric
microplate reader (Thermo Scientific Multiskan EX, Thermo
Fisher Scientific). Data was further subtracted by the DMSO
control and normalized on DPBS. The half-maximal effective
concentration (ECs,) was determined by plotting dose response
curves and nonlinear regression with GraphPad Prism (Graph-
Pad Software).

Cell Cycle Analysis. MM.1S cells (3 X 10° cells/mL) were
seeded in 12 well plates (Starlab GmbH, Hamburg, Germany)
and incubated with the indicated concentration of compound or
vehicle (DMSO) for 48 h under cell culture conditions.
Subsequently, the cells were washed with DPBS (Catalogi#
P04-36500, PAN Biotech), resuspended in 1 mL EtOH/DPBS
(7/3 v/v), and fixed for 30 min at 4 °C. The samples were
rehydrated with DPBS and treated with S pg/mL RNase
(Catalog# EN0531, ThermoFisher Scientific Inc.) for 15 min at
room temperature. The staining was performed with 3 uM
propidium iodide (in DPBS) for 1S min at room temperature
and analyzed by flow cytometry (Guava easyCyteTM, Luminex,
Austin, TX, USA). The data was analyzed by FlowJo v10.5.3
Software (BD Life Sciences, Franklin Lakes, NJ, USA), using the
Watson Pragmatic algorithm.”' GraphPad Prism (GraphPad
Software) was used for normalization, statistical analysis, and bar
graph creation. Significance testing was performed with a one-
way analysis of variance (ANOVA). Dunnett’s posthoc test was
employed to obtain significance levels of each mean compared
to a reference mean value.

Annexin V/PI Assay. To determine apoptosis, MMI.S cells
(0.5 X 10° cells/mL) were seeded in sterile 24-well plates
(CytoOne, Hamburg, Germany) and incubated for 48 h at 37
°C and 5% CO, under humidified air with 10 uM of the
respective compounds or vehicle control (DMSO). Final
DMSO concentration was 0.1%. After 48 h, cells were washed
with ice-cold DPBS, diluted in 100 yL staining buffer (HEPES
0.01 M, NaCl 0.14 M, CaCl, X 2 H,O 2.5 mM) and transferred
to a 96 well plate. Staining was performed with S yL FITC
Annexin V (Catalog#64094S, Biolegend, San Diego, CA, USA)
and 10 uL of propidium iodide (Catalog#421301, Biolegend)
per well. Fluorescence was measured by flow cytometry (Guava
easyCyteTM, Luminex, Austin, Texas). GraphPad Prism
(GraphPad Software) was used for normalization, statistical
analysis, and bar graph creation. Significance testing was
performed with a one-way analysis of variance (ANOVA).
Dunnett’s posthoc test was employed to obtain significance
levels of each mean compared to a reference mean value.

Clonogenic Growth Assay. Five X10° MDA-MB-231 cells
were seeded into T2S cell culture flasks and stimulated with 10
UM of respective compounds or vehicle (0.7% DMSO) for 48 h.
Subsequently, cells were harvested and plated in 6-well plates at
a density of 750 cells per well in triplicates. The cell culture
medium was changed after 5 days. Nine days after plating, the
colonies were carefully washed with 500 4L DPBS and stained
with 500 pL crystal violet solution (0.5% in Methanol). After 30
min of incubation at room temperature, the wells were gently
rinsed with deionized water. After counting the formed colonies,
GraphPad Prism (GraphPad Software) was used for bar graph
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creation. Significance testing was performed with a one-way
analysis of variance (ANOVA). Dunnett’s post-hoc test was
employed to obtain significance levels of each mean compared
to a reference mean value.

Proteomics Screen. Sample Preparation LFQ Quantita-
tive Mass Spectrometry. Cells were lysed by addition of lysis
buffer (8 M Urea, S0 mM NaCl, SO 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, 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 nano-Elute 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 (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 lons; 622, 922, 1,222 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 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 X 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 (<2,000 X no. of treatments) were
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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 ¢ test
as implemented in the limma package within the R framework.>
GraphPad Prism (GraphPad Software) was used for dot plot
creation.

B ASSOCIATED CONTENT

@ Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jmedchem.4c02569.

Supplementary Figures and Schemes, 'H NMR, "*C
NMR, and HPLC data (PDF)
Molecular strings formula (CSV)

B AUTHOR INFORMATION

Corresponding Author
Finn K. Hansen — Department of Pharmaceutical and Cell
Biological Chemistry, Pharmaceutical Institute, University of
Bonn institution, Bonn 53121, Germany; ® orcid.org/0000-
0001-9765-5975; Email: finn.hansen@uni-bonn.de

Authors

Felix Feller — Department of Pharmaceutical and Cell
Biological Chemistry, Pharmaceutical Institute, University of
Bonn institution, Bonn 53121, Germany; ©® orcid.org/0009-
0007-1820-772X

Irina Honin — Department of Pharmaceutical and Cell
Biological Chemistry, Pharmaceutical Institute, University of
Bonn institution, Bonn 53121, Germany

Martina Miranda — Department of Pharmaceutical and Cell
Biological Chemistry, Pharmaceutical Institute, University of
Bonn institution, Bonn 53121, Germany

Heiko Weber — Department of Pharmaceutical and Cell
Biological Chemistry, Pharmaceutical Institute, University of
Bonn institution, Bonn 53121, Germany

Svenja Henze — Department of Pharmaceutical and Cell
Biological Chemistry, Pharmaceutical Institute, University of
Bonn institution, Bonn 53121, Germany

Maria Hanl — Department of Pharmaceutical and Cell
Biological Chemistry, Pharmaceutical Institute, University of
Bonn institution, Bonn 53121, Germany

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.jmedchem.4c02569

Author Contributions

The manuscript was written through contributions of all
authors. All authors have given approval to the final version of
the manuscript.

Funding

Funding by the Deutsche Forschungsgemeinschaft (DFG,
German Research Foundation)—GRK2873 (494832089) is
gratefully acknowledged.

https://doi.org/10.1021/acs.jmedchem.4c02569
J. Med. Chem. 2025, 68, 1824—1843


https://pubs.acs.org/doi/10.1021/acs.jmedchem.4c02569?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.4c02569/suppl_file/jm4c02569_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.4c02569/suppl_file/jm4c02569_si_002.csv
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Finn+K.+Hansen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-9765-5975
https://orcid.org/0000-0001-9765-5975
mailto:finn.hansen@uni-bonn.de
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Felix+Feller"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0009-0007-1820-772X
https://orcid.org/0009-0007-1820-772X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Irina+Honin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Martina+Miranda"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Heiko+Weber"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Svenja+Henze"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maria+Hanl"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.4c02569?ref=pdf
pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.4c02569?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Medicinal Chemistry

pubs.acs.org/jmc

Notes

Global proteomics data will be publicly available at the Fischer
Lab’s Proteomics database: https://proteomics.fischerlab.
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B ABBREVIATIONS

2-CTC resin, 2-Chlorotrityl resin; APOE, Apolipoprotein E;
BCR-ABL, Breakpoint cluster region protein — Abelson murine
leukemia viral oncogene homologue fusions protein; BRD4,
Bromodomain-containing protein 4; c-ABL, Abelson murine
leukemia viral oncogene homologue; cIAP, Cellular inhibitor of
apoptosis protein; CoREST, Co-repressor of REST; CRBN,
Cereblon; CRL, Cullin RING ligase; CUL2, Cullin-2; DCy,
Half-maximal degradation concentration; DCAF11, DDB1- and
CUL4-associated factor 11; DCAF16, DDB1- and CULA4-
associated factor 16; diaPASEF, Data-independent acquisition
of parallel accumulation-serial fragmentation; DIPEA, N,N-
Diisopropylethylamine; D,,, Maximal degradation; DMEF,
Dimethylformamide; DMSO, Dimethyl sulfoxide; DNA,
Deoxyribonucleic acid; ECsy, Half maximal effective concen-
tration; FDA, U.S. Food and Drug Administration; FEM1B,
Fem-1 homologue B; FITC, Fluorescein isothiocyanate;
GAPDH, Glyceraldehyde 3-phosphate dehydrogenase;
HATU, Hexafluorophosphate azabenzotriazole tetramethyl
uronium; HDAC, histone deacetylase; HDACI, histone
deacetylase inhibitor; HOBt, Hydroxybenzotriazole; HPLC,
High-performance liquid chromatography; I1Cs,, Half maximal
inhibitory concentration; KDM1A, Lysine (K)-specific deme-
thylase 1A; LRRC37A2, Leucine-rich repeat-containing protein
37A2; LSD1, Lysine-specific histone demethylase 1; MDA-MB-
231, M.D. Anderson-Metastatic Breast-231, human breast
cancer cell line; MIER, mesoderm induction early response;
MIERI, mesoderm induction early response protein 1; MLN,
MLN4924, neddylation inhibitor; MM.1S, Multiple myeloma
steroid sensitive cell line; MV4—11, acute monocytic leukemia
cellline; NCoR, Nuclear receptor corepressor; NCORI, nuclear
receptor corepressor 1; PEG, polyethylene glycol; PI, propidium
iodide; POI, protein of interest; PPI, protein—protein
interaction; PROTAC, proteolysis targeting chimera; RCOR1
and 3, REST corepressor 1 and 3; RNF4, Ring Finger Protein 4;
RNF114, Ring Finger Protein 114; rt, room temperature;
SAHA, suberoylanilide hydroxamic acid, or vorinostat; SIN3,
switch-independent 3; SIN3A, SIN3 homologue A; SMRT,
silencing mediator for retinoid and thyroid hormone receptor;
TFA, trifluoracetic acid; TPD, targeted protein degradation; U-
87MG, Uppsala 87 Malignant Glioma cell line; UBE2GI,
ubiquitin-conjugating enzyme E2 G1; UPS, ubiquitin-protea-
some system; VHL, Von Hippel-Lindau
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1. Supplementary Schemes and Figures

Scheme S1. Synthesis of FEMIB ligand according to literature known protocol! with slight
modifications”
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“Reagents and conditions: (a) tert-Butyl bromoacetate, NaH, DMF, 0 °C to rt, 2 h; (b) Fe,

NH4Cl, EtOH/H>O (3/1 v/v), 80 °C, 20 h; (c) basic alumina, acrylonitrile, 80 °C, 20 h; (d)
chloroacetyl chloride, triethylamine, CH2Clz, 0 °C to rt, 30 min; (¢) TFA, CH2Cl, rt, 2 h.

Time dep. degradation
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< O1g
*_ﬁ
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Figure S1. Time dependent degradation of HDACI1 by 1g. Simple western™ immunoassay
analysis of MM.1S cell lysates. MM.IS cells were treated for with 1g (1 uM) or vehicle
(DMSO) for the indicated incubation-time, presented as mean + standard deviation of n = 3
biological replicates. Significance compared to vehicle: *** = p<0.001.
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2. NMR Data of compounds in biological testing
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3. HPLC chromatograms of compounds in biological testing

Chromatogram
1 200- T 2023-12-12.2 #3 [manually integrated] FFE204Z P UV _VIS_2 WAWL:250 nm
T 1-13,233
1.0004
004
? j
£ 6004
2 j
=
]
= j
S 40U+
a
d: 4
2004
O—_ f Ll?ﬁﬂ&l&ﬁ?{i? 15,743
2007r T T T T T T T T T T T T T T T T T T T T 1
0.0 50 10.0 15.0 20.0 25.0 30.0 3401
Timea [min]
|Integration Results
No. Peak Name Retention Time Area Height Relative Area Relative Height Amount
min mAU*min mAU %o % n.a.
1 13,233 83,997 1139,744 99,05 99,41 n.a.
2 13,587 0,370 1,306 0,44 D3 n.a.
3 14,017 0,344 4,313 RS} 0,38 n.a.
4 15,743 0,080 1,092 0,11 0,10 n.a.
Total: 84,801 1146,454 100,00 100,00

HPLC chromatogram of 1a (gradient B, purity: 99.1%).

[Chromatogram ]
700- 1 2023-12-12 %5 [manually integratad) FFE2043_2 P UWV_VIS_2 WL 250 nm
GO0 2 - 12,267
5004

= 4004

=T

@
2 3004

&=

= 200
1004

ol T -|t>._'\f._3l-'4g?s1=..-4.a
-1 I":D- r T T T T T T 1
0.0 5.0 100 15,0 20,0 250 30,0 G40
Time [min]
Integration Results
Nao. Peak Name Retention Time: Area Height Relative Area Relative Height Amount
min mAL*min mALl %o %o n.a.

1 11,533 0,286 2,393 0,58 0,40 na.

2 13,267 45,038 5BG6,870 98,74 99,13 na.

3 14,033 0,224 1,280 0,45 0,22 na.

4 15743 0,115 1.451 0.23 0,25 r.a.

Total: 49,663 591,995 100,00 100,00

HPLC chromatogram of 1b (gradient B, purity: 98.7%).
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|Chmmgnm

1 B00- 2023-12-12 2 #5 [manually integrated) FFER2044 2 P LW WIS_2 VWL 250 nm
S00 -
2-13370
1,400
1,200
1,000 4
=
E
£ 500
@
=
=
j": G004
3
400 4
200+
J_J RS 13 Tan
04 LI | T
_200 o r T T T T T T 1
a.c 45,0 100 150 20,0 250 30,0 Y
Tima [min]
Integration Results
No.  |Peak Mame Retention Time Area Height Relative Area Relative Height Amount
mirn mAL*min mAL % %o n.a.
1 13,253 0,362 6,518 0,32 0,45 na.
e 13,370 109,044 1435,827 9728 98,06 n.a.
3 13,493 2,103 15,729 1,88 107 n.a.
4 14,163 0,377 3,375 0,34 0,23 n.a.
5 15,740 0,209 2,766 0,19 0,19 n.a.
Total: 112,096 1464,214 100,00 100,00
HPLC chromatogram of 1c (gradient B, purity: 97.3%).
[Chromatogram
2 000 - % 2023-12-15 #9 [manually integrated] FFE2045 P UV_VIS_2 WL 250 nm
Z-12,803
1.7504
1.5004
1.2504
=)
=
E 1 oo
3
c
m
=
5 7504
2
=
500
250
0 P22 %ss
] T 1T
ZUD-I T T T T T T T T T T T T T T T T T T T T T 1
0.0 50 10.0 15.0 200 250 30.0 3401
Time [min]
| Integration Results
No. [Peak Name Retention Time Area Height Relative Area Relative Height | Amount
min mAU*min mAU Yo Yo n.a.
1 12,553 0,648 9919 0,46 0,51 na.
2 12,903 136,688 1880,377 97,33 96,88 na.
Z 13,003 2,393 41,252 1,70 2,13 na.
4 13,653 0,710 9422 0,51 049 na.
Total: 140,440 1940,971 100,00 100,00

HPLC chromatogram of 1d (gradient B, purity: 97.3%).
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|Chromatogram

5 000 2 2023-12-20 #13 [manually integrated] FFE 2046 P UV VIS 2 WYL:250 nm
1-12,853
1.750
1.5004
1.2504
=}
=
E 1 000
5]
=
@
=]
5 750
a
<
5004
2504
2 - 19348 a7 53
04 T T
QOD‘I T T T T T T T T T T T T T T T T T T T T 1
0.0 50 10.0 15,0 20.0 25.0 30,0 34,0
Timea [min]
Integration Results
No. Peak Name Retention Time Area Height Relative Area Relative Height Amount
min mAU*min mAL % Y% n.a.
1 12,953 134,440 1809,154 99,06 99,30 n.a.
2 13,687 0,758 9,091 0,56 0,50 n.a.
3 14,943 0,397 2,250 0,29 0,12 n.a.
4 15,753 0117 1,358 0,09 0,07 n.a.
Total: 135,712 1821,853 100,00 100,00

HPLC chromatogram of 1e (gradient B, purity: 99.1%).

Chromatogram

22004 17 2023-12-20 #16 [manually integrated] FFE 2047 P UV_VIS_2 WVL:250 nm
2.000 1-12,983
1.750 4
1.500 4
2 1.2504
=
@
£ 1.000
5]
o
5
2 7507
500
250
o] { I.‘2-13‘7;1?,15_74?
72007| T T T T T T 1
0.0 5,0 10.0 15,0 20,0 25,0 30,0 34,0
Time [min]
Integration Results
No. |Peak Name Retention Time Area Height Relative Area Relative Height Amount
min mAU*min mAU % % n.a.
1 12,983 147,581 1942,855 99,50 99,54 n.a.
2 13,707 0,607 7.439 0,41 0,38 n.a.
3 15,747 0,139 1,525 0,09 0,08 n.a.
Total: 148,327 1951,820 100,00 100,00

HPLC chromatogram of 1f (gradient B, purity: 99.5%).
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|Chromatogram

200 320231216 #12 [manually integrated] FFE2049 P UV VIS 2 WVL.250 am
1-12,877
1.0004
800
2
E 600
3
£
©
=}
IR
2
<T
2004
o S RE
ZUD—r T T T T T T T T T T T T T T T T T T T T T T 1
0.0 5.0 10.0 15.0 20,0 25.0 30.0 34,0
Timea [min]
|Integration Results
No. Peak Name Retention Time Area Height Relative Area Relative Height Amount
min mAU*min mAU % % n.a.
1 12,877 80,587 1113,081 97,59 98,47 n.a.
2 13,207 1,754 14,462 2,12 1,28 n.a.
3 13,643 0,132 1,837 0,16 0,16 n.a.
4 15,770 0,101 1.030 0,12 0,08 n.a.
Total: 82,573 1130,410 100,00 100,00
HPLC chromatogram of 1g (gradient B, purity: 97.6%).
Chromatogram
1 6002 7 2023-12-18 #14 [manually integrated] FFE2050 P UV VIS 2 WVL250 nm
1 400] 112,920
1.200
1.0004
= ]
= i
E 8004
g )
c
_g <4
E EOD—_
=] 4
< )
400
200
ol 2331 BB - 19,703
__ T T
an:r T T T T T T T T T T T T T T T T T T T T T T T 1
oo 5.0 10.0 15.0 200 250 30.0 340
Time [min]
|Integration Results
No. |Peak Name Retention Time Area Height Relative Area Relative Height | Amount
min mAU*min mALU % % n.a.
1 12,920 102,852 1407,184 99,25 99,56 n.a.
2 13,180 0,470 2,897 0,45 0,20 n.a.
3 13,697 0,160 1,839 0,15 0,13 na.
4 15,753 0,145 1,638 0.14 0,11 n.a.
Total: 103,626 1413,459 100,00 100,00
HPLC chromatogram of 1h (gradient B, purity: 99.3%).
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Chromatogram

1 600 B 2023-12-20 #19 [manually integrated] FFE 2051 P UV_WVIS_ 2 WWL:250 nm
] 2-13,207
1.4004
1.200
1.000
= ]
= ]
E 8004
u ]
g J
= ]
5 600—_
k] ]
< ]
A00
200
1 - 13, 498 ReaTBT A0
o] '1}1L L
200-—[ T T T T T 1
0.0 5,0 10.0 15.0 20.0 25.0 300 34.0
Time [min]
|Integration Results
No. |Peak Name Retention Time Area Height Relative Area Relative Height | Amount
min mAU*min mAL % % n.a.
1 12,963 0,141 0,998 0,12 0,07 na.
2 13,207 110,220 1432,307 97,04 97,69 na.
= 13,990 0.575 5,031 0,51 0,34 na.
4 14,963 1,245 12,998 1,10 0,89 n.a.
5 15,247 1,204 12,668 1,06 0,86 n.a.
6 15,740 0.196 2,243 017 0,15 n.a.
Total: 113,581 1466,244 100,00 100,00
HPLC chromatogram of 1i (gradient B, purity: 97.0%).
[Chromatogram ]
A0 0 2024-01-12 #11 [manually integrated] FFz0i12 1 LW WIS _2 WL 250 nm
§3 - 11,230
3504
3004
2504
=
=<
£, 200
@
=
=
:'”{. 1504
3
1004
504
o J ul- o Li‘. £330
-SU- T T T T
0.0 5.0 10,0 150 20,0 250 25800
Time [min]
Integration Results
No. |Peak Mame Retention Time Area Height Relative Area Relative Height Amount
min mAL*min mAL %o % n.a.
1 10,530 0,091 1,380 0,33 0,37 n.a.
2 11,130 0,243 4,442 0,89 1.21 n.a.
3 11,230 27,099 362,129 98,78 9842 n.a.
Total: 27,433 367,931 100,00 100,00

HPLC chromatogram of 1j (gradient A, purity: 98.8%).
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Chromatogram

200 13 2023-12-20 #21 [manually ntegrated] FFE 2052 P UV VIS 2 WNAVL:250 nm
5004 G- 14,980
5004

Absorbance [mAU]
(]
o
o

1004
Lil- 13,&@55& 780
0+ N T 1 11
100- r T T T T T T T T T T T T T T T T T T T T T T T T T T T 1
0.0 5.0 10.0 15.0 20.0 25.0 300 34.0
Time [min]
|Integration Results
No. Peak Name Retention Time Area Height Relative Area Relative Height Amount
min mAU*min mAU %, % na.

1 13,180 0,214 0,967 0,39 0,17 n.a.
2 14,660 0,076 1,289 0,14 0,22 n.a.
3 14,980 53,795 572,184 98,90 99,19 n.a.
4 15,760 0,310 2,400 0,57 042 n.a.
Total: 54,396 576,841 100,00 100,00

HPLC chromatogram of 1k (gradient B, purity: 98.9%).

Chromatogram
a00- H 2024-04-02 purezza #5 [manually integrated] MM-SPS-81 UV _WVIS_2 WWL:250 nm
200 3-12,160
600
A004
=y ]
= )
E 400
8
=
3
s 300—_
=] 4
<
2004
100
o] qjk_] 1783 ua - 1557717 220
100;! T T T T T T 1
0.0 5.0 10.0 15.0 20.0 25.0 30.0 3401
Time [min]
|Integration Results
No. Peak Name Retention Time Area Height Relative Area Relative Height Amount
min mAU*min mAU % % n.a.
1 11,757 0,057 0,953 0,12 0,13 na.
2 12,057 1,144 18,029 2,46 252 n.a.
3 12,160 45139 695,723 97,14 97,17 n.a.
4 15,777 0,070 0,841 0,15 0,12 n.a.
5 17.220 0.060 0.449 0,13 0,06 na.
Total: 46,470 715,995 100,00 100,00

HPLC chromatogram of 1g-nc (gradient B, purity: 97.1%).
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Chro ram

1800 - 2 2025-12-15 811 [manually integrated] FFE2048 P LIV VIS 2 WL 250 nm
)1-13327
1,500 4
1.250 4
= 1.000]
.r.
&
& 750
b
B
5004
250+
2+ 834 e01s 737
04 = F i
-200-; . : . . : . i
a.c 4,0 10,0 15,0 20,0 250 30,0 34,0
Timsa [min]
Integration Results
No. Peak Name Retention Time Area Height Relative Area Relative Height Amount
min mAL*min mAL o o n.a.
1 13,327 118,702 1610,163 9727 98,13 na.
2 13,443 2,601 22951 221 1,40 n.a.
3 14,180 0,512 6,039 042 0,37 n.a.
4 15,737 0,132 1.687 011 0,10 n.a.
Total: 122,036 1640,840 100,00 100,00

HPLC chromatogram of 2 (gradient B, purity: 97.3%).
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7.2 Appendix Il. Publication 2. Replacing a Cereblon Ligand by a DDB1 and CUL4
Associated Factor 11 (DCAF11) Recruiter Converts a Selective Histone Deacetylase

6 PROTAC into a Pan- Degrader

The following pages include the full text and supplementary information of the article “Replacing
a Cereblon Ligand by a DDB1 and CUL4 Associated Factor 11 (DCAF11) Recruiter Converts a
Selective Histone Deacetylase 6 PROTAC into a Pan-Degrader”, as it was published in

ChemMedChem by Wiley-VCH GmbH.

The article is reprinted with permission from:

Felix Feller, Heiko Weber, Martina Miranda, Irina Honin, Maria Hanl, and Finn K. Hansen.
Replacing a Cereblon Ligand by a DDB1 and CUL4 Associated Factor 11 (DCAF11) Recruiter
Converts a Selective Histone Deacetylase 6 PROTAC into a Pan-Degrader. ChemMedChem 2025,

20, 1-33. https://doi.org/10.1002/cmdc.202500035.

Copyright 2025, The Authors. ChemMedChem published by Wiley-VCH GmbH. Published under

the license CC BY 4.0: https://creativecommons.org/licenses/by/4.0/
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Replacing a Cereblon Ligand by a DDB1 and CUL4
Associated Factor 11 (DCAF11) Recruiter Converts a
Selective Histone Deacetylase 6 PROTAC into a Pan-

Degrader

Felix Feller,”™ Heiko Weber,? Martina Miranda,”® Irina Honin,”® Maria Hanl,” and

Finn K. Hansen*™

Proteolysis-targeting chimeras (PROTACs) have recently gained
popularity as targeted protein degradation (TPD) promises to
overcome the limitations of occupancy-driven pharmacology.
However, most degraders rely on a small number of E3 ligases.
In this study, we present the first-in-class histone deacetylase
(HDAC) PROTACs recruiting the DDB1- and CUL4- associated
factor 11 (DCAF11). We established a synthesis route entirely on
solid-phase to prepare a set of eleven degraders. The long and
flexible spacer bearing FF2039 (1j) showed significant HDAC1
and 6 degradation in combination with cytotoxicity against the

Introduction

Cancer is the cause of nearly 10 million deaths per year, making
it one of humanity’s most significant disease burdens, partic-
ularly in western societies.”” It arises from a variety of factors,
including genetic mutations and epigenetic alterations, the
latter involving chromatin modifications without changes to the
DNA sequence.” Chromatin remodeling, like e-lysine acetyla-
tion of histones, is tightly regulated, as it is responsible for
modulation of transcription, DNA repair, replication, and
condensation.®! To reverse the acetylation, histone deacetylases
(HDACGs) hydrolyze the amide bond, restoring the positive
charge of the lysine and resulting in a more compact
chromatin.”

HDACs can be distinguished into four classes: Class |
(HDAC1-3 and 8), class lla (HDAC4, 5, 7 and 9), class llb (HDAC6
and 10), and class IV (HDAC11) are zinc-dependent deacylases.
Depending on the isoform, they are primarily localized in the
nucleus or in the cytoplasm and some contribute to multi-
protein complexes. In addition, HDACs act on multiple sub-
strates beyond histones and are involved in the hydrolysis of
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multiple myeloma cell line MM.1S. Further investigations
revealed that 1j was also able to degrade HDAC isoforms of
class I, lla and llb. Compared to our previously published
cereblon-recruiting HDAC6 selective PROTAC A6, we succesfully
transformed the selective degrader into a pan-HDAC degrader
by switching the recruited E3 ligase. A detailed profiling of the
anticancer properties of 1j demonstrated its significant anti-
proliferative activity against both hematological and solid
cancer cell lines, driven by cell cycle arrest and apoptosis
induction.

more than just acetyl groups.®*® The up-regulation and high
expression of different HDAC isoforms are associated with poor
prognosis in cancers such as multiple myeloma and acute
myeloid leukemia.”® Therefore, HDAC inhibition is a promising
strategy for tumor therapy. Numerous studies have demon-
strated that HDAC inhibitors (HDACi) reduce angiogenesis, cell
migration, proliferation, and resistance to chemotherapy. Fur-
thermore, inhibition of HDACs promotes apoptosis and enhan-
ces cell differentiation.®® U.S. Food and Drug Administration
(FDA) or European Medicines Agency (EMA) approved HDACI,
such as vorinostat, belinostat, and romidepsin, for the treatment
of T-cell lymphoma, panobinostat for the treatment of multiple
myeloma, and givinostat for treating Duchenne muscular
dystrophy.'®" In addition, the National Medical Product
Administration of China approved tucidinostat for treating
peripheral T-cell lymphoma and hormone receptor positive
breast cancer.!>'¥

A promising alternative to conventional occupancy-driven
inhibitors is targeted protein degradation (TPD) for example by
molecular glues or proteolysis-targeting chimeras (PROTACs). In
this approach, an E3 ligase is hijacked by a molecular glue or
PROTAC to polyubiquitinate a protein of interest (POI), leading
to its degradation. In Cullin RING E3 ligases, the largest group of
E3 ligases, the E3 ligase complex works alongside an ubiquitin-
loaded E2 enzyme, which transfers ubiquitin to the substrate or
POI. This leads to subsequent degradation by the ubiquitin-
proteasome system (UPS)."*'¥ This catalytic mode of action
provides significant advantages, such as extended pharmaco-
logical effects, doses reduction, and potentially minimizing
adverse effects."®'”’ Importantly, degraders can overcome
cancer resistance mechanisms, such as target amplification or
overexpression, through their catalytic activity."® Additionally,

© 2025 The Authors. ChemMedChem published by Wiley-VCH GmbH
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they can counteract resistance caused by altered ligand binding
sites, as even weak binders can still enable efficient
degradation."

While molecular glues identification is often serendipitous,
PROTACs can be designed more rationally. However, due to
recent discoveries in degrader development it becomes more
and more difficult to differentiate between molecular glues and
PROTACGs. This becomes particular evident in a series of linker-
less PROTACs that combine a POl-warhead with a covalent
handle for a specific E3 ligase. These compounds, termed
monovalent molecular glues or linker-less PROTACs, challenge
traditional classifications.”**"

PROTACs for targeted degradation of HDACs were intro-
duced in 2018, and since then, over 100 HDAC PROTACs have
been published.”>*® Despite the use of many different HDAC

y R WY
HO" T(\/\/\)LH, N
(o]

ligands, only three E3 ligases have been employed according to
PROTAC-DB 3.0: Cereblon (CRBN), Von Hippel-Lindau (VHL), and
the inhibitor of apoptosis protein (IAP).?” The first PROTAC for
targeted degradation of an HDAC was the crebinostat-derived
degrader | (Figure 1). It used pomalidomide for CRBN recruit-
ment and despite PROTAC | contains a pan-HDAC ligand, only
HDAC6 was degraded.?? PROTAC Il and IV are representatives
of the first successful recruitment of VHL and IAP, respectively.
PROTAC Il contains a benzamide for targeting class | HDACs,
and the switch to a CRBN recruiter shows similar degradation
selectivity as Il, but to a lesser extent.”® The E3 ligase switch
from IV to V yielded a different result: Both contain the pan-
HDAC inhibitor dacinostat and a polyethylene glycol (PEG)
spacer, but the IAP-recruiting IV resulted in HDAC6 degradation,
while V degraded HDAC3 and 8 by VHL recruitment.”” With
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Figure 1. Comparison of HDAC PROTACs recruiting different E3 ligases. PROTAC I®? was the first utilization of CRBN for HDAC degradation, while PROTAC 11*®
represents the first VHL-based HDAC degrader. PROTAC 1lI?® showed similar degradation selectivity as PROTAC II, but to a lesser extent by switching back to a
CRBN recruiter. The first successful utilization of IAP for targeted HDAC degradation was PROTAC IV?® and changing the E3 ligase to VHL, represented by

PROTAC V,*? resulted in a switch of degraded isoforms.
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more than 600 E3 ligases encoded in the human genome, there
is a significant need to expand the number of utilized E3 ligases
for HDAC degradation.”” Furthermore, unlocking specific E3
ligases with dedicated tissue or cell-type specificity holds great
potential for achieving degradation in the desired tissue.
Likewise, targeting tumor- or disease-enriched E3 ligase could
enable the development of more refined and selective
degraders.®"*? Expanding the use of new E3 ligases can also
help to target new tumor entities; for example, it has been
shown that the sensitivity pattern of tested tumor cell lines to
PROTACs changes by switching from CRBN to VHL.®® However,
ligands for both E3's come with some limitations, as thalido-
mide is associated with teratogenicity and stability issues, while
the VHL ligands increase molecular weight and topological
polar surface area, which can be challenging for oral
bioavailability."” Using E3 ligases which degrade tumor
suppressor-proteins can have additional anticancer effects. For
example, mouse double minute 2 homolog (MDM2) recruitment
for TPD leads to a stabilization of p53 and p21 is substrate of
the E3 ligase DCAF11.5%%

Lately, the range of E3 ligases used in TPD has expanded.
For example, ligands for Fem-1 homolog B (FEM1B),*® Ring

A
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HDAC PROTAC

g

Finger Protein 4 (RNF4),®” Ring Finger Protein 114 (RNF114),®
DDB1- and CUL4-associated factor 11 (DCAF11),%°**¥ and DDB1-
and CUL4-associated factor 16 (DCAF16)" have been utilized in
TPD strategies. These ligands share an electrophilic warhead to
engage the E3 ligase, resulting in a pseudo-binary complex of
E3 ligase, covalently bound PROTAC, and POI. This results in
simpler kinetics, as the covalent construct of E3 ligase and
PROTAC only needs to recruit a new POl molecule for
polyubiquitination.””

In this work, we utilized the Ugi four component reaction
(U-4CR)-derived DCAF11 ligand of Zhang et al.,*” because of its
promising degradation results and fast accessibility due to the
U-4CR. Based on our previously published HDAC6 degrader A6,
we started to design the DCAF11-recruiting PROTACs (Fig-
ure 2.9 In our previous studies, we developed a highly
modular approach for the solid-phase synthesis of PROTACs
and extended this approach to the synthesis of hydrophobically
tagged HDAC inhibitors.***® Adapting the U-4CR to the solid-
phase conditions allowed us to synthesize a set of eleven
PROTACs entirely on resin. The subsequent biological evalua-
tion revealed significant degradation of HDACI1, correlating
with cytotoxic effects in the multiple myeloma cell line MM.1S.
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Figure 2. Design of DCAF11-recruiting HDAC PROTACs. (A) Switch from the CRBN-recruiting thalidomide-based E3 ligase ligand (red) of A6 to the DCAF11-
recruiting ligand (orange). (B) The DCAF11-based HDAC PROTACs (1a-j) consist of three parts: The vorinostat-like HDAC ligand (green) and the DCAF11 ligand
(orange) are connected by a broad spectrum of spacers (yellow). The spacer-less compound 2 consist only of the HDAC and DCAF11 ligand.
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Notably, further investigation of compounds 1j and 2, which
share the POI ligand with A6 but differ in linker length and E3
ligase ligand, revealed enhanced degradation capabilities and
both compounds induced pan-HDAC degradation across all
isoforms tested. This effect was accompanied by increased cell
cycle arrest, apoptosis induction, and long-term antiproliferative
activity.

Results and Discussion
Design and Synthesis of DCAF11-Recruiting HDAC PROTACs

The design of our PROTACs was based on the best degrader of
our previous HDAC degrader study, A6, which combines a
vorinostat-like HDAC inhibitor and a thalidomide-based CRBN
ligand, fused by a C7 aliphatic spacer (Figure 2A). Although
vorinostat is a pan-HDAC inhibitor, A6 specifically targeted
HDACS6 for degradation. The aim of this study was to investigate
how switching the E3 ligase affects the HDAC degradation
selectivity profile.

To convert the CRBN-utilizing PROTAC into one that recruits
DCAF11, we replaced the thalidomide-based ligand (red, A6)
with a DCAF11 ligand (orange, 1i, Figure 2A). We retained the
vorinostat-like pan-HDACi ligand and C7 linker, to trace back
any possible effects to the exchange of the E3 ligase recruiter.
The initial PROTAC 1i, which represents the direct DCAF11-
recruiting analog of A6, was complemented by a set of nine
degraders, bearing a broad range of different spacers to
introduce diversity in regards to chain length, lipophilicity, and

Q o°
Q,O\ MN’FmOC

2-CTC resin

rigidity. In detail, two short and rigid cyclic spacers (1a-b,
Figure 2B), three more flexible PEG spacers (1c-e), and some
alkyl spacers ranging from C1-C11 (1f-j) were selected. As
mentioned before, the line between PROTACs and molecular
glues is becoming increasingly blurred,”®* we also designed a
compound that can be considered as a spacer-less PROTAC (2).
In total, we decided to synthesize eleven PROTACs to study the
effect of DCAF11 recruitment on HDAC degradation. The
synthesis of the DCAF11-recruiting PROTACs was completely
carried out on solid support and is shown in Scheme 1. For
resin modification, loading determination, and amide coupling
reactions, our previously published protocols were used.”*™3
Specifically, the commercially available 2-chlorotrityl chloride
(2-CTC) resin was modified with N-hydroxyphthalimide to
immobilize the hydroxylamine as the precursor for the
hydroxamic acid on the resin (not shown). The subsequent
hydrazine monohydrate-mediated deprotection released the
resin-bound hydroxylamine, enabling its coupling with Fmoc-7-
aminoheptanoic acid, which was facilitated by HATU and HOBt.
This step formed the zinc-binding group and linker of the resin-
bound HDAC inhibitor 3. After Fmoc-deprotection of the
precursor, Fmoc-4-aminobenzoic acid was used to complete the
HDACi 4. The last step before the introduction of the DCAF11
ligand was the attachment of various spacers, which was
performed in the same manner as previous couplings steps to
produce 5a-j. The precursors 4 and 5a-j were then used to
install the DCAF11 ligand by an on resin U-4CR. To this end, 3,4-
dichlorobenzaldehyde, 2-chloroacetic acid, and benzyl
isocyanide were used in the U-4CR. This synthetic approach
enabled the introduction of the DCAF11 ligand in one final
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Scheme 1. Solid-phase synthesis of DCAF11-recruiting HDAC PROTACs. Reagents and conditions: a) (i) 20% Piperidine, DMF, rt, 2x5 min, (ii) Fmoc-4-
aminobenzoic acid, HATU, HOBt-H,O, DIPEA, DMF, rt, 18 h; b) (i) 20% piperidine, DMF, rt, 2x5 min, (ii) Fmoc-NH-spacer-COOH, HATU, HOBt-H,O, DIPEA, DMF, rt,
18 h; ¢) (i) 20% piperidine, DMF, rt, 2x5 min, (ii) 3,4-dichlorobenzaldehyde, 2-chloroacetic acid, benzyl isocyanide, DMF/MeOH (1/1 v/v), rt, 72 h, (iii) 5% TFA,

5% triisopropylsilane, CH,Cl,, rt, 1 h.
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step. Finally, all compounds were cleaved from the resin and
purified by preparative HPLC to >95% purity.

Degradation and Antiproliferative Activity of DCAF11-
Recruiting PROTACs

To investigate the HDAC degradation capability of the novel
DCAF11-recruiting PROTACs, we treated the multiple myeloma
cell line MM.1S with the compounds and performed automated
Simple Western™ immunoassays. According to DepMap, MM.1S
cells show similar baseline expression levels of DCAF11 and
CRBN (5.02 and 4.9 (log2) transcription per million
respectively).”® We first examined the effects on HDAC1 and 6
protein levels, as they represent members of the most studied
HDAC classes (I and llb) and are mainly located in opposite
cellular compartments (nucleus and cytoplasm). Figure 3 sum-
marizes the analyzed HDAC1 and 6 levels: HDAC1 was not
degraded by PROTACs bearing the cyclic spacers, but the longer
and more polar PEG spacer-containing PROTACs showed a
significant reduction of up to 51% (1e). The alkyl spacer-based
compounds revealed some unexpected results: while the C5
spacer (compound Th) did not reduce HDACT levels, PROTACs
with both shorter and longer spacers showed a trend toward
significant HDAC1 degradation. Interestingly, also the spacer-
less degrader 2 demonstrated significant HDAC1 degradation.
The most pronounced reduction of HDAC1 levels was detected
for spacer-less PROTAC 2 (55%) and the longest C11 spacer
bearing PROTAC 1j (71%). In addition, these two PROTACs were
also capable of achieving significant reduction of HDAC6

HDAC1 - MM.1S
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=
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Figure 3. Initial degradation screening of HDAC1 and 6 by DCAF11-recruiting
PROTACs by Simple Western™ immunoassay analysis of MM.1S cell lysates.
MM.1S cells were treated with the indicated compound (10 uM) or vehicle
(DMSO) for 24 h. Top: Quantification of HDAC1 levels, presented as mean +
standard deviation of n=3 biological replicates; Significance compared to
vehicle: ns=p>0.05; *=p <0.05, *=p <0.01, ***=p <0.001. Bottom:
Representative images from a total of n=3 biological replicates, labeled
with spacer type; w/o: without spacer.
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protein levels, whereas all the other compounds showed no
significant effects on HDAC6 protein abundance.

Encouraged by the promising reductions in HDAC1 and
HDACS6 levels, we further investigated the phenotypic effects of
our DCAF11-recruiting PROTACs on cancer cells. Accordingly,
we performed a cell viability assay on multiple myeloma MM.1S
cells after treatment with the indicated compounds. The results
are presented in Figure 4. The rigid cyclic spacer-bearing
PROTACs (1a, 1b) demonstrated diminished antiproliferative
activity, whereas the spacer-less (2: EC5,=1.5puM) and the
longest alkyl spacer (1j: EC5,=2.8 uM) yielded pronounced
degradation of both HDAC1 and 6. In addition, 2 and 1j
displayed superior antiproliferative activity in MM.1S cells
compared to ricolinostat, an HDACi currently under clinical
investigation.®” Furthermore, we investigated the contribution
of the DCAF11 ligand to the antiproliferative activity of the
PROTACs. To this end, we synthesized the n-propyl-substituted
DCAF11 warhead 6 (see Scheme S1, Supporting Information)
and tested a 1:1 combination of vorinostat and 6 in a cell
viability assay. Since the EC,, of the combination treatment was
similar to that of vorinostat alone, the DCAF11 ligand seems not
to add significant cytotoxicity (Figure S1, Supporting Informa-
tion). In contrast, the thalidomide-based PROTAC A6 showed no
effect on the viability of MM.1S cells, which is in line with the
literature, where there was little to no effect by A6 depending
on the cell line %>

Notably, the antiproliferative activity of 2 and 1j is reduce
compared to the parent HDACi vorinostat by a factor of ~3 - 6,
which is comparable to the previously published FEM1B-
recruiting PROTACs sharing the same POI ligand.”” To inves-
tigate this reduced antiproliferative activity in comparison to
vorinostat, we tested cell permeability using a cellular HDAC
inhibition assay in the presence and absence of IGEPAL as a
permeabilization agent. Cellular permeability does not appear

Compound EC, [uM]2
Tﬁl

1b 18+3 N...
1c 6.2+0.7
1d 6.9 0.6
1e 7.3%0.5
2 1.5+0.1
4 20 uM
1f 19+3
19 16 %2
1h 187
1i 12+2 "
1j 28+0.1
A6 n.e.
Ricolinostat | 3.0 £ 0.6
Vorinostat | 0.51£0.14 | [

Figure 4. Antiproliferative activity of DCAF11-recruiting PROTACs. “Mean +
standard deviation of EC;, of three independent experiments, each in
duplicates; n.e.: no effect (< 25% effect up to 50 uM). Antiproliferative
activity of DCAF11-recruiting PROTACs in MM.1S cells after 72 h.
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to be an issue for the PROTACs, as cellular HDAC inhibition is
not dependent on the addition of IGEPAL (Figure S2, Support-
ing Information). Finally, aqueous stability was identified as a
potential source of reduced antiproliferative activity. Vorinostat
remained intact in DPBS buffer for 72 hours, whereas PROTAC 2
decomposed by 31% over the same period. During the first
24 hours, PROTAC 1j showed similar stability to 2. However,
after 72 hours, 1j showed a degradation profile that was
comparable to that of A6, with a reduction in content of more
than 90% (Figure S3, Supporting Information).

Target Engagement and HDAC Degradation Selectivity Profile
of 2 and 1j

For further investigations, we selected the two most effective
HDAC1 degraders from this set (2 and 1j), as they also
demonstrated the highest antiproliferative activity. As target
engagement is crucial for targeted protein degradation, we
next investigated the HDAC inhibition efficiency of the PROTAC
hits. To distinguish between their effects on the various
isoforms, we evaluated the inhibitory activity on representative
isoforms from different HDAC classes, namely HDAC1, 2, 4 and
6 (Table 1). Compound 2 demonstrated comparable inhibition
results as A6. However, 1j, the most potent degrader, exhibited
comparatively weaker inhibition of all tested isoforms. The half-
maximal inhibitory concentration (ICsy) is consistently ~4-8
times higher than that of 2

Moreover, the capability to reduce the enzymatic activity of
HDACs was confirmed by a cellular target engagement assay.
MM.1S cells were treated with the PROTACs and the level of
acetylated HDAC substrate proteins was subsequently deter-
mined. Class | HDACs deacetylate histone H3, and thus hyper-
acetylation of histone H3 indicates class | HDAC inhibition.
Conversely, hyperacetylation of a-tubulin serves a marker of
HDACS6 inhibition. Both hit compounds are capable of inhibiting

Table 1. HDAC isoform inhibition by DCAF11-recruiting PROTACs.

a
£ ICs0 [uM]
Compound ligase

9 HDAC1 HDAC2 HDAC4 HDACS

0159  0.298 3.26 0.007

2 DCAF1T 10044 £0011  £008  +0.001

. 1.03 2.15 12.4 0.053

1i DCAFTT L 004 %011 15  £0.001
0125 0274 5.26 0.009

A& CRBN 10009 £0036 +050 +0.004
Verinostat 0.094 0215 e 0.046
+0010 +0.028 € 40005

S ) 0156  0.361 7.22 0.018

+0.005 +0.036 +0.39 +0.002

“Mean +standard deviation is shown of at least two independent
experiments,each performed in duplicates. n.e.. no effect (<30% inhib-
ition up to 10 uM).
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class | and HDAC6 in a cellular environment, confirming
effective target engagement in MM.1S cells (Figure 5). With
regards to the HDAC6 inhibition, the trend of the enzyme
inhibition data was thus confirmed. However, histone H3
hyperacetylation was more pronounced by 1j, compared to 2
and A6.

In the next step, we investigated whether this target
engagement translates into degradation of multiple HDAC
isoforms. HDAC1, 2, 4, and 6 levels were determined by
immunoblot analysis of MM.1S cell lysates and the CRBN-
recruiting PROTAC A6 was used as control. The immunoblot
analysis confirmed the automated Simple Western™ immuno-
assay results, as 1j showed most pronounced degradation of all
tested HDAC isoforms (Figure 6). In detail, the strongest
maximal degradation (D,,,,) was observed for HDAC1 (90%) by
1j, while the degradation of HDAC2, 4, and 6 ranged from 71-
76%. D, of compound 2, although slightly less efficient, was
also the strongest for HDAC1 (74%) followed by HDAC2 (51%),
while HDAC4 (40%) and HDAC6 (26%) were also degraded, but
to a lesser extent (see Table S1, Supporting Information). In
contrast, A6 selectively degraded HDAC6 without significant
effects on the other HDAC isoforms, as previously reported."
By utilizing DCAF11 instead of CRBN for HDAC degradation, 1j
and 2 are able to broaden the scope of degraded HDAC
isoforms, degrading not only HDAC6 but also HDAC1, 2, 4, and
6. In addition, the degradation pattern of 1j was further
investigated by its time dependency. Treatment of MM.1S cells
revealed significant degradation of HDAC1 and 6 after 6 h,
which increased after 14 h and 24 h (Figure S4, Supporting
Information).

Cell Cycle Arrest and Apoptosis Induction of 2 and 1j

To gain a more comprehensive understanding of the cellular
effects of 2 and 1j, cell cycle and apoptosis induction was
analyzed. After treating MM.1S cells with the indicated com-
pounds or vehicle for 48 h, the cells were permeabilized, fixed,
and stained with propidium iodide (Pl) to quantify the DNA
content by flow cytometry (Figure 7A, B). The treatment of both
PROTACs (2, 1j) resulted in an increase of the sub G1 phase,
while the S phase was decreased. This indicates cell cycle arrest

DMSO 2 1j A6

¢ [uM] - 10 10 10
52 kDa S s s | Ac-a-tubulin
17 kDa — — Ac-histone H3
36 kDa | S— a— —— | GAPDH

Figure 5. Cellular target engagement by 2, 1j, and A6. Immunoblot analysis
of acetylated a-tubulin and histone H3 in MM.1S cell lysates. Cells were
treated with the indicated compounds (10 uM) or vehicle (DMSO) for 24 h.
Representative images from a total of n=3 biological replicates.
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Figure 6. Examination of HDAC isoform degradation. MM.1S cells were treated with the indicated compounds (10 uM) or vehicle (DMSO) for 24 h. HDACT1, 2, 4,
and 6 levels were analyzed by immunoblotting. (A) Representative images from a total of n=3 biological replicates. (B) Quantification of HDAC1, 2, 4, and 6
presented as mean =+ standard deviation of n=3 biological replicates; significance compared to vehicle: ns=p >0.05; *=p < 0.05; **=p <0.01;
#%—p<0.001.
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Figure 7. Cell cycle and apoptosis induction analysis by flow cytometry. MM.1S cells were treated with the respective compound (10 uM) or vehicle (DMSO)
for 48 h. (A) Representative data of cell cycle analysis of MM.1S cells after PI staining. (B) Quantification of cell cycle analysis, presented as mean + standard
deviation of n =3 biological replicates, each performed in duplicates. (C) Representative data of apoptosis induction analysis of MM.1S cells after annexin V-
FITC/PI staining. (D) Quantification of apoptosis induction analysis, presented as mean =+ standard deviation of n=3 biological replicates, each performed in
triplicates. Significance of apoptosis analysis is regarding the combined quantities of early and late apoptosis. In the case of (B) and (D), significance of
quantification is compared to vehicle: ns=p >0.05; **=p <0.01 and ***=p <0.001.
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and apoptosis induction. In contrast, the CRBN-recruiting
PROTAC A6 indicated no significant changes in cell cycle.
However, the included HDACi ricolinostat and vorinostat both
showed stronger effects on the different phases of the cell
cycle. The apoptosis induction was additionally assessed by
staining with FITC labeled annexin V and PI. Flow cytometry
analysis with these two dyes enables the distinctions between
early and late apoptotic cells besides unaffected cells (Fig-
ure 7C, D). This analysis revealed less differences between the
DCAF11-recruiting PROTACs and the HDACi. All compounds
significantly induced apoptosis, to a comparable extent. The
only exception is A6, which stayed on the level of vehicle
control. This proves that the antiproliferative activity of 2 and 1j
in MM.1S cells is based on the arrest of cell cycle and of
induction of apoptosis.

Synthesis and Evaluation of the Non-Degrading Control 1j-nc

In the next step, we wanted to design and synthesize a non-
degrading control for the most effective PROTAC 1j. It is
essential that the non-degrading control is as comparable to
the PROTAC as possible, without binding to the E3 ligase. By
the absence of degradation, the non-degrading control proves
TPD, which requires the E3 ligase for the reduction of protein
levels. In addition, it enables to distinguish between inhibitor
and degrader effects. In case of 1j the non-degrading control
was designed by substituting the electrophilic warhead of the
DCAF11 ligand. The replacement of 2-chloroacetic acid by
propionic acid led to no successful U-4CR, because of reduced
nucleophilicity of the propionic acid. We successfully obtained
the U-4CR product bound on resin by switching to formic acid.
After cleavage and purification, as described before, 1j-nc was
prepared in 38% yield over seven steps (Scheme 2).

The non-degrading control was then used to treat MM.1S
cells in direct comparison to the related PROTAC 1j. In
comparison to 1j, the non-degrading control 1j-nc was not able
to affect the protein levels of HDAC1 and 6 (Figure 8), proving
that covalent binding to DCAF11 is crucial for degradation.

Cross Cell Line Activity of 2 and 1j
Encouraged by the positive results in the multiple myeloma cell

line MM.1S, we wanted to expand the application of the
DCAF11 PROTACs to other cancer models. The triple negative

o} o]
0, K
N N 0]
N H)@ § a)
”)%ﬁ% “Fmoc -

5

Non-degrading Control

B O HDAC1
g 1004 H HDAC8
]
>
°
O 504 T
<
[a]
T
0-
kPa - 1 1j-nc

A — |

. l - HDAC6
= . . - HDAC1
s0 - R — . - GAPDH

Figure 8. Evaluation of the effects of the non-degrading control 1j-nc on
HDAC protein levels. Simple Western™ immunoassay analysis of MM.1S cell
lysates. MM.1S cells were incubated with 1j (10 pM), 1j-nc (10 uM), or vehicle
(DMSO) for 14 h. Representative image from a total of n=2 biological
replicates.

breast cancer cell line MDA-MB-231 and the glioblastoma cell
line U-87MG were selected as they depict aggressive and hard
to treat solid tumors, in which HDACi showed first promising
effects.”**¥ The phenotypic cell viability screening demon-
strated that both PROTACs exhibited cytotoxicity against all
tested cell lines (Table 2). However, the effect was diminished in
the solid cancer cell lines, particularly for U-87MG, in compar-
ison to the multiple myeloma cell line MM.1S. As anticipated,
the non-degrading control 1j-nc demonstrated no activity in
MDA-MB-231, indicating that degradation is the underlying
cause of cytotoxicity. However, 1j-nc exhibited some impact on
MM.1S and U-87MG, but consistently weaker compared to the
PROTAGs.

As 2 and 1j led to reduced cytotoxicity in U-87MG cells, we
analyzed HDAC1 and 6 degradation in this cell line. We chose
the same treatment conditions as for MM.1S and the automated
Simple Western™ immunoassay analysis confirmed significant
degradation for HDAC1 by 2 and significant HDAC1 and 6
degradation by 1j (Figure S5, Supporting Information). Never-
theless, the degradation was weaker in U-87MG cells compared
to MM.1S which is in good agreement with data from the
viability assays.

HO\NJJ\/\/\/\N o r/C) Cl
H H JLE«}
N N
H 1
c” N
1j-nc H
38%
(7 steps)

Scheme 2. Synthesis of the non-degrading control (1j-nc) based on 1. Reagents and conditions: a) (i) 20% piperidine, DMF, rt, 2x5 min, (i) 3,4-
dichlorobenzaldehyde, formic acid, benzyl isocyanide, DMF/MeOH (1/1 v/v), rt, 72 h, (iii) 5% TFA, 5% triisopropylsilane, CH.Cl,, rt, 1 h.
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Clonogenic Growth Inhibition by 2 and 1j

The short-term effects on cancer cell lines were supported by a
clonogenic growth assay. Using this assay, we could study the
long-term anticancer effects of DCAF11-recruiting HDAC PRO-
TAGs. The solid cancer cell line MDA-MB-231 was chosen for
this investigation, because of the elevated effect on cell viability
and the better growth pattern, compared to U-87MG. The triple
negative breast cancer cells were incubated for 48 h with the
respective compound, before they were isolated and grown for
nine days. The resulting colonies were quantified and are
depicted in Figure 9. Both 2 and 1j resulted in a significant
reduction of colonies. However, 1j demonstrated a more
pronounced reduction in clonogenic growth, which aligns with
the enhanced HDAC degradation. The two HDAC], included as a
control, demonstrated a trend to a reduction in colony count,
albeit less pronounced and not significant. Notably, 2 and 1j
outperformed ricolinostat and vorinostat in the long-term
clonogenic growth assays. In contrast, the thalidomide-based
HDAC PROTAC A6 did not result in a significant reduction in
clonogenic growth.

Conclusions

In summary, we present the first-in-class DCAF11-recruiting
HDAC PROTACGs. These novel compounds are derived from our
previously reported HDAC PROTAC A6 but feature a DCAF11
ligand in place of the CRBN ligand. The synthesis was
performed entirely on solid-phase, which accelerated the syn-
thesis and gave compounds 1a-j and 2 in yields of up to 57%
over seven steps. The subsequent evaluation of the PROTACs
for HDAC degradation uncovered 2 and 1j (hereafter dubbed
FF2039) as the most effective HDACT degraders with additional
HDAC6 degradation capabilities. Moreover, we demonstrated

Ricolinostat Vorinostat

Table 2. Antiproliferative activity of DCAF11 PROTACs against different
tumor entities.
ECso [UM]?
Compound
MM.1S MDA-MB-231 U-87TMG
2 1.5+0.1 88+32 12+3
1j 28+01 28+10 305
1j-nc 86+15 ne. 43+18
A6 ne. ne. ne.
Ricolinostat 30+06 6.1+3.0 76+11
Vorinostat 0.51+0.14 24+02 36+08
“Mean + standard deviation of at least three independent experiments.
n.e.: no effect (<25% effect up to 50 uM). Antiproliferative activity of
respective compounds in different cancer cell lines after 72 h.

that HDAC degradation translates into antiproliferative activity
against MM.1S cells, with cytotoxicity appearing to correlate
with the degree of HDAC1 degradation. An in vitro enzyme
inhibition assay revealed that 2 showed comparable inhibition
to A6 against HDACT, 2, 4, and 6, whereas FF2039 displayed
reduced inhibition of all tested isoforms. In contrast, the cellular
target engagement analysis showed a distinct inhibition of
HDAC6 by both PROTACs and a stronger inhibition of class |
HDACs by 2 and FF2039 compared to A6. Both 2 and FF2039
were able to significantly degrade HDACs of class |, lla, and llb,
with FF2039 emerging as the more efficient degrader. In detail,
FF2039 could achieve a pronounced degradation of all four
tested isoforms (D.c 71-90%), demonstrating robust pan-
HDAC degradation activity. This demonstrates not only the

1j-nc B
Clonogenic growth assay
MDA-MB-231
400
»n ns
]
'E 300+
K]
[<]
)
‘S 200-
@
£
5 100+ ﬁ
c
0 T
Vv \\ e& 3
0 N (\ (‘
A
q.

Figure 9. Clonogenic growth assay of DCAF11-recruiting PROTACs. MDA-MB-231 cells were treated with 10 pM of the respective compound or vehicle (DMSO)
for 48 hours. (A) Representative images of crystal violet stained colonies after nine days of growth. (B) Quantification of counted colonies, presented as mean
+ standard deviation of three biological replicates, each performed in triplicates. Significance of quantification compared to vehicle: ns=p >0.05;

**—=p<0.01 and **=p <0.001.
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successful incorporation of a DCAF11 recruiter for targeted
HDAC degradation but also underscores the critical role of the
chosen E3 ligase in governing degradation selectivity. Similar to
the shift in degradation selectivity observed when PROTAC IV
was transitioned to V by replacing IAP with VHL, we showed
that substituting the CRBN ligand with a DCAF11 recruiter
shifted selectivity from HDAC6-specific to pan-HDAC
degradation.?”

This change in the selectivity profile creates new opportu-
nities to investigate and compare HDAC isoform-specific or
general effects. Importantly, PROTACs affect not only the
enzymatic but also the non-enzymatic functions of their targets.
While HDAC6 selective degraders allow for a more detailed
assessment of HDAC6 function in pathology and physiology, a
pan-HDAC degrader may provide a more general picture of
HDACs functions across different isoforms and may also reveal
isoform synergies in terms of phenotypic effects such as
anticancer activity. In addition, both approaches may have
potential clinical applications. While pan-HDAC degraders could
be developed to treat multiple cancers,®” selective HDAC6
PROTAGs, like selective HDAC6 inhibitors,*™ could be used in
neurodegenerative diseases, inflammatory diseases, and some
cancers. In the latter case, it would be important to replace the
non-selective HDAC inhibitor warhead in A6 with a selective
HDACS6 inhibitor scaffold to avoid class | effects resulting from
HDAC inhibition.

To verify that degradation is mediated via DCAF11 recruit-
ment, we synthesized the non-degrading control 1j-nc based
on FF2039. No effects on HDAC1 and HDAC6 levels were
observed with 1j-nc, confirming the necessity of covalent
binding to the E3 ligase for effective degradation. In addition,
we could show that 2 and FF2039 possess antiproliferative
activity in the triple negative breast cancer cell line MDA-MB-
231 and the glioblastoma cell line U-87MG. The non-degrading
control showed no or less effects in all cell lines. Furthermore,
for a deeper understanding of the anticancer properties, cell
cycle and apoptosis induction were examined in MM.1S cells.
Compound 2 and FF2039 induced greater cell cycle arrest and
apoptosis compared to the CBRN-recruiting A6. An investiga-
tion of the long-term effects on the solid tumor cell line MDA-
MB-231 revealed that the DCAF11-recruiting degraders signifi-
cantly reduced clonogenic growth, outperforming the HDACi
vorinostat and ricolinostat, whereas A6 showed no reduction.

Taken together, we developed the first DCAF11-based
HDAC degraders and our most advanced degrader, FF2039,
represents the first tool to achieve pan-HDAC degradation. This
elucidates the effects of the selected E3 ligase for TPD.
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1. Supplementary Tables and Figures
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Figure S1. Antiproliferative activity of DCAF11-ligand 6 in combination (1:1) with vorinostat
compared to the single treatment with vorinostat in MM.1S cells after 72 h. (A) Representative

concentration response curves. (B) Mean + standard deviation of ECs¢ determination of two independent

experiments, each performed in duplicates.
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Figure S2. Cell permeability test by a cellular HDAC inhibition assay performed in the presence and
absence of the cell permeabilizing agent IGEPAL. MM.1S cells were treated with increasing
concentrations of the respective compounds. (A) Representative concentration response curves. (B)

Mean =+ standard deviation of ICso determination of two independent experiments, each performed in

duplicates.
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Figure S3. Aqueous stability of the DCAF11-recruting PROTACs (1j and 2) compared to vorinostat
and A6. Compounds were diluted in DPBS buffer (pH = 7.4; final DMSO concentration: 10%) and the
remaining compound content was analyzed by HPLC. The peak area at O h was used for normalization.

Mean = standard deviation of n = 2 replicates.
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Figure S4. Analysis of time dependent degradation by 1j of HDAC1 (A) and HDACG6 (B) by Simple
Western™ immunoassay analysis of MM.1S cell lysates. MM.1S cells were treated with 1j (10 uM) or
vehicle (DMSO) for the indicated time period. Quantification of protein levels presented as mean

+ standard deviation of n = 3 biological replicates. Significance compared to vehicle: * = p<0.05,
** = p<0.01, *** = p<0.001.
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Figure S5. Analysis of HDACI and 6 degradation in U-87MG cells. Simple western immunoassay
analysis of U-87MG cell lysates. The cells were treated with the indicated compound (10 pM) or vehicle
(DMSO) for 24 h. Top: Quantification of HDAC levels, presented as mean =+ standard deviation of n = 2
biological replicates; Significance compared to vehicle: ns = p>0.05 and *** = p<0.001. Bottom:

Representative images of n = 2 biological replicates.
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Scheme S1. Synthesis of the DCAF11 ligand 6. Reaction conditions: 3,4-dichlorobenzaldehyde, 2-
chloroacetic acid, benzyl isocyanide, MeOH, rt, 72 h.

Table S1. Maximal degradation (Dmax) of PROTAC 1j and 2 of the respective HDAC isoforms.

Dmaxa
1j 2
HDACH1 90 £ 6 74 £19
HDAC2 75+ 13 51+ 24
HDAC4 76+ 13 40 + 20
HDAC6 71+8 26+ 7

“MM.1S cells were treated with the indicated compounds (10 uM) or vehicle (DMSO) for 24 h. HDAC1,

2, 4, and 6 levels were analyzed by immunoblotting. The quantification of the Dmax values is presented
as mean + standard deviation of n = 3 biological replicates.

S6



2. Biological Experiments

No unexpected or unusually high safety hazards were encountered.

2.1. Cell Culture

The human multiple myeloma cell line MM.1S (CRL-2974) was obtained from American Type Culture
Collection (ATCC, Manassas, VA, USA). The semi-adherent cells were cultivated in RPMI 1640
medium (Catalog#21875-034, Gibco, ThermoFisher Scientific Inc., Waltham, MA, USA) supplemented
with 10% FBS (PAN Biotech GmbH; Aidenbach, Germany), 100 IU/mL penicillin, 0.1 mg/mL
streptomycin (PAN Biotech GmbH) and 1 mM sodium pyruvate (ThermoFisher Scientific Inc.). The
human breast cancer cell line MDA-MB-231 (HTB-26) and the human malignant glioma cell line U-
87MG were 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). All cells were cultured at 37 °C in a 5% CO, atmosphere. Incubation times, as
part of assay protocols, were performed under these conditions as well. The semi-adherent MM. 1S were
detached mechanically by using a cell scraper and the adhered MDA-MB-132 were trypsinased by
trypsin/EDTA (0.05%/0.02% in DPBS, PAN Biotech GmbH) whereas the U-87MG were detached by
EDTA (0.46 g/L in DPBS, Catalog# P04-36500).

2.2. Simple Western™ Immunoassay

For the cell lysates, MM.1S (0.5 x 10° cells/mL) or U-87MG (0.18 x 10° cells/mL) cells were seeded
and incubated with the indicated concentration of compound or vehicle (DMSO) for the given time. The
adherent cells were cultured for 24 h under cell culture conditions for attachment before treatment. Cell
lysis was performed with Cell Extraction Buffer (10 mM Tris, pH 7.4, 100 mM NaCl, 1 mM EDTA,
1 mM EGTA, 1 mM NaF, 20 mM NasP>07, 2 mM Na3zVOs, 1% Triton™ x-100, 10% glycerol, 0.1%
SDS, 0.5% deoxycholate; Catalog# FNNOO11, Thermo Fisher Scientific Inc., Waltham, MA, USA) with
addition of Halt Protease Inhibitor Cocktail (100x) (Catalog# 78429, Life Technologies GmbH,
Carlsbad, CA, USA) and phenylmethanesulfonyl fluoride (Catalog# 10837091001, Sigma-Aldrich, St.
Louis, MO, USA) according to manufacturer’s instructions. Protein content was determined by Pierce™
BCA Protein Assay Kit (Catalog# 23225, Thermo Fisher Scientific Inc.) according to manufacturer’s
guidelines. Cell lysates were diluted to a final concentration of 1 mg/mL and denatured according to
manufacturer’s guidelines. Anti-HDACI1 (Catalog# 5356S, Cell Signaling Technology, Denver, MA,
USA), anti-HDACG6 (Catalog#7558S, Cell Signaling Technology) and anti-GAPDH (Catalog# 21188,
Cell Signaling Technology) antibodies were used in a dilution from 1:50-1:1250. The 12-230 kDa
Fluorescence Separation 8x25 Capillary Cartridges (Catalog# SM-FL004-1, Protein Simple, Bio-
Techne, Minneapolis, MN, USA) were used for separation and the Anti-Mouse Detection Module
(Catalog# DM-002, Protein Simple) was used for detection with addition of 20x Anti-Rabbit HRP
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Conjugate (Catalog# 043-426, Protein Simple) according to manufacturer’s instructions. The assay was
performed with the Jess Simple Western System (catalog# 004-650, Protein Simple), according to
manufacturer’s settings. Evaluation and quantification was performed with the compass software (6.2.0,
Protein Simple). GraphPad Prism (GraphPad Software, San Diego, CA, USA) was used for
normalization, statistical analysis and bar graph creation. Significance testing was performed with a one-
way analysis of variance (ANOVA). Dunnett’s post-hoc test was employed to obtain significance levels

of each mean compared to a reference mean value.

2.3. CellTiter-Glo® Cell Viability Assay

For the cell viability assay the automated pipetting robot system ASSIST PLUS (Model# 4505, Integra
Biosciences, Bibertal, Germany) was used. MM. 1S (2.5 x 103 cells/well) were seeded in white 384-well
plates (Greiner Bio-One, Kremsmuenster, Austria, #781080). The cells were incubated with the
respective compounds in increasing concentrations. For this purpose, the dilution series were prepared
in 200-fold concentration in DMSO and further diluted to 10-fold concentration in medium. 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) and the half maximal effective concentration (ECs) was determined by
plotting dose response curves and nonlinear regression with GraphPad Prism (GraphPad Software, San

Diego, CA, USA).

2.4. Cellular HDAC Inhibition Assay

The HDAC whole cell assay is based on the assay established by Ciossek et al.['! and Bonfils et al./?!
with minor changes. MM.1S multiple myeloma cells were seeded in a concentration of
75 x 10° cells/well (total volume of 189 uL) in 96-well cell culture microplates (Catalog# 655086,
Greiner Bio-One). The DMSO-stock solutions were used to perform a serial dilution in DMSO. Next,
the cells were treated with 1 puL of the serial dilution (190 x concentrate) for 18 h. To investigate cell
membrane penetration of the tested compounds, the substrate solution containing 3 mM Boc-Lys(g-Ac)-
AMC (Catalog# 233691-67-3, BLD pharma) was prepared with and without IGEPAL CA-630 (0.5%,
Catalog# J61055, Alfa Aesar). 10 pL of the substrate solution was added and incubated for 3 h under
cell culture conditions. The reaction was stopped with 100 uL of stop solution (50 mM Tris-HCI,
137 mM NaCl, 2.7 mM KCI, 1 mM MgCl, 1% IGEPAL CA-630, 10 pM Vorinostat, 2.0 mg/mL
Trypsin) and incubated for 1.5 h under cell culture conditions. The fluorescence signal was measured
by a FLUOstar OPTIMA microplate reader (BMG labtech, Ortenburg, Germany) at excitation of
A =355 nm and emission of A = 460 nm. All Compounds were tested in two independent experiments

in duplicates and ICsp was determined by nonlinear regression with GraphPad Prim.
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2.5. Aqueous Stability Assay

For stability testing in aqueous solution, a 10-fold concentrated DMSO solution of the respective
compounds was diluted in DPBS to generate a 10 uM concentration (final DMSO content of 10%).
Samples of the aqueous solutions were taken after 0, 24, 48, and 72 h at room temperature and the
amounts of the parental compound and potential fragments were monitored by HPLC gradient A (see
3.1 General Information). The peak area of the 0 h sample was used for normalization. All compounds

were tested in duplicates and GraphPad Prim was used for evaluation and data visualization.

2.6. Immunoblot

The cell lysis was performed as descripted in 3.2. Simple Western Immunoassay. Samples were
denatured by Laemmli 2x Concentrate (Catalog# S3401-10VL, Sigma-Aldrich) for 5 min at 95 °C, and
Precision Plus Protein Unstained Standard was used as molecular weight marker (Catalog# 1610363,
Bio-Rad, Hercules, CA, USA). SDS-PAGE was performed with 10 or 12% Mini-PROTEAN TGX
Stain-Free Gel (Catalog# 458035, Bio-Rad) at 200 V for 50 min (Catalog# 458035, Bio-Rad).
Afterwards, proteins were transferred with the Trans-Blot Turbo Transfer System (Catalog# 1704150,
Bio-Rad) to Immobilon-FL. PVDF membranes (Catalog# IPFL0O0005, Millipore Merck, Burlington,
MA, USA) at 1.0 A for 30 min and treated with 5% milk-powder solution for 1 h at room temperature
under slight agitation. Subsequently, the membranes were treated with anti-HDAC1 (Catalog# 53568,
Cell Signaling Technology), anti-HDAC2 (Catalog# sc-9959, Santa Cruz Biotechnology, Dallas, TX,
USA), anti-HDAC4 (Catalog#7628S, Cell Signaling Technology), anti-HDACG6 (Catalog#7558S, Cell
Signaling Technology), anti-acetyl-histone H3 (Catalog# 9677S, Cell Signaling Technology), anti-
acetyl-a-tubulin (Catalog#5335, Cell Signaling Technology) or anti-GAPDH (Catalog# 2118S, Cell
Signaling Technology) antibody solutions in 1:1000—1:8000 dilutions at 4 °C overnight. Treatment with
HRP-conjugated secondary anti-mouse (Catalog# 1030-05, SouthernBiotech, Birminham, AL, USA)
and anti-rabbit (Catalog# 4030-05, SouthernBiotech) antibody solution was performed for 1.5 h and
membranes were developed with clarity western ECL substrate (Catalog# 1705061, Bio-Rad). The
ChemiDoc XRS+ System (Catalog# 1708265, Bio-Rad) was used for detection and Image Lab Software
6.1 (Bio-Rad) for quantification. GraphPad Prism (GraphPad Software) was used for normalization,
statistical analysis, and bar graph creation. Significance testing was performed with a one-way analysis
of variance (ANOVA). Dunnett’s post-hoc test was employed to obtain significance levels of each mean

compared to a reference mean value.

2.7. HDAC Enzyme Inhibition Assay

In vitro inhibitory activities against HDACI, 2, and 6 were measured using a previously published
protocol.’! In vitro inhibitory activities against HDAC4 were measured using a previously published
protocol with slight modifications.* For test compounds and controls, serial dilutions of the respective

DMSO stock solution in DMSO were prepared, and 1.0 pL/well of this serial dilution were transferred
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into OptiPlate-96 black microplates (PerkinElmer, Waltham, MN, USA). A volume of 4 uL/well assay
buffer (50 mM Tris—HCI, pH 8.0, 137 mM NacCl, 2.7 mM KCI, 1.0 mM MgCl2-6H20, 0.1 mg/mL
BSA) was added. In the case of HDACI, 2, and 6, a volume of 35 pL/well of the fluorogenic substrate
ZMAL (Z- Lys(Ac)-AMC,! 21.43 uM in assay buffer) and 10 uL/well enzyme solution were added. In
the case of HDAC4, 35 pL/well of the fluorogenic substrate Boc-Lys(Tfa)-AMC (42.86 uM in assay
buffer, Catalog# 4060676, Bachem, Budendorf, Swiss) were added, followed by 10 pL/well of enzyme
solution. Human recombinant HDAC1 (Catalog# 50051, BPS Bioscience, San Diego, CA, USA),
HDAC?2 (Catalog# 50052, BPS Bioscience), HDAC4 (Catalog# 50004, BPS Bioscience), or HDAC6
(Catalog# 50006, BPS Bioscience) were used. The total assay volume of 50 uL. (max. 2% DMSO) was
incubated at 37 °C for 90 min. Subsequently, 50 uL/well of trypsin (0.4 mg/mL) in trypsin buffer
(50 mM Tris—HCI, pH 8.0, 100 mM NaCl) was added, followed by additional 30 min of incubation at
37 °C. Fluorescence (excitation A = 355 nm, emission A = 460 nm) was measured using a FLUOstar
OPTIMA microplate reader (BMG labtech, Ortenburg, Germany). The half maximal inhibitory
concentration (ICsp) was determined by plotting dose response curves and nonlinear regression with

GraphPad Prism (GraphPad Software).

2.8. MTT Cell Viability Assay

U-87MG cells (3 x 10* cells/well) or MDA-MB-231 cells (5 x 10° cells/well) were seeded in 96-well
flat-bottomed plates. After 24 h the cells were incubated with the stock solutions of the respective
compounds dissolved in DMSO (highest DMSO concentration, 0.5%) to reach the final concentrations
as indicated. Controls received DPBS or DMSO. Following a 71 h incubation period 20 ul of a freshly
prepared 5 mg/ml MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, AppliChem
GmbH, Darmstadt, Germany) solution were added into each well. The supernatant was discarded after
1 h incubation at 37 °C and the precipitated formazan was dissolved in 200 ul DMSO/well. Absorption
was measured at 570 nm with background subtraction at 690 nm using a photometric microplate reader
(Thermo Scientific Multiskan EX, Thermo Fisher Scientific). Data was further subtracted by the DMSO
control and normalized on DPBS. The half-maximal effective concentration (ECsp) was determined by

plotting dose response curves and nonlinear regression with GraphPad Prism (GraphPad Software).

2.9. Cell Cycle Analysis

MM.1S cells (3 x 10° cells/mL) were seeded in twelve well plates (Starlab GmbH, Hamburg, Germany)
and incubated with the indicated concentration of compound or vehicle (DMSO) for 48 h under cell
culture conditions. Subsequently, the cells were washed with DPBS (Catalog# P04-36500, PAN
Biotech), resuspended in 1 mL EtOH/DPBS (7/3 v/v), and fixed for 30 min at 4 °C. The samples were
rehydrated with DPBS and treated with 5 pg/mL RNAse (Catalog# EN0531, ThermoFisher Scientific
Inc.) for 15 min at room temperature. The staining was performed with 3 uM propidium iodide (in

DPBS) for 15 min at room temperature and analyzed by flow cytometry (Guava easyCyteTM, Luminex,
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Austin, TX, USA). The data was analyzed by FlowJo v10.5.3 Software (BD Life Sciences, Franklin
Lakes, NJ, USA), using the Watson Pragmatic algorithm.®! GraphPad Prism (GraphPad Software) was
used for normalization, statistical analysis, and bar graph creation. Significance testing was performed
with a one-way analysis of variance (ANOVA). Dunnett’s post-hoc test was employed to obtain

significance levels of each mean compared to a reference mean value.

2.10. Annexin V/PI Assay

To determine apoptosis, MM1.S cells (0.5 x 10° cells/mL) were seeded in sterile 24-well plates
(CytoOne, Hamburg, Germany) and incubated for 48 h at 37 °C and 5% CO, under humidified air with
10 uM of the respective compounds or vehicle control (DMSO). Final DMSO concentration was 0.1%.
After 48 h, cells were washed with ice-cold DPBS, diluted in 100 pL staining buffer (HEPES 0.01 M,
NaCl 0.14 M, CaCl, x 2 H>O 2.5 mM) and transferred to a 96 well plate. Staining was performed with
5 uL FITC Annexin V (Catalog#640945, Biolegend, San Diego, CA, USA) and 10 pL of propidium
iodide (Catalog#421301, Biolegend) per well. Fluorescence was measured by flow cytometry (Guava®
easyCyteTM, Luminex, Austin, Texas). GraphPad Prism (GraphPad Software) was used for
normalization, statistical analysis, and bar graph creation. Significance testing was performed with a
one-way analysis of variance (ANOVA). Dunnett’s post-hoc test was employed to obtain significance

levels of each mean compared to a reference mean value.

2.11. Clonogenic growth assay

5 x 10° MDA-MB-231 cells were seeded into T25 cell culture flasks and stimulated with 10 uM of
respective compounds or vehicle (0.7% DMSO) for 48 hours. Subsequently, cells were harvested and
plated in 6-well plates at a density of 750 cells per well in triplicates. The cell culture medium was
changed after five days. Nine days after plating, the colonies were carefully washed with 500 uLL. DPBS
and stained with 500 uL crystal violet solution (0.5% in methanol). After 30 minutes of incubation at
room temperature, the wells were gently rinsed with deionized water. After counting the formed
colonies, GraphPad Prism (GraphPad Software) was used for bar graph creation. Significance testing
was performed with a one-way analysis of variance (ANOVA). Dunnett’s post-hoc test was employed

to obtain significance levels of each mean compared to a reference mean value.
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3. Chemical Experiments

No unexpected or unusually high safety hazards were encountered.

3.1. General Information

Chemicals were purchased from ABCR, Acros Organics, BLDpharm, Carl Roth, Fisher Scientific,
Fluorochem, Sigma Aldrich, Tokyo Chemical Industry, and VWR Chemicals. Fmoc protection was
performed according to our previously published protocol.l”! 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). Acros Organics silica
gel 60 (70-230 mesh) was taken for preparative column chromatography. Uncorrected melting points
were measured on a Gallenkamp Melting Point Device (MPD350.BM3.5). A Thermo Fisher Scientific
UltiMateTM 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 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 MeCN
(B) were used as eluents with an addition of 0.1% TFA for eluent A. 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. The following gradients were applied: A (95% A and 5% B for 5 min, to
5% A and 95% B in 5 min, 5% A and 95% B for 12 min), B (95% A and 5% B for 5 min, to 5% A and
95% B in 10 min, 5% A and 95% B for 12 min). HR-ESI-MS spectra were recorded on a Bruker
micrOTOF-Q mass spectrometer coupled with a HPLC Dionex UltiMate 3000 or a LTQ Orbitrap XL.
NMR spectra were recorded on a Bruker Avance DRX 500 (500 MHz 'H NMR, 126 MHz '*C NMR)
and a Bruker Avance III 600 (600 MHz 'H NMR, 151 MHz '3C NMR). Chemical shifts are given in
parts per million (ppm) referring to the signal center using the solvent peaks for reference, DMSO-ds
(2.49/39.7). The multiplicity of each signal is reported as singlet (s), doublet (d), triplet (t), multiplet (m)
or combinations thereof. Multiplicities and coupling constants are reported as measured and might
disagree with the expected values. Due to the well-known phenomenon of cis/trans-amide bond rotamers
in peptoids,® 'H and '*C NMR signals can occur as two distinct sets of signals. '"H NMR signals marked
with an asterisk (*) correspond to peaks assigned to the minor rotamer conformation. Due to solvent

exchange C-NH-OH signals are partly not detectable in "H NMR spectra.
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3.2. General Procedures

General Procedure A (Amide coupling on resin)

This procedure was performed as previously published.! This reaction was performed in a scale of
0.21 — 3.72 mmol. The preloaded resin 3 (loading: 0.618 — 0.681 mmol/g, prepared according to our
previously published protocol”) was swelled in DMF for 1 h. After deprotection of the Fmoc group
by treatment with the deprotection solution (20% piperidine in DMF) two times for 5 min, the resin was
washed with DMF (4 x 5 mL), MeOH (4 x 5 mL) and DMF (4 x 5 mL). In parallel, the respective
Fmoc-protected acid (2.00 eq), HATU (2.00 eq), HOBt*H»O (2.00 eq), and DIPEA (3.00 eq) were
dissolved in DMF and stirred for 5 min. This solution was added to the resin and the amide coupling
was performed for 18 h. Subsequently, the resin was washed with DMF (5 x 5 mL) and CH»Cl»
(10 x 5 mL) and the completion of the reaction was confirmed via TNBS test, conducted according to
manufacturer’s protocol, and by HPLC analysis after test cleavage (general procedure C). The

modified resin was dried in vacuo.

General Procedure B (Ugi four-component reaction on resin)

The Ugi four-component reaction on resin was performed in a scale of 0.08-0.12 mmol. The preloaded
resin was swelled and deprotected as described in general procedure A. The resin was washed with
DMF (4 x 5 mL), MeOH (4 x 5 mL) and DMF/MeOH (1/1 v/v, 4 x 5 mL). In parallel, 3,4-
dichlorobenzaldehyde (4.00 eq.), 2-chloroacetic acid (4.00 eq.) and benzyl isocyanide (4.00 eq.) was
dissolved in DMF/MeOH (1/1 v/v). The solution was added to the resin and the mixture was shaken for
72 h. Subsequently, the resin was washed with DMF (5 x 5 mL) and CH>Cl, (10 x 5 mL) and the
completion of the reaction was confirmed via TNBS test, conducted according to manufacturer’s
protocol, and by HPLC analysis after test cleavage (general procedure C). The modified resin was

dried in vacuo.

General Procedure C (cleavage from resin)

This procedure was performed as previously published.””” For confirmation of completion of the
reaction, dried resin (2-3 mg) was shaken with the cleavage solution (CH,Cl»/TFA, 95/5 v/v; 100 uL/mg)
for 1 h at room temperature. After filtration, the solution was adjusted to 1 mL with MeCN and analyzed
by HPLC.

The large scale cleavage for purification of the final compounds was carried out in the same way using
CH,CL/TFA/TIPS, 90/5/5 (v/v/v), but after 1 h of incubation the cleavage solution was removed under
reduced pressure and the crude product was dissolved in DMSO/acetone (15/85 v/v) for purification by

preparative HPLC.
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3.3. Preparation of Compounds

4-(4-{N-[2-(Benzylamino)-1-(3,4-dichlorophenyl)-2-oxoethyl]-2-chloroacetamido}cyclohexane-1-
carboxamido)-N-[7-(hydroxyamino)-7-oxoheptyl]benzamide- TFA (1a)
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Fmoc-protected 4-aminobenzoic acid (0.96 g, 2.60 mmol, 2.00 eq) was coupled to 3 (2.11 g, 1.30 mmol,
1.00 eq) according to general procedure A using HATU (0.99 g, 2.60 mmol, 2.00 eq), HOBt*H,O
(0.40 g, 2.60 mmol, 2.00 eq), and DIPEA (680 uL, 3.90 mmol, 3.00 eq) dissolved in DMF (3.3 mL).
The second coupling cycle was performed according to general procedure A using the resin bound
precursor 4 (300 mg, 0.17 mmol, 1.00 eq), Fmoc-protected 4-aminocyclohexane-1-carboxylic acid
(125 mg, 0.34 mmol, 2.00 eq), HATU (130 mg, 0.34 mmol, 2.00 eq), HOBt*H,O (52 mg, 0.34 mmol,
2.00 eq), and DIPEA (89 uL, 0.51 mmol, 3.00 eq) dissolved in DMF (0.4 mL). Subsequently, the Ugi
four-component reaction was performed according to general procedure B using the resin bound
precursor 5a (145 mg, 0.08 mmol, 1.00 eq), 3,4-dichlorobenzaldehyde (57 mg, 0.32 mmol, 4.00 eq), 2-
chloroacetic acid (30 mg, 0.32 mmol, 4.00 eq), and benzyl isocyanide (45 uL, 0.32 mmol, 4.00 eq) in
DMF/MeOH (1/1 v/v, 0.3 mL). Cleavage was performed according to general procedure C and
purification by preparative HPLC afforded the TFA salt of 1a as an amorphous white powder (20 mg,
22 umol).

Yield 28%; "H NMR (500 MHz, DMSO-dc) & = 10.31 (s, 1H), 10.03/9.93* (s/s, 1H), 8.30 — 8.22 (m,
1H), 7.82 — 7.47 (m, 7H), 7.46 — 7.15 (m, 6H), 5.19/4.99%* (s/s, 1H), 4.82 — 4.61 (m, 1H), 4.48 — 4.21
(m, 3H), 3.87 —3.73 (m, 2H), 3.25 - 3.17 (m, 2H), 2.73 — 2.55 (m, 1H), 2.33 —2.21 (m, 1H), 2.12-1.77
(m, 6H), 1.58 — 1.37 (m, 6H), 1.33 — 1.22 (m, 4H); BC NMR (126 MHz, DMSO-ds) & = 174.0, 169.1,
167.8,167.6,165.5,158.1 (q, 2/ = 36.6 Hz, TFA), 141.7, 139.2, 138.5, 129.8, 128.9, 128.8, 128.6, 128.5,
128.0, 127.8, 127.8, 127.0, 126.5, 118.5, 60.1, 59.8, 57.3, 43.4, 42.7, 40.1, 32.2, 30.5, 29.0, 28.5, 28.3,
27.8, 27.0, 26.2, 25.0. HRMS (ESI) m/z [M+H]* calcd for C3sH44Cl3N5O¢ 772.2430, found 772.2445;
HPLC (gradient B), tr = 15.50 min, 96.7% purity.
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4-[(1r,4r)-4-({N-[2-(Benzylamino)-1-(3,4-dichlorophenyl)-2-oxoethyl]-2-chloroacetamido }methyl)
cyclohexane-1-carboxamido]-N-[7-(hydroxyamino)-7-oxoheptyl]benzamide (1b)
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Fmoc-protected 4-aminobenzoic acid (0.96 g, 2.60 mmol, 2.00 eq) was coupled to 3 (2.11 g, 1.30 mmol,
1.00 eq) according to general procedure A using HATU (0.99 g, 2.60 mmol, 2.00 eq), HOBt*H,O
(0.40 g, 2.60 mmol, 2.00 eq), and DIPEA (680 uL, 3.90 mmol, 3.00 eq) dissolved in DMF (3.3 mL).
The second coupling cycle was performed according to general procedure A using the resin bound
precursor 4 (300 mg, 0.17 mmol, 1.00 eq), Fmoc-4-AMCHC-OH (129 mg, 0.34 mmol, 2.00 eq), HATU
(130 mg, 0.34 mmol, 2.00 eq), HOBt*H»O (52 mg, 0.34 mmol, 2.00 eq), and DIPEA (89 uL, 0.51 mmol,
3.00 eq) dissolved in DMF (0.4 mL). Subsequently, the Ugi four-component reaction was performed
according to general procedure B using the resin bound precursor Sb (142 mg, 0.08 mmol, 1.00 eq),
3,4-dichlorobenzaldehyde (57 mg, 0.32 mmol, 4.00 eq), 2-chloroacetic acid (30 mg, 0.32 mmol,
4.00 eq), and benzyl isocyanide (45 uL, 0.32 mmol, 4.00 eq) in DMF/MeOH (1/1 v/v, 0.3 mL). Cleavage
was performed according to general procedure C and purification by preparative HPLC afforded 1b
as an amorphous white powder (6 mg, 8 umol).

Yield 10%; "H NMR (600 MHz, DMSO-ds) § = 10.30 (s, 1H), 9.98 (s, 1H), 8.85%/8.26 (s/t, J = 5.6 Hz,
1H), 7.76 (d, J = 8.6 Hz, 2H), 7.73 — 7.57 (m, 4H), 7.45 — 7.19 (m, 6H), 5.63%/5.52 (s/s, 1H), 4.53 — 4.25
(m, 4H), 3.32 — 3.14 (m, 4H), 2.28 — 2.11 (m, 2H), 1.93 (t, / = 7.4 Hz, 2H), 1.85 — 1.68 (m, 2H), 1.67 —
1.44 (m, 6H), 1.32 — 1.10 (m, 6H), 0.99 — 0.80 (m, 2H); *C NMR (151 MHz, DMSO-ds) & = 174.3,
169.1, 167.8, 166.9, 165.5, 141.8, 139.2, 137.6, 131.6, 130.7, 130.6, 130.3, 130.0, 128.9, 128.2, 127.8,
127.1,126.7, 118.1, 63.3, 53.5, 44.6,42.7,42.4, 40.1, 38.9, 36.3, 32.2, 29.1, 28.8, 28.6, 28.5, 28.3, 26.2,
25.1. HRMS (ESI) m/z [M+H]* calcd for C39H4sCI3NsOs 786.2586, found 786.2627; HPLC (gradient
B), tr = 15.54 min, 96.0% purity.
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4-[5-(2-Chloroacetyl)-4-(3,4-dichlorophenyl)-3-oxo-1-phenyl-8,11-dioxa-2,5-diazatetradecan-14-
amido]-N-[7-(hydroxyamino)-7-oxoheptyl]benzamide: TFA (1c)
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Fmoc-protected 4-aminobenzoic acid (0.96 g, 2.60 mmol, 2.00 eq) was coupled to 3 (2.11 g, 1.30 mmol,
1.00 eq) according to general procedure A using HATU (0.99 g, 2.60 mmol, 2.00 eq), HOBt*H,O
(0.40 g, 2.60 mmol, 2.00 eq), and DIPEA (680 uL, 3.90 mmol, 3.00 eq) dissolved in DMF (3.3 mL).
The second coupling cycle was performed according to general procedure A using the resin bound
precursor 4 (300 mg, 0.17 mmol, 1.00 eq), Fmoc-N-amido-PEG2-acid (136 mg, 0.34 mmol, 2.00 eq),
HATU (130 mg, 0.34 mmol, 2.00 eq), HOBt*H,O (52 mg, 0.34 mmol, 2.00 eq), and DIPEA (89 pL,
0.51 mmol, 3.00 eq) dissolved in DMF (0.4 mL). Subsequently, the Ugi four-component reaction was
performed according to general procedure B using the resin bound precursor Sc (163 mg, 0.08 mmol,
1.00 eq), 3.4-dichlorobenzaldehyde (58 mg, 0.32 mmol, 4.00 eq), 2-chloroacetic acid (31 mg,
0.32 mmol, 4.00 eq), and benzyl isocyanide (45 pL, 0.32 mmol, 4.00 eq) in DMF/MeOH (1/1 v/v,
0.4 mL). Cleavage was performed according to general procedure C and purification by preparative
HPLC afforded the TFA salt of 1¢ as an amorphous white powder (33 mg, 36 umol).

Yield 44%; "H NMR (600 MHz, DMSO-de) & = 10.31 (s, 1H), 10.10 (s, 1H), 8.85%/8.53 (s/t, J = 6.0
Hz, 1H), 8.28 (t, / = 5.6 Hz, 1H), 7.78 (d, J = 8.5 Hz, 2H), 7.64 (d, J = 8.5 Hz, 2H), 7.62 (d, J = 8.4 Hz,
1H), 7.51 (s, 1H), 7.36 — 7.19 (m, 6H), 5.77/5.65* (s/s, 1H), 4.65 — 4.50 (m, 2H), 4.35 — 4.27 (m, 2H),
3.65 (t, J = 6.3 Hz, 2H), 3.58 — 3.51 (m, 2H), 3.44 — 3.39 (m, 2H), 3.35 - 3.17 (m, 6H), 2.56 (t, / = 6.2
Hz, 2H), 1.94 (t, J = 7.4 Hz, 2H), 1.53 — 1.45 (m, 4H), 1.32 — 1.22 (m, 4H); *C NMR (151 MHz,
DMSO-de) 8 = 169.4, 169.1, 167.8, 167.3, 165.5, 158.2 (q, 2J = 37.0 Hz, TFA), 141.5, 139.0, 137.3,
131.0, 130.8, 130.6, 130.4, 129.5, 129.1, 128.2, 127.9, 127.2, 126.8, 118.1, 114.5 (q, 'J = 290.8 Hz,
TFA), 69.7, 69.3, 68.7, 66.5,61.7,46.3,42.8,42.4,40.1, 37.1, 32.2,29.1, 28.3, 26.2, 25.1. HRMS (ESI)
m/z [M+H]* calcd for C3sHasC13N50g 806.2485, found 806.2478; HPLC (gradient A), tr = 12.08 min,
99.2% purity.
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4-[5-(2-Chloroacetyl)-4-(3,4-dichlorophenyl)-3-oxo-1-phenyl-8,11,14-trioxa-2,5-diazaheptadecan-
17-amido]-N-[7-(hydroxyamino)-7-oxoheptyl]benzamide- TFA (1d)
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Fmoc-protected 4-aminobenzoic acid (0.96 g, 2.60 mmol, 2.00 eq) was coupled to 3 (2.11 g, 1.30 mmol,
1.00 eq) according to general procedure A using HATU (0.99 g, 2.60 mmol, 2.00 eq), HOBt*H,O
(0.40 g, 2.60 mmol, 2.00 eq), and DIPEA (680 uL, 3.90 mmol, 3.00 eq) dissolved in DMF (3.3 mL).
The second coupling cycle was performed according to general procedure A using the resin bound
precursor 4 (300 mg, 0.17 mmol, 1.00 eq), Fmoc-N-amido-PEG3-acid (151 mg, 0.34 mmol, 2.00 eq),
HATU (130 mg, 0.34 mmol, 2.00 eq), HOBt*H,O (52 mg, 0.34 mmol, 2.00 eq), and DIPEA (89 uL,
0.51 mmol, 3.00 eq) dissolved in DMF (0.4 mL). Subsequently, the Ugi four-component reaction was
performed according to general procedure B using the resin bound precursor 5d (170 mg, 0.08 mmol,
1.00 eq), 3,4-dichlorobenzaldehyde (60 mg, 0.33 mmol, 4.00 eq), 2-chloroacetic acid (32 mg,
0.33 mmol, 4.00 eq), and benzyl isocyanide (46 uL, 0.33 mmol, 4.00 eq) in DMF/MeOH (1/1 v/v,
0.4 mL). Cleavage was performed according to general procedure C and purification by preparative
HPLC afforded the TFA salt of 1d as an amorphous white powder (35 mg, 36 umol).

Yield 43%; '"H NMR z(500 MHz, DMSO-ds) & = 10.31 (s, 1H), 10.10 (s, 1H), 8.84%/8.51 (s/t, J = 6.0
Hz, 1H), 8.27 (t, J = 5.6 Hz, 1H), 7.78 (d, J = 8.7 Hz, 2H), 7.68 — 7.48 (m, 4H), 7.36 — 7.18 (m, 6H),
5.77/5.66* (s/s, 1H), 4.66 —4.52 (m, 2H), 4.36 — 4.28 (m, 2H), 3.69 (t, / = 6.2 Hz, 2H), 3.62 — 3.12 (m,
14H), 2.57 (t, J = 6.3 Hz, 2H), 1.94 (t, J = 7.4 Hz, 2H), 1.55 — 1.44 (m, 4H), 1.34 — 1.21 (m, 4H); 1*C
NMR (126 MHz, DMSO-des) 8 =169.5, 169.1, 167.8, 167.3, 165.5, 158.2 (q, 2J = 37.3 Hz, TFA), 141.5,
139.0, 137.3, 131.1, 130.8, 130.6, 130.4, 129.5, 129.1, 128.2, 127.9, 127.2, 126.8, 118.1, 115.2 (g, 'J =
290.3 Hz, TFA), 69.7, 69.6, 69.6, 69.5, 68.6, 66.5, 61.7, 46.4, 42.8, 42.4, 40.1, 37.2, 32.2, 29.1, 28.3,
26.2, 25.1. HRMS (ESI) m/z [M+H]* calcd for C4HsoCIsNsO9 850.2747, found 850.2751; HPLC
(gradient A), tr = 12.09 min, 98.9% purity.
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4-[5-(2-Chloroacetyl)-4-(3,4-dichlorophenyl)-3-oxo-1-phenyl-8,11,14,17-tetraoxa-2,5-

diazaicosan-20-amido]-N-[7-(hydroxyamino)-7-oxoheptyl]benzamide (1e)

S L
H

LG,

Cl Cl

Fmoc-protected 4-aminobenzoic acid (0.96 g, 2.60 mmol, 2.00 eq) was coupled to 3 (2.11 g, 1.30 mmol,
1.00 eq) according to general procedure A using HATU (0.99 g, 2.60 mmol, 2.00 eq), HOBt*H,O
(0.40 g, 2.60 mmol, 2.00 eq), and DIPEA (680 uL, 3.90 mmol, 3.00 eq) dissolved in DMF (3.3 mL).
The second coupling cycle was performed according to general procedure A using the resin bound
precursor 4 (300 mg, 0.17 mmol, 1.00 eq), Fmoc-N-amido-PEG4-acid (166 mg, 0.34 mmol, 2.00 eq),
HATU (130 mg, 0.34 mmol, 2.00 eq), HOBt*H,O (52 mg, 0.34 mmol, 2.00 eq), and DIPEA (89 uL,
0.51 mmol, 3.00 eq) dissolved in DMF (0.4 mL). Subsequently, the Ugi four-component reaction was
performed according to general procedure B using the resin bound precursor Se (184 mg, 0.09 mmol,
1.00 eq), 3.4-dichlorobenzaldehyde (61 mg, 0.34 mmol, 4.00 eq), 2-chloroacetic acid (32 mg,
0.34 mmol, 4.00 eq), and benzyl isocyanide (47 pL, 0.34 mmol, 4.00 eq) in DMF/MeOH (1/1 v/v,
0.4 mL). Cleavage was performed according to general procedure C and purification by preparative
HPLC afforded 1e as an amorphous white powder (43 mg, 48 pmol).

Yield 57%; 'H NMR (600 MHz, DMSO-de) § = 10.31 (s, 1H), 10.11 (s, 1H), 8.63*/8.51 (s/t, J = 6.0
Hz, 1H), 8.28 (t, J/ = 5.6 Hz, 1H), 7.78 (d, J = 8.7 Hz, 2H), 7.67 — 7.49 (m, 4H), 7.36 — 7.19 (m, 6H),
5.77/5.65% (s/s, 1H), 4.65 — 4.54 (m, 2H), 4.38 — 4.27 (m, 2H), 3.70 (t, J/ = 6.2 Hz, 2H), 3.63 — 3.34 (m,
14H), 3.28 — 3.16 (m, 4H), 2.57 (t, J = 6.3 Hz, 2H), 1.94 (t, J = 7.4 Hz, 2H), 1.53 — 1.45 (m, 4H), 1.33
— 1.22 (m, 4H); *C NMR (151 MHz, DMSO-ds) & = 169.5, 169.1, 167.8, 167.3, 165.5, 141.5, 139.0,
137.3,131.1, 130.8, 130.6, 130.4, 129.5, 129.1, 128.2, 127.9, 127.2, 126.8, 118.1, 69.7, 69.7, 69.7, 69.6,
69.6, 69.5, 68.6, 66.5, 61.7,46.4,42.8,42.4, 40.1, 37.2, 32.2, 29.1, 28.3, 26.2, 25.1. HRMS (ESI) m/z
[M+H]* caled for C4Hs4ClsNsO19 894.3009, found 894.3009; HPLC (gradient A), fr = 12.08 min,
97.9% purity.
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4-(2-{N-[2-(Benzylamino)-1-(3,4-dichlorophenyl)-2-oxoethyl]-2-chloroacetamido }acetamido)-/NV-
[7-(hydroxyamino)-7-oxoheptyl]benzamide (1f)
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Fmoc-protected 4-aminobenzoic acid (1.38 g, 3.72 mmol, 2.00 eq) was coupled to 3 (2.73 g, 1.86 mmol,
1.00 eq) according to general procedure A using HATU (1.41 g, 3.72 mmol, 2.00 eq), HOBt*H,O
(0.57 g, 3.72 mmol, 2.00 eq), and DIPEA (971 pL, 5.58 mmol, 3.00 eq) dissolved in DMF (4.67 mL).
The second coupling cycle was performed according to general procedure A using the resin bound
precursor 4 (308 mg, 0.21 mmol, 1.00 eq), Fmoc-Gly-OH (130 mg, 0.43 mmol, 2.00 eq), HATU
(163 mg, 0.43 mmol, 2.00 eq), HOBt*H,O (66 mg, 0.43 mmol, 2.00 eq), and DIPEA (112 uL,
0.64 mmol, 3.00 eq) dissolved in DMF (0.5 mL). Subsequently, the Ugi four-component reaction was
performed according to general procedure B using the resin bound precursor 5f (160 mg, 0.10 mmol,
1.00 eq), 3.4-dichlorobenzaldehyde (74 mg, 0.41 mmol, 4.00 eq), 2-chloroacetic acid (39 mg,
0.41 mmol, 4.00 eq), and benzyl isocyanide (58 uL, 0.41 mmol, 4.00 eq) in DMF/MeOH (1/1 v/v,
0.4 mL). Cleavage was performed according to general procedure C and purification by preparative
HPLC afforded 1f as an amorphous white powder (24 mg, 35 umol).

Yield 36%; 'H NMR (500 MHz, DMSO-dc) & = 10.30 (s, 1H), 10.11 (s, 1H), 9.17%/8.94 (s/t, J = 5.9
Hz, 1H), 8.28 (t, /=5.6 Hz, 1H), 7.76 (d, J = 8.8 Hz, 2H), 7.54 (d, J = 8.3 Hz, 1H), 7.49 — 7.39 (m, 3H),
7.38 —=7.27 (m, 3H), 7.26 — 7.18 (m, 3H), 6.16/5.83* (s/s, 1H), 4.59 — 4.45 (m, 2H), 4.42 — 4.23 (m, 4H),
3.25-3.18 (m, 2H), 1.94 (t, J = 7.4 Hz, 2H), 1.53 — 1.44 (m, 4H), 1.33 — 1.22 (m, 4H); 3C NMR (126
MHz, DMSO-ds) 6 = 169.1, 168.0, 167.8, 167.1, 165.4, 140.7, 138.7, 136.1, 131.1, 131.0, 131.0, 130.4,
129.7,129.4, 128.3, 127.8, 127.3, 126.9, 118.3, 59.6, 48.8, 42.8, 42.3, 40.1, 32.2,29.0, 28.3, 26.2, 25.0.
HRMS (ESI) m/z [M+H]* calcd for C33H36C13Ns5Os 704.1804, found 704.1769; HPLC (gradient A), tr
=11.93 min, 97.9% purity.

4-(4-{N-[2-(Benzylamino)-1-(3,4-dichlorophenyl)-2-oxoethyl]-2-chloroacetamido }butanamido)-
N-[7-(hydroxyamino)-7-oxoheptyl]benzamide (1g)
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Fmoc-protected 4-aminobenzoic acid (1.38 g, 3.72 mmol, 2.00 eq) was coupled to 3 (2.73 g, 1.86 mmol,
1.00 eq) according to general procedure A using HATU (1.41 g, 3.72 mmol, 2.00 eq), HOBt*H,O
(0.57 g, 3.72 mmol, 2.00 eq), and DIPEA (971 pL, 5.58 mmol, 3.00 eq) dissolved in DMF (4.67 mL).
The second coupling cycle was performed according to general procedure A using the resin bound
precursor 4 (308 mg, 0.21 mmol, 1.00 eq), Fmoc-GABA-OH (142 mg, 0.42 mmol, 2.00 eq), HATU
(159 mg, 0.42 mmol, 2.00 eq), HOBt*H,O (64 mg, 0.42 mmol, 2.00 eq), and DIPEA (109 uL,
0.63 mmol, 3.00 eq) dissolved in DMF (0.5 mL). Subsequently, the Ugi four-component reaction was
performed according to general procedure B using the resin bound precursor 5g (163 mg, 0.10 mmol,
1.00 eq), 3.4-dichlorobenzaldehyde (74 mg, 0.41 mmol, 4.00 eq), 2-chloroacetic acid (39 mg,
0.41 mmol, 4.00 eq), and benzyl isocyanide (58 pL, 0.41 mmol, 4.00 eq) in DMF/MeOH (1/1 v/v,
0.4 mL). Cleavage was performed according to general procedure C and purification by preparative
HPLC afforded 1g as an amorphous white powder (39 mg, 53 umol).

Yield 55%; 'H NMR (600 MHz, DMSO-ds) § = 10.31 (s, 1H), 10.01 (s, 1H), 8.84%/8.59 (s/t, J = 6.0
Hz, 1H), 8.28 (t, / = 5.7 Hz, 1H), 7.78 (d, J = 8.4 Hz, 2H), 7.64 — 7.49 (m, 4H), 7.35 — 7.19 (m, 6H),
5.83/5.67% (s/s, 1H), 4.61 —4.44 (m, 2H), 4.41 — 4.25 (m, 2H), 3.41 — 3.30 (m, 2H), 3.25 - 3.19 (m, 2H),
2.21 (d, J = 7.0 Hz, 2H), 1.94 (t, J = 7.4 Hz, 2H), 1.82 — 1.36 (m, 6H), 1.33 — 1.22 (m, 4H); ¥C NMR
(151 MHz, DMSO-ds) 8 = 170.7, 169.1, 167.9, 166.8, 165.5, 141.5, 139.0, 137.1, 131.2, 131.0, 130.7,
130.5, 129.6,129.0, 128.2, 127.9, 127.2,126.8, 118.1,61.2,45.9,42.4,42.4, 40.1, 33.0, 32.2, 29.1, 28.3,
26.2,25.1, 24.9. HRMS (ESI) m/z [M+H]* calcd for C3sHs0C13N506 732.2117, found 732.2094; HPLC
(gradient A), fr = 11.98 min, 98.7% purity.

4-(6-{N-[2-(Benzylamino)-1-(3,4-dichlorophenyl)-2-oxoethyl]-2-chloroacetamido }hexanamido)-
N-[7-(hydroxyamino)-7-oxoheptyl]benzamide: TFA (1h)
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Fmoc-protected 4-aminobenzoic acid (1.38 g, 3.72 mmol, 2.00 eq) was coupled to 3 (2.73 g, 1.86 mmol,
1.00 eq) according to general procedure A using HATU (1.41 g, 3.72 mmol, 2.00 eq), HOBt*H,O
(0.57 g, 3.72 mmol, 2.00 eq), and DIPEA (971 pL, 5.58 mmol, 3.00 eq) dissolved in DMF (4.67 mL).
The second coupling cycle was performed according to general procedure A using the resin bound
precursor 4 (302 mg, 0.21 mmol, 1.00 eq), Fmoc-6-Ahx-OH (148 mg, 0.41 mmol, 2.00 eq), HATU
(156 mg, 0.41 mmol, 2.00 eq), HOBt*H>O (63 mg, 0.41 mmol, 2.00 eq), and DIPEA (107 pL,
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0.62 mmol, 3.00 eq) dissolved in DMF (0.5 mL). Subsequently, the Ugi four-component reaction was
performed according to general procedure B using the resin bound precursor Sh (164 mg, 0.10 mmol,
1.00 eq), 3.4-dichlorobenzaldehyde (74 mg, 0.41 mmol, 4.00 eq), 2-chloroacetic acid (39 mg,
0.41 mmol, 4.00 eq), and benzyl isocyanide (58 uL, 0.41 mmol, 4.00 eq) in DMF/MeOH (1/1 v/v,
0.4 mL). Cleavage was performed according to general procedure C and purification by preparative
HPLC afforded the TFA salt of 1h as an amorphous white powder (38 mg, 44 umol).

Yield 45%; "H NMR (600 MHz, DMSO-de) & = 10.31 (s, 1H), 10.01 (s, 1H), 8.86*/8.57 (s/t, J = 6.0
Hz, 1H), 8.27 (t, /= 5.6 Hz, 1H), 7.77 (d, J = 8.7 Hz, 2H), 7.68 — 7.61 (m, 3H), 7.52 (s, 1H), 7.37 - 7.16
(m, 6H), 5.81/5.65* (s/s, 1H), 4.55 — 4.24 (m, 4H), 3.31 (t, J = 7.4 Hz, 2H), 3.25 — 3.18 (m, 2H), 2.22
(t,J=7.5Hz, 2H), 1.94 (t, J = 7.4 Hz, 2H), 1.53 — 1.02 (m, 14H); *C NMR (151 MHz, DMSO-ds) 6 =
171.4,169.1,167.9, 166.6, 165.5, 158.0 (q, °J = 34.4 Hz, TFA), 141.7,139.1, 137.3, 131.1, 130.9, 130.7,
130.5, 129.6,128.9, 128.2, 127.9, 127.2,126.8, 118.1, 61.3, 46.5, 42.6,42.4, 40.1, 36.3, 32.2, 29.1, 28.9,
28.3, 26.2, 25.8, 25.1, 24.5. HRMS (ESI) m/z [M+H]* calcd for C37HuCl3NsOs 760.2430, found
760.2415; HPLC (gradient A), tr = 12.15 min, 97.9% purity.

4-(8-{N-[2-(Benzylamino)-1-(3,4-dichlorophenyl)-2-oxoethyl]-2-chloroacetamido}octanamido)-/V-
[7-(hydroxyamino)-7-oxoheptyl]benzamide- TFA (1i)
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Fmoc-protected 4-aminobenzoic acid (1.01 g, 2.73 mmol, 2.00 eq) was coupled to 3 (1.99 g, 1.37 mmol,
1.00 eq) according to general procedure A using HATU (1.04 g, 2.73 mmol, 2.00 eq), HOBt*H,O
(0.42 g, 2.73 mmol, 2.00 eq), and DIPEA (714 pL, 4.10 mmol, 3.00 eq) dissolved in DMF (3.42 mL).
The second coupling cycle was performed according to general procedure A using the resin bound
precursor 4 (1.55 g, 0.95 mmol, 1.00 eq), Fmoc-8-Aoc-OH (0.73 g, 1.91 mmol, 2.00 eq), HATU (0.73 g,
2.91 mmol, 2.00 eq), HOBt*H,O (0.29 g, 1.91 mmol, 2.00 eq), and DIPEA (498 uL, 2.86 mmol,
3.00 eq) dissolved in DMF (2.4 mL). Subsequently, the Ugi four-component reaction was performed
according to general procedure B using the resin bound precursor Si (200 mg, 0.12 mmol, 1.00 eq),
3,4-dichlorobenzaldehyde (84 mg, 0.47 mmol, 4.00 eq), 2-chloroacetic acid (44 mg, 0.47 mmol,
4.00 eq), and benzyl isocyanide (65 uL, 0.47 mmol, 4.00 eq) in DMF/MeOH (1/1 v/v, 0.4 mL). Cleavage
was performed according to general procedure C and purification by preparative HPLC afforded the

TFA salt of 1i as an amorphous white powder (39 mg, 47 pmol).
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Yield 40%; 'H NMR (600 MHz, DMSO-de) § = 10.32 (s, 1H), 10.03 (s, 1H), 8.85%/8.58 (s/t, J = 6.1
Hz, 1H), 8.27 (t, /= 5.6 Hz, 1H), 7.77 (d, J = 8.6 Hz, 2H), 7.64 (d, J = 8.5 Hz, 3H), 7.60 — 7.49 (m, 1H),
7.35-17.20 (m, 6H), 5.83/5.65%* (s/s, 1H), 4.53 —4.42 (m, 2H), 4.36 — 4.25 (m, 2H), 3.37 — 3.24 (m, 2H),
3.24 —3.19 (m, 2H), 2.28 (t, J = 7.5 Hz, 2H), 1.94 (t, J = 7.4 Hz, 2H), 1.56 — 0.93 (m, 18H); *C NMR
(151 MHz, DMSO-ds) 6 =171.5,169.1, 167.9, 166.7, 165.5, 158.3 (q, >J = 37.8 Hz, TFA), 141.7, 139.1,
137.3, 131.2, 130.9, 130.7, 130.5, 129.7, 128.9, 128.2, 127.9, 127.2, 126.8, 118.1, 115.2 (q, 'J = 289.7
Hz, TFA), 62.0, 61.2, 46.5, 42.5, 40.1, 36.4, 32.2, 29.1, 28.4, 28.3, 28.2, 26.2, 25.9, 25.5, 25.1, 24.8.
HRMS (ESI) m/z [M+H]* caled for C30H4sCI3sNsOg 788.2743, found 788.2741; HPLC (gradient A), tr
= 12.45 min, 98.7% purity.

4-(12-{N-[2-(Benzylamino)-1-(3,4-dichlorophenyl)-2-oxoethyl]-2-chloroacetamido}
dodecanamido)-N-[7-(hydroxyamino)-7-oxoheptyl]benzamide (1j)
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Fmoc-protected 4-aminobenzoic acid (1.38 g, 3.72 mmol, 2.00 eq) was coupled to 3 (2.73 g, 1.86 mmol,
1.00 eq) according to general procedure A using HATU (1.41 g, 3.72 mmol, 2.00 eq), HOBt*H,O
(0.57 g, 3.72 mmol, 2.00 eq), and DIPEA (971 pL, 5.58 mmol, 3.00 eq) dissolved in DMF (4.67 mL).
The second coupling cycle was performed according to general procedure A using the resin bound
precursor 4 (304 mg, 0.21 mmol, 1.00 eq), Fmoc-12-Ado-OH (186 mg, 0.41 mmol, 2.00 eq), HATU
(156 mg, 0.41 mmol, 2.00 eq), HOBt*H,O (63 mg, 0.41 mmol, 2.00 eq), and DIPEA (107 pL,
0.62 mmol, 3.00 eq) dissolved in DMF (0.5 mL). Subsequently, the Ugi four-component reaction was
performed according to general procedure B using the resin bound precursor §j (170 mg, 0.10 mmol,
1.00 eq), 3.4-dichlorobenzaldehyde (74 mg, 0.41 mmol, 4.00 eq), 2-chloroacetic acid (39 mg,
0.41 mmol, 4.00 eq), and benzyl isocyanide (58 uL, 0.41 mmol, 4.00 eq) in DMF/MeOH (1/1 v/v,
0.4 mL). Cleavage was performed according to general procedure C and purification by preparative
HPLC afforded 1j as an amorphous white powder (34 mg, 40 umol).

Yield 43%; "H NMR (600 MHz, DMSO-de) & = 10.31 (s, 1H), 10.03 (s, 1H), 8.83%/8.58 (s/t, J = 6.0
Hz, 1H), 8.27 (t, J = 5.7 Hz, 1H), 7.77 (d, J = 8.4 Hz, 2H), 7.69 — 7.61 (m, 3H), 7.59 — 7.49 (m, 1H),
7.35-17.19 (m, 6H), 5.84/5.65%* (s/s, 1H), 4.54 — 4.40 (m, 2H), 4.38 — 4.25 (m, 2H), 3.25 — 3.18 (m, 2H),
2.31 (t, J = 7.4 Hz, 2H), 1.94 (t, J = 7.4 Hz, 2H), 1.66 — 0.64 (m, 28H); 3C NMR (151 MHz, DMSO-
ds) 6=171.6,169.1, 168.0, 166.7, 165.5, 141.7, 139.0, 137.3, 131.3, 130.9, 130.8, 130.5, 129.8, 128.9,
1279, 127.2, 126.8, 118.1, 61.1, 46.4, 42.5, 42.4, 40.1, 36.4, 32.2, 29.1, 28.9, 28.8, 28.8, 28.7, 28.7,
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28.6, 28.3, 28.2, 26.2, 25.9, 25.1, 25.0. HRMS (ESI) m/z [M+H]" calcd for C43Hs56C13N506 844.3369,
found 844.3361; HPLC (gradient A), fr = 13.61 min, 96.5% purity.

4-(12-{N-[2-(Benzylamino)-1-(3,4-dichlorophenyl)-2-oxoethylJformamido}dodecanamido)-N-[7-
(hydroxyamino)-7-oxoheptyl]benzamide (1j-nc)
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Fmoc-protected 4-aminobenzoic acid (1.38 g, 3.72 mmol, 2.00 eq) was coupled to 3 (2.73 g, 1.86 mmol,
1.00 eq) according to general procedure A using HATU (1.41 g, 3.72 mmol, 2.00 eq), HOBt*H,O
(0.57 g, 3.72 mmol, 2.00 eq), and DIPEA (971 pL, 5.58 mmol, 3.00 eq) dissolved in DMF (4.67 mL).
The second coupling cycle was performed according to general procedure A using the resin bound
precursor 4 (302 mg, 0.19 mmol, 1.00 eq), Fmoc-12-Ado-OH (174 mg, 0.39 mmol, 2.00 eq), HATU
(147 mg, 0.39 mmol, 2.00 eq), HOBt*H,O (59 mg, 0.39 mmol, 2.00 eq), and DIPEA (101 pL,
0.75 mmol, 3.00 eq) dissolved in DMF (0.5 mL). Subsequently, the Ugi four-component reaction was
performed according to general procedure B with a slide modification, using the resin bound precursor
5j (148 mg, 0.08 mmol, 1.00 eq), 3,4-dichlorobenzaldehyde (60 mg, 0.34 mmol, 4.00 eq), formic acid
(13 puL, 0.34 mmol, 4.00 eq), and benzyl isocyanide (47 pL, 0.34 mmol, 4.00 eq) in DMF/MeOH (1/1
v/v, 0.3 mL). Cleavage was performed according to general procedure C and purification by
preparative HPLC afforded 1j-nc as an amorphous white powder (24 mg, 30 pmol).

Yield 38%; '"H NMR (600 MHz, DMSO-ds) & = 10.31 (s, 1H), 10.03 (s, 1H), 8.87/8.63* (t/t, J = 5.8/6.0
Hz, 1H), 8.27 (t, J = 5.7 Hz, 1H), 8.20%/8.10 (s/s, 1H), 7.77 (d, J = 8.5 Hz, 2H), 7.68 — 7.62 (m, 3H),
7.55-7.50 (m, 1H), 7.34 —7.19 (m, 6H), 5.75%/5.38 (s/s, 1H), 4.38 — 4.28 (m, 2H), 3.31 — 3.18 (m, 4H),
2.31 (t,J=7.4 Hz, 2H), 1.94 (t, J = 7.4 Hz, 2H), 1.62 — 1.55 (m, 2H), 1.52 — 1.45 (m, 4H), 1.32 - 0.97
(m, 20H); BC NMR (151 MHz, DMSO-ds) 6 = 171.8, 169.3, 168.3, 168.0, 165.7, 163.9, 163.4, 141.9,
139.2, 138.9, 137.8, 137.5, 131.4, 131.2, 131.1, 131.1, 131.0, 130.9, 130.7, 130.6, 129.7, 129.1, 128.9,
128.5,128.4,128.1, 127.6, 127.4,127.2,127.0, 118.2,62.4, 58.5, 46.2, 43.6, 42.8,42.6, 40.2, 36.6, 32 .4,
29.8,29.2,29.1,29.0, 28.9, 28.9, 28.8, 28.7, 28.5, 27.3, 26.4, 26.4, 25.9, 25.2, 25.2f. HRMS (ESI) m/z
[M-+H]* caled for C4:HssC1:N5Og 796.3602, found 796.3605; HPLC (gradient A), tr = 13.43 min, 99.9%
purity.
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4-{N-[2-(Benzylamino)-1-(3,4-dichlorophenyl)-2-oxoethyl]-2-chloroacetamido}-N-[7-
(hydroxyamino)-7-oxoheptyl]benzamide (2)

Iz
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Cl Cl

Fmoc-protected 4-aminobenzoic acid (1.38 g, 3.72 mmol, 2.00 eq) was coupled to 3 (2.73 g, 1.86 mmol,
1.00 eq) according to general procedure A using HATU (1.41 g, 3.72 mmol, 2.00 eq), HOBt*H,O
(0.57 g, 3.72 mmol, 2.00 eq), and DIPEA (971 pL, 5.58 mmol, 3.00 eq) dissolved in DMF (4.7 mL).
Subsequently, the Ugi four-component reaction was performed according to general procedure B using
the resin bound precursor 4 (143 mg, 0.10 mmol, 1.00 eq), 3,4-dichlorobenzaldehyde (66 mg,
0.37 mmol, 4.00 eq), 2-chloroacetic acid (35 mg, 0.37 mmol, 4.00 eq), and benzyl isocyanide (51 pL,
0.37 mmol, 4.00 eq) in DMF/MeOH (1/1 v/v, 0.3 mL). Cleavage was performed according to general
procedure C and purification by preparative HPLC afforded 2 as an amorphous white powder (24 mg,
37 umol).

Yield 42%; "H NMR (500 MHz, DMSO-ds) & = 10.30 (s, 1H), 8.76 (t, J = 6.0 Hz, 1H), 8.42 (t,J = 5.6
Hz, 1H), 7.72 (d, J = 8.2 Hz, 2H), 7.46 — 7.18 (m, 9H), 7.09 — 7.01 (m, 1H), 6.08 (s, 1H), 4.40 — 4.26
(m, 2H), 4.02 - 3.91 (m, 2H), 3.24 —3.17 (m, 2H), 1.93 (t, / = 7.4 Hz, 2H), 1.51 — 1.44 (m, 4H), 1.30 —
1.21 (m, 4H); *C NMR (126 MHz, DMSO-ds) 8 = 169.1, 168.4, 165.4, 164.9, 140.4, 139.0, 135.3,
134.3, 132.2, 130.8, 130.5, 130.5, 130.4, 130.1, 128.2, 127.7, 127.1, 126.8, 63.3, 42.9, 42.4, 40.1, 32.2,
28.9, 28.3, 26.2, 25.0. HRMS (ESI) m/z [M+H]* calcd for C3;H33CI3N405 647.1589, found 647.1568;
HPLC (gradient A), tr = 12.07 min, 97.1% purity.

N-benzyl-2-(2-chloro-N-propylacetamido)-2-(3,4-dichlorophenyl)acetamide (6)

LG,

Cl Cl

A round bottom flask was prepared with molecular sieve (100 mg; 4 A) and dry MeOH (4 mL).
n-Propylamine (157 pL, 1.89 mmol, 1.20 eq) and 3,4-dichlorobenzaldehyde (340 mg, 1.89 mmol,
1.20 eq) were added and stirred for 30 min at room temperature, before 2-chloroacetic acid (150 mg,
1.57 mmol, 1.00 eq) was added to the mixture. After additional 10 min, benzyl isocyanide (220 pL,

1.57 mmol, 1.00 eq) was added and the resulting solution was stirred for 72 h at room temperature. The
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resulting precipitate was filtered, washed with MeOH (20 mL), dissolved in CH>Cl, (20 mL) to remove
the molecular sieve. The solvent was removed under reduced pressure and the resulting solid was dried
in vacuo. DCAFI1 ligand 6 was afforded as a with powder (358 mg, 0,837 mmol).
Yield 53%; mp. 175 — 177 °C; Rf = 0.39 (cyclohexane/EtOAc, 2/1, v/v); 'H NMR (500 MHz, DMSO-
ds) 6=8.55(t, /=59 Hz, 1H), 7.64 (d, J = 8.4 Hz, 1H), 7.53 (s, 1H), 7.37 - 7.19 (m, 6H), 5.81 (s, 1H),
4.56 — 4.23 (m, 4H), 3.30 — 3.24 (m, 2H), 1.52 — 0.79 (m, 2H), 0.68 — 0.55 (m, 3H); *C NMR (126
MHz, DMSO-ds) 6 = 167.9, 166.7, 139.0, 137.4, 131.1, 130.8, 130.6, 130.4, 129.6, 128.2, 127.2, 126.8,
61.2,48.2,42.5,42.4,22.5,10.8. HRMS (ESI) m/z [M+Na]* calcd for C20H2CI3sN20O 449.0561, found
449.0537; HPLC (gradient A), tr = 13.57 min, 99.0% purity.
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3.4. NMR Data of compounds in biological testing
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3.5. HPLC chromatograms of target compounds

Chromatogram

7004 1§ 2023-11-08 #3 FF 2032 UV_VIS_2 WVL:250 nm
600 - 5- 15,497
500 4
= 4004
=
£
@
2 3004
o
S
S
2
< 2004
100 4
1- 3 17,993
-1 OO 5 r T T T T T 1
0.0 5.0 10,0 16,0 20,0 25,0 30,0 34,0
Time [min]
Integration Results
No. |Peak Name Retention Time Area Height Relative Area Relative Height Amount
min mAU*min mAU % % n.a.
1 13,437 0,118 1,401 0,22 0,23 n.a.
2 14,377 0,512 6,725 0,94 1,11 n.a.
3 14,510 0,551 6,906 1,01 1,14 n.a.
4 15,033 0,100 1,108 0,18 0,18 n.a.
5 15,497 52,540 585,140 96,74 96,62 n.a.
6 16,270 0,254 1,929 0,47 0,32 n.a.
i 16,483 0,146 1,083 0,27 0,18 n.a.
8 17,993 0,093 1,338 0,17 0,22 n.a.
Total 54,313 605,630 100,00 100,00
HPLC chromatogram of 1a (gradient B, purity: 96.7%).
[Chromatogram
350 - 17 2023-11-02 #11 [manually integrated] FFE2033 UV VIS 2 WWL:250 nm
4 - 15,543
3004
2504
= 200+
<
E
@
S 150
m
=]
2
< 100
504
gt
0=
50-! T T T T T 1
0o 5.0 10.0 15.0 20.0 250 30,0 340
Time [min]
| Integration Results
No. [Peak Name Retention Time Area Height Relative Area Relative Height Amount
min mAU*min mAU % %o n.a.
1 14,863 0217 1,712 0,72 0,50 na.
2 15,037 0,220 2127 0,74 0,62 n.a.
i 15,440 0,543 10,363 1,81 3,02 n.a.
4 15,543 28,790 326,830 96,04 95,13 n.a.
5 15,773 0,182 2123 0,61 0,62 na.
6 16,290 0,024 0,392 0.08 0,11 n.a.
Total: 29,977 343,547 100,00 100,00

HPLC chromatogram of 1b (gradient B, purity: 96.0%).
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[Chromatogram

20004 T 2023-10-31 #7 [manually integrated] FFE2034 UV_VIS_2 WWL:250 nm
2.12077
1.7504
1.5004
1.2504
3
=
£ 1.0004
3
£
m
E=]
s 7504
A
=
500
2504
04
2[][)-[ T T T . . T T T T T T T T N T T T T T T T 1
0.0 50 10.0 15.0 200 25.0 280
Time [min]
Integration Results
No. Peak Name Retention Time Area Height Relative Area Relative Height Amount
min mAU*min mAU % Yo n.a.

1 10,467 0,021 0,438 0,02 0,02 n.a.

2 12,077 133,190 1766,184 99,24 99,79 n.a.

3 12,530 0,998 3,251 0,74 0,18 n.a.

Total: 134,209 1769,873 100,00 100,00

HPLC chromatogram of 1c (gradient A, purity: 99.2%).

Chromatogram |
1 400~ = 2023-10-31 #9 [manually integrated] FFE2035 UV WIS 2 WVL:250 nm
1.200+ 2-12,080
1.0004

= 8004

=

E

o

2 GO0

&

=]

2

I 4004

2004

o4 1-10.1 L_1;i_-l1zscu
200-1 T T T T T T T T T T T T T T T T T T T T 1
0.0 50 10.0 15.0 20.0 25.0 280
Timea [min]
|Integration Results
No. |Peak Name Retention Time Area Height Relative Area Relative Height Amount
min mAU*min mAL %o % n.a.

1 10,183 0,306 0,751 0,34 0,07 n.a.
2 12,090 89,258 1151,844 98,91 99,74 n.a.
3 12,503 0,678 2,252 0,75 0.19 na.
Total: 90,242 1154,847 100,00 100,00

HPLC chromatogram of 1d (gradient A, purity: 98.9%).
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Chromatogram

1 400- T 2023-11-06 #3 [manually integrated] FF 2036 U VIS 2 WWL:250 nm
] 4 -2 DAD
1.200]
1.0004
= 800
=z j
E
- i
2 G004
] )
2
8 ]
£ 400
200
ol il @Jﬁ@m{zﬂa
2UD;r T T T T T T T T T T T T T T N T = T T T T T 1
oo 50 10.0 15.0 200 250 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 10,980 0,057 0,791 0,06 0,06 na.
2 11,493 1,007 12,469 1,00 0,95 na.
3 11,603 0,079 1,562 0,08 0,12 na.
4 12,080 98,773 1290,418 97,93 98,36 n.a.
5 12,553 0,780 4,846 0,77 0,37 na.
6 12,717 0,031 0,508 0,03 0,04 n.a.
I 13473 0,135 1,315 0,13 0,10 na.
Total: 100,862 1311,908 100,00 100,00
HPLC chromatogram of 1e (gradient A, purity: 97.9%).
Chromatogram
1 200- T 2023-11-13#14 FFE2041 P UV _VIS_2 WAWL:250 nm
i 3-11,933
1.0004
800 -
05: j
£ 6004
8 j
=
]
= j
5 4uu4
a
< 4
2004
o] Ll I[alzscm.lﬁhljﬁnsmm‘ 314,057
200_[ 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 % % na.
1 9,800 1,104 2T 1,28 0,28 n.a.
2 10,510 0,107 0,786 0,12 0,07 n.a.
3 11,933 84,662 1101,043 97,94 99,04 n.a.
4 12,400 0,243 2,365 0,28 0,21 n.a.
5 12,783 0,119 1,693 0,14 0,15 na.
6 14,057 0.211 2711 0.24 0,24 n.a.
Total: 86,446 1111,726 100,00 100,00

HPLC chromatogram of 1f (gradient A, purity: 97.9%).
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Chromatogram

3 2023-11-15 #10 [manually integrated]

FFE2037 2 P

UV_VIS_2 WYL250 nm

1.800
] 13- 11,980
1.500
1.250]
2 1000
E
3
8 750
5 ]
B ]
=< ]
500
250
] pt- 1@%@@{&514.05?
0 T T 17 T
200 J T T T T T T T T T T T T T T T T T T T T 1
0,0 5,0 10.0 15.0 20.0 250 26,0
Time [min]
|Integration Results
No. |Peak Name Retention Time Area Height Relative Area Relative Height Amount
min mAU*min mAL % % n.a.
1l 10,503 0,105 0,681 0,08 0,04 n.a.
2 11,507 0,035 0,605 0,03 0,04 n.a.
3 11,980 128,061 1664,337 98,69 99,23 n.a.
4 12,433 0,974 6,297 0,75 0,38 na.
5 12,783 0,364 2,427 0,28 0,14 n.a.
6 14,057 0.226 2,881 0,17 017 n.a.
Tofal: 129,766 1677,228 100,00 100,00
HPLC chromatogram of 1g (gradient A, purity: 98.7%).
Chromatogram ]
-+ a0 320231113 #13 [manually integrated] FFE2038 P UV_VIS_2 WVL:250 am
1 2.12,147
1.200]
1.0004
= BUUA
I ]
=
o ]
2 800
5 )
=
2 ]
< 400
200
O—- il -Ii‘-_G._' L |ﬁ -1%}?@614 Vb
200-_ r T T T T T 1
0.0 5,0 10.0 15.0 20.0 25.0 28,0
Time [min]
|Integration Results
No. |Peak Name Retention Time Area Height Relative Area | Relative Height | Amount
min mAU*min mAU % Yo na.
1 9,787 1,180 3,192 1,13 0,24 n.a.
2 12,147 102,423 1297,680 97,90 99,03 n.a.
3 12,583 0,471 4,115 0,45 0,31 n.a.
4 12,783 0,336 2,733 0,32 0.21 n.a.
5 14,057 0.214 2,701 0.20 0.21 na.
Total: 104,623 1310421 100,00 100,00

HPLC chromatogram of 1h (gradient A, purity: 97.9%).
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Chromatogram

200 4

Absorbance [mAU]
2
[an]

10C 4

450 [ 2024-01-12 #8 [manually integrated] FF2003 2-3 UV_VIS_2 WVL:250 nm
Z-12.460

300

250

504
0 | 11104 lf3 15,84714,080
] T
50~ T T T T T T T T T T T T T T N N T T T T 1
0.0 50 10.0 18.0 20.0 250 280
Time [min]
|Integration Results
No. |Peak Name Retention Time Area Height Relative Area | Relative Height | Amount
min mAUmin mAU % % n.a.
1 10,490 0,235 1,073 0,75 0,33 n.a.
2 12,460 31,039 319,464 98,74 99,20 n.a.
3 12,847 0,124 1,148 0,39 0,36 n.a.
4 14,090 0,037 0,365 0,12 0,11 n.a.
Total: 31,436 322,050 100,00 100,00
HPLC chromatogram of 1i (gradient A, purity: 98.7%).
Chromatogram ]
10002 = 2023-11-15 #11 [manually integrated] FFE2038 P UV WIS 2 WWYL:250 nm
875 8- 13613
750
6254
= ]
£ ]
— 500
3
=
= ]
B h
5 3756
2 ]
< ]
250
125
] Y e oo
04 TR L S
1 DD: r T T T T T T T T T T T T T T T T T T T T T 1
0.0 50 10.0 15.0 20.0 250 250
Time [min]
|Integration Results
No. |Peak Name Retention Time Area Height Relative Area Relative Height | Amount
min mAU*min mAL % % na.
1 11,967 0,775 2,829 0,75 0,32 n.a.
2 12,350 0,096 0,711 0,09 0,08 n.a.
3 12,783 0,069 0,941 0,07 i n.a.
4 13,410 0,272 2,680 0,26 0,31 n.a.
5 13,613 100,077 857,180 96,47 98,21 na.
6 14,053 2,450 8,502 2,36 0,97 n.a.
Total: 103,738 872,843 100,00 100,00

HPLC chromatogram of 1j (gradient A, purity: 96.5%).
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[Chromatogram

P

c

c
N

Absaorbance [mAU]
>
(=]

10C+

45 [ 2024-04-08 compost x Felix #10 [manually integrated] __FFE2055 UV_VIS_2 WVL:250 nm
2-13433

300

250

504
o] A L |1-1'.§5135
50~ T T T T T T T T T T T T T N T T T T T 1
a0 5,0 10.0 15.0 200 26.0 29.0)
Time [rmin]
| Integration Results
No. |[Peak Name Retention Time Area Height Relative Area Relative Height Amount
min mAU*min mAU % % n.a.
1 11,623 0,058 0,210 0,13 0,06 na.
2 13,433 44 914 325,351 99,87 99.94 na.
Total: 44,972 325,561 100,00 100,00
HPLC chromatogram of 1j-nc (gradient A, purity: 99.9%).
Chromatogram ]
1 400- = 2023-12-08 #5 [manually integrated] FFE2053 P UV _VIS_2 WAWL:250 nm
1 2004 2-12073
1.0004
= BUUA
= j
E
- i
2 G004
] j
2
2 ]
£ 4004
200
] o e EOFBIES ¢
o] e
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 % Y n.a.
1 11,787 0,304 PLlnEd 0,31 0,18 n.a.
2 12,073 95,726 1191,763 97,13 98,57 n.a.
3 12,590 0,550 4,756 0,56 0,39 n.a.
4 12,713 1.074 4,347 1.09 0,36 n.a.
5 13,197 0,896 6.060 0.91 0,50 n.a.
Total: 98,550 1209,099 100,00 100,00

HPLC chromatogram of 2 (gradient A, purity: 97.1%).
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|Chromatogram

550 - 13 2024-02-29 #4 [manually integrated] FFE2054 DCM UV_VIS_2 WWVL:250 nm
500+ 413573
400
=
T 300+
]
m
£
2 200 -
]
<
1004
0 i1 - 10.53&[.81@‘1L@6M.‘@Eﬁ53
i T T T
50 "| T T T T T T T T T T T T T T T T T T T T T 1
0.0 5.0 10.0 15.0 20.0 250 28,0
Time [min]
Integration Results
No. |Peak Name Retention Time Area Height Relative Area Relative Height | Amount
min mAU*min mAU % % n.a.
1 10,533 0,044 0,562 0,14 0,12 n.a.
2 12,337 0,086 0,560 0,27 0,12 n.a.
S 12,720 0,029 0,527 0,09 0,11 n.a.
4 13,573 31,576 482,366 98,96 99,17 n.a.
5 14,290 0,057 0,837 0,18 017 n.a.
6 14,753 0,118 1,561 0,37 0,32 n.a.
Total: 31,909 486,412 100,00 100,00

HPLC chromatogram of 6 (gradient A, purity: 99.0%).
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7.3 Appendix lll. Publication 3. Targeted Protein Degradation of Histone

Deacetylases by Hydrophobically Tagged Inhibitors

The following pages include the full text and supplementary information of the article “Targeted
Protein Degradation of Histone Deacetylases by Hydrophobically Tagged Inhibitors”, as it was

published in ACS Medicinal Chemistry Letters by the American Chemical Society.

The article is reprinted with permission from:

Felix Feller and Finn K. Hansen.

Targeted Protein Degradation of Histone Deacetylases by Hydrophobically Tagged Inhibitors. ACS

Med. Chem. Lett. 2023, 14, 1863—1868. https://doi.org/10.1021/acsmedchemlett.3c00468.

Copyright 2023, The Authors. American Chemical Society.
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ABSTRACT: There is a growing interest in alternative strategies HDAC1

for targeted protein degradation. In this work, we present the
development of histone deacetylase (HDAC) degraders based on

-
=3

[%]

hydrophobic tagging technology. To this end, a library of E
hydrophobically tagged HDAC inhibitors was synthesized via g%
efficient solid-phase protocols utilizing pre-loaded resins. The g

subsequent biological evaluation led to the identification of our

best degrader, 1a, which significantly decreased HDACI levels in A . " omso 1
MM.1S multiple myeloma cells. : p gi ((E?D | G2k EHDACI
.0 . 36 kDa GAPDH

KEYWORDS: Hydrophobic tagging, targeted protein degradation, histone deacetylase, solid-phase synthesis

I I istone deacetylases (HDACs) are intriguing targets for the surface. This can be recognized by chaperones that stabilize

tumor therapy due to their high expression in many and refold these proteins. The hydrophobic areas of unfolded
tumor entities. In hematological malignancies like multiple proteins can be mimicked by hydrophobic tags (HyT’s). In the
myeloma, HDAC overexpression is associated with bad case of hydrophobic tagging, refolding fails and degradation
.1 . . R
prognosis.  Knockdown of HDACI results in inhibition of occurs.'’ Another proposed mechanism of hydrophobic

cell proliferation and cell cycle arrest and induces apoptosis.””
Furthermore, the inhibition of HDAC activity leads to cell
differentiation, decreased migration, and reduced angiogenesis
of cancer cells as well as sensitizes tumors to chemotherapy.™”

Recent research has demonstrated numerous advantages
associated with targeted protein degradation (TPD) of the
protein of interest (POI) over the conventional approach of
inhibiting the POI: a catalytic mode of action, prolonged

tagging suggests that the binding of a hydrophobically tagged
ligand results in the destabilization of the target protein,
subsequently facilitating its degradation by the proteasome.'’
In this scenario, a target protein with greater stability would be
less vulnerable to hydrophobic tagging.'' In general, our
understanding of the degradation mechanism involving HyT’s
is still in its early stages, making it challenging to predict

pharmacological effects, overcoming of target upregulation, whether a specific POI can be effectively degraded using the
and enhanced specificity.” A commonly used example of TPD hydrophobic tagging approach.'" The first HyT’s utilized the
is proteolysis-targeting chimeras (PROTACs). These bifunc- Halo-Tag ligand to degrade transmembrane proteins as well as
tional molecules recruit the POI and an E3 ligase for the tumor target Hras1®'?V.'"> In the past years, the
polyubiquitination and degradation of the POI via the hydrophobic tagging method was successfully employed with
ubiquitin—proteasome system (UPS). Currently, only a few many proteins, including the androgen receptor,”’ E3 ligases
E3 ligases are addressed by PROTACs, and the ligands for cereblon'* and MDM2," PIk1,'® and PARP."” In this work, we
those have narrow structure—activity relationships. In addition, used hydrophobic tagging for the targeted degradation of
thalidomide derivatives, which are the most common E3 ligase HDAGs. To this end, we prepared new HDAC inhibitors
recruiters, are associated with possible toxicity and terato- (HDACG’s) through solid-phase synthesis and fused them with

genicity issues.” Furthermore, the susceptibility of PROTACs
to the development of resistance in tumors is a significant
concern, primarily due to their heavy reliance on multiple ] —

associated proteins required for degradation. Additionally, Received: = October 18, 2023 F’:ﬁ’“i‘"m@

these compounds are restricted by the known limitations of the Revised:  November 10, 2023
so-called hook effect.®? Accepted: November 13, 2023

Published: November 15, 2023

different HyT’s. Subsequently, we assessed the anticancer

N\ .

Hydrophobic tagging represents an emerging alternative for
PROTAC:. It takes advantage of the cellular unfolded protein
response. Partly unfolded proteins show hydrophobic areas on

© 2023 The Authors. Published b
Ameericl;n %ﬁemlilcaissgcietz https://doi.org/10.1021/acsmedchemlett.3c00468
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Figure 1. (A) Hydrophobically tagged HDACi’s with zinc binding group (red), HDACi linker (orange), HDACi cap (yellow), optional spacer
(black), and HyT (cyan). (B) Chemical structures of vorinostat and ligand—triazole conjugate 4 with zinc binding group (red), HDAC:i linker
(orange), and HDAC: cap (yellow). (C) Overlay of the crystal structure of vorinostat and the docking pose of ligand—triazole conjugate 4 in
HDAC2 (PDB: 4LXZ)." The catalytic Zn*"-ion is shown as a gray sphere.

efficacy, target engagement, and degradation ability of these
compounds.

To investigate whether HDACs can be degraded by the
hydrophobic tagging approach, we designed two series of
hydrophobically tagged HDACi’s (Figure 1). In the first set of
compounds, we utilized a vorinostat-like HDAC ligand based
on a hydroxamic acid as a zinc-binding group (ZBG), an alkyl
linker, and a phenyl-based cap (Figure 1A). Due to the
incomplete understanding of the recognition and degradation
mechanisms of hydrophobic tagging, we incorporated various
HyT combinations with or without spacers into the HDACi
scaffold. Building upon our prior research on selective HDAC6
PROTAC s, we postulated that the spacer and HyT could be
introduced into the para-position of the phenyl cap using an
amide group as the connecting unit.'

In the second subset of compounds, we introduced
additional modifications to the HDAC:i linker and cap group
to assess the influence of different HDACi scaffolds. These
modifications were designed based on the established HyT
concept reported by Crews and co-workers,'” and we planned
to introduce the HyT—spacer conjugate by a Huisgen 1,3-
cycloaddition. To verify that a triazole can serve as a suitable
connecting unit between the HDACi and the HyT, we
conducted docking studies (see Supporting Information for
details) utilizing the crystal structure of HDAC2 in complex
with vorinostat (SAHA; PDB 4LXZ)."” Our docking studies
with the ligand—triazole conjugate 4 (Figure 1B) indicated a
similar binding mode of 4 compared to the native ligand
vorinostat and that the ethyl-substituted triazole is sufficiently
solvent-exposed to serve as an exit vector to install the HyT
(Figure 1C).

The solid-phase synthesis of the designed target compounds
is summarized in Schemes 1 and 2. In detail, the preparation of
the HyT degraders was performed on a 2-chlorotrityl chloride
(2-CTC) resin, as established by Sinatra et al,"®*" to take
advantage of this fast and modular approach. In the first step,
all building blocks containing an amine were Fmoc-protected
(not shown) before being used for solid-phase synthesis. Next,
the 2-CTC resin was reacted with N-hydroxyphthalimide to
immobilize hydroxylamine as a precursor for the hydroxamic
acid (Scheme 1). Subsequently, the phthaloyl group was
deprotected via the treatment with hydrazine monohydrate
followed by the attachment of the respective Fmoc-protected
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Scheme 1. Synthesis of a Hydrophobically Tagged HDACi
via Amide Coupling Reactions”
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“Reaction conditions: (a) PhthN-OH, Et;N, DMF, rt, 48 h; (b) 1)
5% hydrazine monohydrate, MeOH, rt, 2 X 15 min, 2) Fmoc-Linker-
COOH, HATU, HOBtH,0, DIPEA, DMF, t, 20 h, loading
determined: 0.42—0.69 mmol/g; (c) 1) 20% piperidine, DMF, rt, 2
X S min, 2) Fmoc-4-aminobenzoic acid or Fmoc-Spacer-COOH or
HyT-COOH, HATU, HOBt-H,0, EDC, DIPEA, DMF, tt, 20 h; (d)
5% TFA, CH,Cl,, rt, 1 h.

linker through an amide coupling reaction, thereby resulting in
the pre-loaded resins 6a,b. For the first series of compounds,
only 6a was employed as the HDACi linker. The target
compounds were subsequently synthesized through iterative
cycles of Fmoc deprotection and amide coupling of the
HDACi cap, spacer, and HyT part of the molecule. After
cleavage from the resin by the treatment with TFA, this route
enabled the synthesis of the adamantyl (la, 2a—c) and
fluorenyl (1b, 2d—f) tagged HDACi’s with direct attachment
of the HyT (1a,b) or alkyl spacers of different chain length
(2a—f).
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Scheme 2. Synthesis of Triazole-Connected,
Hydrophobically Tagged HDACi’s”
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For the second series of compounds, 6a,b were utilized as
HDAC i linkers, and two distinct alkyne-bearing cap groups
were installed through amide couplings (Scheme 2).
Subsequently, the HyT 10 (see Scheme 2, bottom), which
was synthesized following known literature procedures,'® was
introduced to the resin-bound intermediates 9a—d by means of
a Cu(I)-catalyzed Huisgen cycloaddition. Finally, the cleavage
from the resin yielded the target compounds 3a—d. Before the
biological evaluation, all compounds were further purified by
preparative RP-HPLC to >95% purity, yielding the final
hydrophobically tagged HDACi’s in total yields of 4—89%.

To access the biological properties of the synthesized
inhibitors, all compounds were first screened for their
antiproliferative activity against the multiple myeloma cell
line MM.1S. Based on the data summarized in Table 1,

compounds 1a, 2a, 2d, and 3a emerged as the most promising
compounds. Consequently, these four compounds were
selected for a detailed biological evaluation. The cellular
HDAC inhibitory activity was assessed by a whole-cell HDAC
assay followed by biochemical HDACI, 2, and 6 enzyme
inhibition assays (Table 1). HDAC]I, 2, and 6 were selected as
they are the most relevant isoforms in the context of cancer.”!
Compound 2d, bearing the fluorenyl HyT, showed similar
inhibition of cellular HDAC activity as well as comparable ICs,
values against HDAC1 and 2 compared to vorinostat.
Intriguingly, the hydrophobically tagged HDACi’s 1a, 2a, 2d,
and 3a (HDACG6 ICg, range: 5.2—17.7 nM) outperformed
vorinostat (HDAC6 ICgy: 36.5 nM) in regard to HDAC6
inhibitory activity.

To investigate the HDAC degradation capability of the
hydrophobically tagged HDACi’s, the MM.1S cell line was
treated with 20 uM samples of the selected compounds for
24 h. Subsequently, the protein levels of the different HDAC
isoforms were analyzed by immunoblotting. These experiments
confirmed significant HDAC1 degradation by compounds 1a,
2a, 2d, and 3a (Figure 2A). A slight reduction of HDAC2 can
also be observed for la and 2a. Interestingly, despite all
compounds being highly potent HDACG6 inhibitors, HDAC6
levels are unaffected by our hydrophobically tagged inhibitors.
Hence, the cellular target engagement was examined by
determining the acetylation levels of HDAC target proteins.
Hyperacetylation of histone H3 indicates HDACI1—3 inhib-
ition, while HDACS inhibition results in a hyperacetylation of
a-tubulin. In the case of all compounds under study,
immunoblot analysis demonstrated pronounced hyper-
acetylation of a-tubulin, thereby confirming intracellular
HDACG6 target engagement (Figure 2B). Since compounds
1a, 2a, 2d, and 3a engage but do not degrade HDACS, it is
plausible to speculate that the HyT is not recogmzed in the
relatively wide CD2 pocket of HDAC6.”> To investigate
whether our hydrophobically tagged HDACi’s can degrade
class IIb HDACs, we chose HDAC4 as a representative
isoform and screened compounds 1a, 2a, 2d, and 3a for their
ability to inhibit and degrade HDAC4. All compounds showed
low inhibitory activity against HDAC4 and no significant

Table 1. Antiproliferative Activities and HDAC Inhibition of Hydrophobically Tagged HDACi’s

ICso [uM]  1Cs0 [UM]
Compound Linker Cap Group Spacer HyT cell viability HDAC cell LCI;:[:;V[IC]] :-ICI;TA[C?ZN[I‘]] LCI;:[(;‘:/[IC]]
MM.1sE®  MMm.1s P!
1a Cc6 phenyl - Ada 3.97+0.70 1.12+0.12 192.3+11.0 295.0+49.4 52+0.4
1b c6 phenyl - Flu n.e. n.d. n.d. n.d. n.d.
2a c6 phenyl c1 Ada 7.23+3.48 0.58+0.07 132.6+5.8 245.6+5.2 59+1.5
2b c6 phenyl Cc3 Ada 23.76 £3.61 n.d. n.d. n.d. n.d.
2c c6 phenyl C5 Ada 22.77 £ 4.96 n.d. n.d. n.d. n.d.
2d C6 phenyl C1 Flu 11.55+4.55 0.54+0.05 86.4+109 157.2+14.2 3.3+0.6
2e c6 phenyl Cc3 Flu 68.07 £ 8.49 n.d. n.d. n.d. n.d.
2f c6 phenyl C5 Flu n.e. n.d. n.d. n.d. n.d.
3a c6 phenyl 10.31+0.89 1.17+0.24 3499+122 433.8+0.5 17.7+3.5
3b benzyl phenyl n.e. n.d. n.d. n.d. n.d.
3c c6 phenoxy W 43.81 +11.05 n.d. n.d. n.d. n.d.
3d benzyl phenoxy n.e. n.d. n.d. n.d. n.d.
vorinostat - - - - 0.73+0.24 0.40+0.05 102.8+15.7 147.2%5.5 36.5+3.8

“At least three independent experiments, each in triplicate.

YAt least three independent experiments, each in duplicate. “At least two independent

experiments, each in duplicate. In all cases, mean + standard deviation is shown; n.e. = no effect up to 100 M, n.d. = not determined.
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Figure 2. Immunoblot analysis of MM.1S cell lysates. (A) Degradation level of HDAC1: MM.1S lysates after 24 h of treatment with 20 uM of the
respective hydrophobically tagged HDACI, vehicle (DMSO), or vorinostat (10 uM). (B) Protein levels of acetyl-a-tubulin and acetyl-histone H3:
MM.1S lysates after 24 h of treatment with 20 M of the respective compound or vehicle (DMSO). (C) Rescue experiment: MM.1S lysates after
0.5 h of pre-treatment with 0.1 kM MG132 or vehicle (DMSO) followed by 24 h of treatment with 3a (10 uM) or vehicle (DMSO). Mean +
standard deviation of n > 3 replicates is shown. Significance: ns = p > 0.05; * = p < 0.05; *** = p < 0.001.

degradation of HDAC4 in MM.1S cells (Figure S1, Supporting
Information). To confirm that HDAC1 degradation occurs via
the proteasome, a pre-treatment with the proteasome inhibitor
MG132 was performed. 3a was selected as a representative
compound. The pre-treatment resulted in a partial but
significant rescue of HDACI1 degradation, thus confirming
that the proteasomal system is involved in the degradation of
HDAC1 (Figure 2C).

We further investigated whether our hydrophobically tagged
inhibitors are capable of inducing apoptosis. After incubation
of MM.1S cells with 1a, 2a, 2d, 3a, and vorinostat as positive
control, apoptosis induction was examined by annexin V-
FITC/propidium iodide (PI) staining followed by flow
cytometry analysis (Figure 3). As expected, all compounds

B Annexin V / Pl staining
(@ late apoptosis
— 1001 g early apoptosis
& .
=
®
o
o
S 50
S
o
)
=%
<
Annexin V-FITC

0
DMSO 1a 2a 2d 3a SAHA

Figure 3. (A) Flow cytometry analysis of MM.1S cells stained by
annexin V-FITC/PI after incubation with 20 uM of the indicated
compound, vorinostat, or vehicle (DMSO) for 48 h; representative
images are shown. (B) Quantification of early and late apoptotic cells.
The percentage of cells that were annexin V positive but PI negative
were considered as early apoptotic, and the percentage of cells that
were both annexin V and PI positive were considered as late
apoptotic. Representative blots are depicted. For normalization: Mean
+ standard deviation of n > 3 replicates is shown. Significance: *** =
p < 0.001.

significantly increased the amount of early and late apoptotic
cells. The observed potency sequence of inducing apoptosis
agreed with the results obtained from the cell viability assays
(Table 1). Finally, we could validate these findings by assessing
the activity of caspase 3/7 (Figure S2, Supporting
Information).
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In summary, we have designed and synthesized the first
hydrophobically tagged HDACi’s capable of degrading
HDACI1. The hydrophobically tagged inhibitors displayed
significant degradation of HDACI, with a D, of up to 47% in
MM.1S cells. Intriguingly, degradation of HDAC6 was not
observable, although all selected compounds demonstrated
comparable hyperacetylation of a-tubulin and showed even
stronger inhibition of HDACG6 than vorinostat. It is a well-
known phenomenon in the field of PROTACs that degraders
utilizing a promiscuous POI warhead can achieve selective
degradation, thereby indicating that successful degradation
requires more than target engagement.”> One plausible
explanation for the enhanced selectivity seen in PROTACs
as compared to inhibitors involves the need for a productive
ternary complex that is dependent on the linker and the
recruited E3 ligase. Although this effect has been predom-
inantly observed in the case of kinase PROTACs, recent
reports disclosed selective HDAC6 degraders based on the
unselective HDACi’s vorinostat and crebinostat.'®** Similarly,
selective HDAC3 degradation was accomplished through the
application of a propyl hydrazide warhead with the ability to
inhibit HDAC1—3.”° While the precise degradation pathway of
hydrophobic tagging remains not fully elucidated, it is
reasonable to speculate that, due to distinct structural
variations in the binding sites and differences in the protein
stability, a HyT might effectively mimic an unfolded protein
upon engaging HDACI, but not in the case of HDACG.
Possible ways to achieve HDAC6 degradation via the
hydrophobic tagging approach could include the use of
selective HDAC6 ZBGs with tight-binding properties and
long residence times, such as 2-(difluoromethyl)-1,3,4-
oxadiazoles (DFMOs) in combination with the optimization
of both the linker and the HyT.***’

Taken together, in this proof-of-concept study, we
demonstrated for the first time that the hydrophobic tagging
approach is suitable for the targeted degradation of HDACI.
Further optimization studies of the prototypical compounds
reported in this work are underway.
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1. Supplementary Figures

HDAC4
Compound inhibition at
10 pM [%] - 1a 2a 2d 3a
la 71+11
140 kDa | — e ap— —l HDAC4
2a 34+24
T S
2 29410 36 kDa [wem— —— | GAPDH
3a 58+ 14

Figure S1. Evaluation of the HDAC4 inhibition and degradation by 1a, 2a, 2d, and 3a. (A) HDAC4
inhibition at 10 uM of the selected hydrophobically tagged HDACi. Mean + standard deviation is
shown. Data from two independent experiments, each performed in duplicates. (B) Immunoblot analysis
of HDACH4 levels in MM.1S cells after 24 h of treatment with 20 uM of the respective hydrophobically
tagged HDAC: or vehicle (DMSO). Representative images of n = 4 replicates.
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Figure S2. Caspase 3/7 activity analysis of MM.1S cells after incubation with compounds 1a, 2a, 2d,
and 3a, vorinostat (SAHA) (20 uM) or vehicle (DMSO) for 48 h. Mean + standard deviation is shown.

Data from three independent experiments in duplicates.
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2. Molecular Docking

The structures of the ligands were prepared using the software ChemDraw 19.1 (PerkinElmer Inc.,
Waltham, MA, USA), minimized in ChemDraw 3D pro version using the MM2 force field, and used as
input for AutoDock tools version 1.5.6. The crystal structure of HDAC2 (PDB: 4LXZ)' was downloaded
from the Protein Data Base. The native ligand vorinostat, buffer, non-interacting ions, and all waters
molecules, except water 606, were removed. AutodockTools-1.5.6 program? was used to add all
hydrogen atoms, modify histidine protonation (H145 and H146, adding only HD1)?, compute gasteiger
charges, and merge all non-polar hydrogens. After the generation of the pdbqt output file, the charge of

the zinc atom was manually changed to +2.

Autogrid 4.2.6% was utilized to generate the grid files using a grid box with the following settings:
spacing of 0.375 A, grid box size of 50 x 50 x 50 centered around the coordinates of the native ligand
vorinostat. Autodock 4.2.6° was used to perform the docking calculations. The generated pdbqt file of
the enzyme was set as a rigid macromolecule. The genetic algorithm search parameters were set to 100
GA runs for each ligand with a population size of 150, a maximum number of 2.5 x 10° energy
evaluations, a maximum number of 2.7 x 10* generations, a mutation rate of 0.02, and a crossover rate
of 0.8. The lowest-energy conformer of the first cluster showing Zn** binding was used as the

representative predicted binding pose.
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3. Biological Experiments

No unexpected or unusually high safety hazards were encountered.

3.1. Cell Culture

The human multiple myeloma cell line MM.1S (CRL-2974) was obtained from ATCC (Manassas, VA,
USA). MM.1S cells were cultivated in RPMI 1640 medium (PAN Biotech GmbH; Aidenbach,
Germany) supplemented with 10% FBS (PAN Biotech GmbH; Aidenbach, Germany), 100 IU/mL
penicillin, 0.1 mg/mL streptomycin (PAN Biotech GmbH; Aidenbach, Germany) and 1 mM sodium
pyruvate (ThermoFisher Scientific Inc.; Waltham, MA, USA) at 37 °C in a 5% CO, atmosphere. The

semi-adherent cells were detached mechanically by using a cell scraper.

3.2. Cell Viability Assay

MM.1S cells were seeded (10 x 10* cells/well) in 90 uL in F-bottom 96-well plates (Starlab GmbH,
Hamburg, Germany) and grown over night at 37 °C in a 5% CO, atmosphere. The treatment was
performed by the addition of 10 uL containing the 10 x concentrate of the indicated concentration,
DMSO or PBS. After 72 h of incubation at cell culture conditions, 20 uL/well of 2-(4,5-dimethylthiazol-
2-y1)-3,5-diphenyl-2H-tetrazol-3-ium bromide (5 mg/mL in PBS) was added and developed for 1 h
under cell culture conditions. Before the addition of 200 uL/well DMSO, the plates were centrifuged at
1000 x g for 5 min at 4 °C and the medium was carefully aspirated. Absorbance was determined at
570 nm with background subtraction at 690 nm by a microplate photometer (Thermo Scientific
Multiskan EX, Thermo Fisher Sceintific). The half-maximal inhibitory concentration (ICsyp) was
determined by plotting dose response curves and nonlinear regression with GraphPad Prism (GraphPad

Software, San Diego, CA, USA).

3.3. HDAC Cell Inhibition Assay

The HDAC whole cell assay is based on the assay established by Ciossek et al.* and Bonfils et al.” with
minor changes. Multiple myeloma cells MM.1S were seeded in a concentration of 75 x 10° cells/well
(total volume of 189 pL) in 96-well cell culture microplates (Catalog# 655086, Greiner Bio-One) and
cultured for 24 h. The DMSO stock solutions were used to perform a serial dilution in DMSO. Next, the
cells were treated with 1 pL of the serial dilution (190 x concentrate) for 18 h. For visualization of
HDAC activity 10 uL of substrate solution, containing 3 mM Boc-Lys(g-Ac)-AMC (Catalog# 233691-
67-3, BLD pharma) and 0,5% IGEPAL CA-630 (Catalog# J61055, Alfa Aesar), was added and the
mixture incubated for 3 h under cell culture conditions. The reaction was stopped with 100 uL of stop
solution (50 mM Tris-HCI, 137 mM NaCl, 2.7 mM KCI, 1 mM MgCl,, 1 % IGEPAL CA-630, 10 uM
vorinostat, 2.0 mg/mL trypsin) and developed for 1.5 h under cell culture conditions. Fluorescence

(excitation A =355 nm, emission A =460 nm) was measured using a Spark multimode microplate reader
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(Tecan Group AG, Maennedorf, Swiss). 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).

3.4. HDAC Enzyme Inhibition Assay

In vitro inhibitory activities against HDAC1, 2 and HDAC6 were measured using a previously published
protocol.® In vitro inhibitory activities against HDAC4 were measured using a previously published
protocol with slight modifications.” For test compounds and controls, serial dilutions of the respective
DMSO stock solution in assay buffer (50 mM Tris—HCI, pH 8.0, 137 mM NacCl, 2.7 mM KClI, 1.0 mM
MgCl»-6H>0, 0.1 mg/mL BSA) were prepared, and 5.0 pL of this serial dilution were transferred into
OptiPlate-96 black microplates (PerkinElmer). In the case of HDAC1-3 and HDACS6, a volume of 35 pL
of the fluorogenic substrate ZMAL (Z- Lys(Ac)-AMC,? 21.43 uM in assay buffer) and 10 uL enzyme
solution were added. In the case of HDAC4, 35 pL of the fluorogenic substrate Boc-Lys(Tfa)-AMC
(Bachem, Catalog# 4060676, 42.86 uM in assay buffer) were added, followed by 10 pL of enzyme
solution. Human recombinant HDAC1 (BPS Bioscience, Catalog# 50051), HDAC2 (BPS Bioscience,
Catalog# 50052), HDAC4 (BPS Bioscience, Catalog# 50004), or HDAC6 (BPS Bioscience, Catalog#
50006) were used. The total assay volume of 50 uL (HDAC4 and 6 max. 1% DMSO; HDACI1 and 2
max. 5% DMSO) was incubated at 37 °C for 90 min. Subsequently, 50 pL of trypsin (0.4 mg/mL) in
trypsin buffer (50 mM Tris—HCI, pH 8.0, 100 mM NacCl) was added, followed by additional 30 min of
incubation at 37 °C. Fluorescence (excitation A = 355 nm, emission A = 460 nm) was measured using a
FLUOstar OPTIMA microplate reader (BMG labtech, Ortenburg, Germany). 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).

3.5. Immunoblot

MM. 1S cells (3 x 10° cells/mL) were seeded to cell culture flasks and after 48 h treated with the indicated
concentration of compound or vehicle (DMSO) for the given time. Cell lysis was performed with Cell
Extraction Buffer (10 mM Tris, pH 7.4, 100 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM NaF, 20 mM
NasP>07, 2 mM Na3zVOs, 1% Triton™ x-100, 10% glycerol, 0.1% SDS, 0.5% deoxycholate; Catalog#
FNNOO11, Thermo Fisher Scientific Inc., Waltham, MA, USA) and addition of Halt Protease Inhibitor
Cocktail (100x) (Catalog# 78429, Life Technologies GmbH, Carlsbad, CA, USA) and
phenylmethanesulfonyl fluoride (Catalog# 10837091001, Sigma-Aldrich, St. Louis, MO, USA)
according to manufacturer instructions. Protein content was determined by Pierce™ BCA Protein Assay
Kit (Catalog# 23225, Thermo Fisher Scientific Inc., Waltham, MA, USA) according to manufacturer
guidelines. Samples were 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
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10% Mini-PROTEAN TGX Stain-Free Gel (Catalog# 458035, Bio-Rad, Hercules, CA, USA) at 200 V
for 50 min (Catalog# 458035, Bio-Rad). Afterwards, proteins were transferred with the Trans-Blot
Turbo Transfer System (Catalog# 1704150, Bio-Rad, Hercules, CA, USA) to Immobilon-FL. PVDF
membranes (Catalog# IPFL00005, Millipore Merck, Burlington, MA, USA) at 1.0 A for 30 min and
incubated with 5% milk-powder solution for 1 h at room temperature under slight agitation.
Subsequently, the membranes were incubated with anti-HDAC1 (Catalog# 5356S, Cell Signaling
Technology, Denver, MA, USA), anti-HDAC?2 (Catalog# 99598, 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-acetyl-histone H3
(Catalog# 96778, Cell Signaling Technology, Denver, MA, USA), anti-acetyl-a-tubulin (Catalog#5335,
Cell Signaling Technology, Denver, MA, USA) or anti-GAPDH (Catalog# T0004, Affinity Biosciences,
Cincinnati, OH, USA) antibody solutions in 1:1000—1:20000 dilutions at 4 °C, overnight. Incubation
with HRP-conjugated secondary anti-mouse (Catalog# sc-516102, Santa Cruz, Dallas, TX, USA) and
anti-rabbit (Catalog# HAF008, R&D Systems, Inc., Minneapolis, MN, USA) antibody solution was
performed for 1.5 h, and membranes were developed with clarity western ECL substrate (Catalog#
1705061, Bio-Rad, Hercules, CA, USA). The ChemiDoc XRS+ System (Catalog# 1708265, Bio-Rad,
Hercules, CA, USA) was used for detection and Image Lab Software 6.1 (Bio-Rad, Hercules, CA, USA)
for quantification. GraphPad Prism (GraphPad Software, San Diego, CA, USA) was used for
normalization, statistical analysis and bar graph creation. Significance testing was performed with a one-
way analysis of variance (ANOV A). Dunnett’s post-hoc test was employed to obtain significance levels

of each mean compared to a reference mean value.

3.6. Annexin V/PI Assay

MM.1S cells (3 x 10° cells/well) were seeded in 24-well plates (Starlab GmbH, Hamburg, Germany)
and treated with indicated concentration of compound or vehicle (DMSO) for 48 h under cell culture
conditions. Subsequently, cells were washed with cell staining buffer (HEPES 0.1 M, NaCl 1.4 M,
CaCl, x 3 H,O 25 mM), resuspended in 300 uL. and 150 pL. was transferred in a 96-well plate. The
staining was performed using 5 pL/well annexin V-FITC (catalog# 640945, BioLegend, San Diego, CA,
USA) and 10 uL/well propidium iodide (catalog# 421301, BioLegend, San Diego, CA, USA), incubated
for 15 min and analyzed by flow cytometry (Guava® easyCyteTM, Luminex, Austin, TX, USA).
GraphPad Prism (GraphPad Software, San Diego, CA, USA) was used for normalization, statistical
analysis and bar graph creation. Significance testing was performed with a one-way analysis of variance
(ANOVA). Dunnett’s post-hoc test was employed to obtain significance levels of each mean compared

to a reference mean value.
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3.7. Caspase-Glo 3/7 Assay

MM.1S cells (10 x 10? cells/well) were seeded in white sterile 96-well plates (ThermoFisher Scientific,
Waltham, MA, USA, #136102). The cells were treated with the indicated concentration of compound
or vehicle (DMSO) for 48 h under culture conditions. The cells were subsequently incubated with
Caspase-Glo 3/7 substrate (Promega, Madison, WI, USA, #G8091) for 1 h at 22 °C, according to the
manufacturer’s protocol. Luminescence was detected at 22 °C using a FLUOstar OPTIMA microplate
reader (BMG labtech, Ortenburg, Germany). GraphPad Prism (GraphPad Software, San Diego, CA,
USA) was used for normalization, statistical analysis and bar graph creation. Significance testing was
performed with a one-way analysis of variance (ANOVA). Dunnett’s post-hoc test was employed to

obtain significance levels of each mean compared to a reference mean value.
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4. Chemical Experiments

No unexpected or unusually high safety hazards were encountered.

4.1. General Information

Chemicals were purchased from ABCR, Acros Organics, BLDpharm, Carl Roth, Fisher Scientific,
Fluorochem, Sigma Aldrich, Tokyo Chemical Industry, and VWR Chemicals. Fmoc protection was
performed according to Sinatra et al.” 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). Thin layer chromatography was carried out
with pre-coated silica gel (60 F»s4) aluminium sheets from Merck. Detection was performed with UV
light at 254 and 360 nm or with KMnQOj, bromcresol green or ninhydrin staining. Acros Organics silica
gel 60 (70-230 mesh) was taken for preparative column chromatography. Uncorrected melting points
were measured on a Biichi 510 oil bath apparatus or on a Biichi Melting Point M-565 apparatus. A
Thermo Fisher Scientific UltiMateTM 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 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 MeCN (B) were used as eluents with an addition of 0.1% TFA for eluent
A. 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. The following gradients were
applied: A (95% A and 5% B for 5 min, to 5% A and 95% B in 5 min, 5% A and 95% B for 12 min), B
(95% A and 5% B for 5 min, to 5% A and 95% B in 10 min, 5% A and 95% B for 12 min), C (95% A
and 5% B for 5 min, to 5% A and 95% B in 15 min, 5% A and 95% B for 10 min). Low resolution
electrospray ionisation mass spectra (LRMS) were acquired with an Advion expression compact mass
spectrometer coupled with an automated Advion TLC plate reader Plate Express (Advion, Ithaca, NY,
USA). HR-ESI-MS spectra were recorded on a Bruker micrOTOF-Q mass spectrometer coupled with a
HPLC Dionex UltiMate 3000 or a LTQ Orbitrap XL. NMR spectra were recorded on a Bruker Avance
DRX 500 (500 MHz '"H NMR, 126 MHz '*C NMR) and a Bruker Avance III 600 (600 MHz 'H NMR,
151 MHz *C NMR). Chemical shifts are given in parts per million (ppm) referring to the signal centre
using the solvent peaks for reference, DMSO-ds (2.49/39.7), CDCl; (7.26/77.1) or methanol-ds
(3.31/49.0). The multiplicity of each signal is reported as singlet (s), doublet (d), triplet (t), multiplet (m)
or combinations thereof. Multiplicities and coupling constants are reported as measured and might

disagree with the expected values.
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4.2. General Procedures

General Procedure A (Resin modification)

4

The resin modification was performed as established by Sinatra et al.® The amounts of reagents and
solvents used in the following synthesis protocol correspond to a 3.00—4.00 mmol scale. After swelling
of the 2-chlorotrityl chloride resin (2.00 g, 3.20 mmol, 1.00 eq, loading 1.60 mmol/g) for 30 min in
DMF, a solution of N-hydroxyphthalimide (1.88 g, 11.5 mmol, 3.50 eq) and EtsN (1.60 mL, 11.5 mmol,
3.50 eq) in DMF (1.5 mL/g resin) was added to the resin and reacted for 48 h. Afterwards, the resin was
washed with DMF (10 x 5 mL) and CH>Cl, (10 x 5 mL). Capping of the modified resin was performed
by treatment with a capping solution (CH,Cl,/MeOH/DIPEA, 80/15/5 v/v) two times for 15 min.
Subsequently, the resin was washed with CH>Cl, (10 x 5 mL) and dried in vacuo to afford the modified

resin 11.

General Procedure B (HAIR synthesis)
(0]

) Lot (oA 0
o M N . ° N N
e EQA

HAIR A HAIR D

The HAIR A and D synthesis was performed as established by Sinatra et al.” Resin (11) was swelled
for 1 h in DMF and washed with MeOH (4 x 5 mL) to incubate it with hydrazine (5% in MeOH, 2 x
20 min). Afterwards the resin was washed with DMF (4 x 5 mL), MeOH (4 x 5 mL) and DMF (4 x
5 mL). In parallel the Fmoc protected acid (2.00 eq), HATU (3.00 eq), HOBt*H»O (3.00 eq) and DIPEA
(5.00 eq) were dissolved in DMF and stirred for 5 min. The solution was added to the resin and the amid
coupling was performed for 18 h at room temperature. Subsequently, the resin was washed with DMF
(5 x 5 mL) and CH,CL, (10 x 5 mL) and the completion of the reaction was confirmed via TNBS test,
conducted according to manufacturer protocol, and HPLC. The preloaded resin HAIR A and D were
dried in vacuo. The loading was determined photometrically (general produce F).

Loadings HAIR A 0.42 mmol/g and D 0.69 mmol/g

General Procedure C (Amide coupling on resin)

This procedure was performed as established by Sinatra et al.” This reaction was performed in a scale
of 0.42 — 0.69 mmol/g. The preloaded resin was swelled in DMF for 1 h. After deprotection of the Fmoc
group by deprotection solution (20% piperidine in DMF) two times for 5 min, the resin was washed with

DMF (4 x 5 mL), MeOH (4 x 5 mL)) and DMF (4 x 5 mL). In parallel, the Fmoc protected acid (2.00 eq),
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HATU (3.00 eq), HOBt*H,O (3.00 eq), EDC*HCI (3.00 eq) and DIPEA (5.00 eq) were dissolved in
DMF and stirred for 5 min. This solution was added to the resin and the amid coupling was performed
for 18 h. Subsequently, the resin was washed with DMF (5 x 5 mL) and CH>CL; (10 x 5 mL) and the
completion of the reaction was confirmed via TNBS test, conducted according to manufacturer protocol,

and HPLC. The loaded resin was dried in vacuo.

General Procedure D (On resin Huisgen 1,3-cycloaddition)

This reaction was performed in a scale of 0.42 — 0.69 mmol/g. On resin alkine was swelled in DMF
(5 mL) for 60 min. In parallel, the following solutions were prepared: 10 (2.00 eq.) in DMF (0.10 M),
tris[(1-benzyl-4-triazolyl)methyl]Jamine (TBTA) (0.25eq.) in DMF (0.10 M), 0.10 M aqueous
CuS04*5 H,0 solution (0.25 eq.) in DMF (0.05 M), 0.20 M aqueous ascorbic (0.50 eq.) acid solution
in DMF (0.10 M) and ~-BuOH (1 mL) were added to the resin and shaken for 20 h at room temperature.
Subsequently, the resin was washed with DMF (5 x 5 mL) and CH>CL; (10 x 5 mL) and dried in vacuo.

General Procedure E (Cleavage from resin)

This procedure was performed as established by Sinatra et al.® For confirmation of completion of the
reaction dried resin (2-3 mg) was shaken with cleaving solution (CH2CL2/TFA, 95/5 v/v; 100 uL/mg)
for 1 h at room temperature. After filtration the solution was adjusted to 1 mL with MeCN the and
analysed by the HPLC.

The large scale cleavage, for purification of the final compounds, was carried out in the same way, but
after 1 h of incubation the cleaving solution was removed under reduced pressure and the crude was

dissolved in MeOH or cleavage solution for preparative HPLC.

General Procedure F (Resin loading determination)
This procedure was performed as established by Sinatra et al.® The indicated resin (HAIR A or D, 3-
5 mg) was incubated with deprotection solution (500 puL) two times for 5 min and the combined
solutions were collected. The concentration of the cleaved Fmoc-group was determined photometrically
(€300 nm(dibenzofulvene adduct) = 7800 M-'cm™) using Lambert-Beer law.

A=¢ex*xc*l
where A = absorbance; € = molar extinction coefficient; ¢ = concentration; 1 = optical path length.

The loading was calculated by the concentration of the cleaved Fmoc-group and the resin mass.
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4.3. Preparation of Compounds
4-(Prop-2-yn-1-yloxy)benzoic acid (12)
O

o

Z
12

4-Hydroxybenzoic acid (150 mg, 1.09 mmol, 1.00 eq) was dissolved in MeOH:H,O (3 mL, 1/1 v/v) and
Na,COs (253 mg, 2.39 mmol, 2.20 eq) was added. After the addition of KI (36.0 mg, 0.22 mmol, 0.20 eq)
and propagyl bromide (80% in toluene, 236 pL, 2.17 mmol, 2.00 eq), the mixture was stirred for 72 h
at 50 °C. Subsequently, the solvent was removed under reduced pressure, H>O was added and washed
with CH>Cl, (3 x 20 mL). The inorganic layer was acidified with 6 M HCI (pH ~ 1) and the resulting
precipitate was purified by silica gel column chromatography (CH.Cl/MeOH, 93/7 v/v) to provide 12
as a white solid (98.2 mg, 0.557 mmol).

Yield 51%; mp. 217-218 °C; Ry = 0.60 (CH.Cl,/MeOH, 9/1 v/v); 'H NMR (500 MHz, DMSO-ds)
6=3.60(t, J =2.4 Hz, 1H), 4.89 (d, J = 2.4 Hz, 2H), 7.04 — 7.11 (m, 2H), 7.88 — 7.94 (m, 2H), 12.64
(s, 1H); BC NMR (126 MHz, DMSO-ds) § = 55.6, 78.6, 78.7, 114.6, 123.7, 131.2, 160.7, 166.8.

tert-Butyl [2-(2-hydroxyethoxy)ethyl]carbamate (13)

o
HO™ > oV\NJ\OJ<

H
13

2-(2-Aminoethoxy)ethanol (1.00 g, 9.42 mmol, 1.00 eq) was dissolved in ethanol (25 ml) and cooled on
ice to 0 °C. Boc,0O (2.30 g, 10.4 mmol, 1.10 eq) was added and the solution was stirred for 16 h at room
temperature. The solvent was removed under reduced pressure. 20 mL water was added to the residue
and the inorganic layer extracted with CH>Cl, (4 x 20 mL). The combined organic layers were washed
with brine, dried over Na,SO4 and concentrated under reduced pressure. Purification by silica gel
column chromatography (EtOAc) provided 13 as a colourless oil (1.93 g, 9.39 mmol).

Yield 99%:; R: = 0.57 (EtOAc); "H NMR (600 MHz, CDCls) § = 1.42 (s, 9H), 3.31 (t, J = 5.1 Hz, 2H),
3.53 (t, J = 5.2 Hz, 2H), 3.54 — 3.58 (m, 2H), 3.69 — 3.74 (m, 2H), 5.28 (s, 1H); 3C NMR (151 MHz,
CDCls) 6 =28.5,40.6, 61.8, 70.4, 72.3,79.5, 156.3.

tert-Butyl (2-{2-[(6-chlorohexyl)oxy]ethoxy }ethyl)carbamate (14)

(0]
SN J<
Cl O/\/O\/\HJJ\O
14

In a round bottom flask, NaH (60% in mineral oil, 273 mg, 6.82 mmol, 1.40 eq) was suspended in DMF

(5 mL) and cooled to 0 °C. Compound 13 (1.00 g, 4.87 mmol, 1.00 eq) dissolved in THF (15 mL) was
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added to the NaH suspension and stirred for 45 min at room temperature. The mixture was cooled to
0 °C and 1-chloro-6-iodhexane (1.20 mL, 7.80 mmol, 1.60 eq) was added dropwise. The reaction
mixture was stirred for 18 h at room temperature. Subsequently, aqueous ammonium chloride (20 mL)
was added, and the mixture was extracted three times with CH,Cl, (20 mL). The combined organic
layers were washed with brine (1 x 20 mL), dried over Na>SO, and concentrated under reduced pressure.
Purification by silica gel column chromatography (cyclohexane/EtOAc, 80/20 v/v) provided 14 as a
pale-yellow oil (661 g, 2.04 mmol).

Yield 42%; Ry = 0.59 (cyclohexane/EtOAc, 80/30 v/v); 'TH NMR (600 MHz, CDCls) 6 = 1.34 — 1.40 (m,
2H), 1.42 — 1.49 (m, 11H), 1.56 — 1.64 (m, 2H), 1.73 — 1.81 (m, 2H), 3.31 (t, / = 5.2 Hz, 2H), 3.45 (t, J
= 6.7 Hz, 2H), 3.51 — 3.57 (m, 6H), 3.58 — 3.61 (m, 2H), 4.99 (s, 1H); *C NMR (151 MHz, CDCl5) §
=25.5,26.8,28.5,29.6,32.7,40.5,45.2,70.2,70.3,70.4,71.4,79.3, 156.1; LRMS (ESI) m/z [M+H;0]*
calcd for Cy5sH30CINOy 342.2, found 342.1.

2-{2-[(6-Chlorohexyl)oxy]ethoxy}ethan-1-amine trifluoromethyl acetate (15)
X

0~ “CF,

Clio~ "~ O/\/O\/\ ;\] Hs

15

Compound 14 (630 mg, 1.95 mmol, 1.00 eq) was dissolved in CH,Cl, (7 mL) and cooled 0°C.
Afterwards, TFA (2.30 mL, 29.2 mmol, 15.0 eq) was added dropwise over 10 min. After stirring for 2 h
at the indicated temperature (0 °C), the solvent was removed under reduced pressure. Compound 15 was
yielded as a yellow oil (639 mg, 1.89 mmol).

Yield 97%; Ry=0.11 (cyclohexane/EtOAc/TFA, 79/19/2 v/v); '"H NMR (600 MHz, DMSO-ds) 5 = 1.28
—1.34 (m, 2H), 1.36 — 1.42 (m, 2H), 1.47 — 1.53 (m, 2H), 1.68 — 1.74 (m, 2H), 2.95 — 3.00 (m, 2H), 3.38
(t, J = 6.6 Hz, 2H), 3.49 — 3.52 (m, 2H), 3.55 — 3.60 (m, 4H), 3.62 (t, J = 6.6 Hz, 2H), 7.82 (s, 3H);
BC NMR (151 MHz, DMSO-de) 8 = 24.9, 26.1, 29.0, 32.0, 38.6, 45.3, 66.7, 69.3, 69.7, 70.2; LRMS
(ESI) m/z [M]* calced for C1oH23CINO:* 224.1, found 224.0.

2-[(3r,5r,7r)-Adamantan-1-yl]-N-(2-{2-[(6-chlorohexyl)oxy]ethoxy }ethyl)acetamide (16)

O
CI\/\/\/\O/\/O\/\NJ\/@

H
16

2-(Adamantan-1-yl)acetic acid (381 mg, 1.94 mmol, 1.00 eq) was dissolved in CH>Cl, (3.3 mL) and

DIPEA (1.12 mL, 3.97 mmol, 3.00 eq). Afterwards, HATU (887 mg, 2.31 mmol, 1.20 eq) was added

and the solution was stirred for 10 min. In parallel, 15 (650 mg, 1.92 mmol, 1.00 eq) was dissolved in

CHCl, (1.5 mL) and DIPEA (340 pL, 1.92 mmol, 1.00 eq). The solution was added dropwise to the

acid solution and the mixture stirred for 19 h at room temperature. Finally, H,O (15 mL) was added, the
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inorganic layer was washed with CH>Cl» (3 x 15 mL). The combined organic phases were washed with
brine (1 x 15 mL), dried over Na,SO, and concentrated under reduced pressure. Purification by silica
gel column chromatography (EtOAc) provided 16 as a yellow oil (751 g, 1.88 mmol).

Yield 98%; Ry = 0.75 (CH.Cl,/MeOH, 95/5 v/v); 'TH NMR (600 MHz, CDCl3) & = 1.33 — 1.40 (m, 2H),
1.41 - 1.49 (m, 2H), 1.57 — 1.64 (m, 11H), 1.66 — 1.71 (m, 3H), 1.73 — 1.80 (m, 2H), 1.92 (s, 2H), 1.93
—1.98 (m, 3H), 3.42 — 3.48 (m, 4H), 3.50 — 3.57 (m, 6H), 3.58 — 3.61 (m, 2H), 5.90 (t, J = 5.6 Hz, 1H);
13C NMR (151 MHz, CDCl;) 6 = 25.5, 26.8, 28.8, 29.6, 32.6, 32.9, 36.9, 39.2, 42.7, 45.1, 51.8, 70.1,
70.1,70.4,71.4, 171.2; LRMS (ESI) m/z [M+H]* calcd for C2,H33CINO3 400.2, found 400.2.

2-[(3r,5r,7r)-Adamantan-1-yl]-N-(2-{2-[(6-azidohexyl)oxy]ethoxy }ethyl)acetamide (10)

O

H
10

Compound 16 (356 mg, 0.890 mmol, 1.00 eq) was dissolved in DMF (2.2 mL) and NaN3 (87.0 mg,
1.34 mmol, 1.50 eq) was added. The mixture was stirred at 90 °C for 19 h. Afterwards, it was diluted
with H,O (10 mL) and the inorganic layer extracted with EtOAc (4 x 10 mL). The combined organic
layers were washed with brine (10 mL), dried over Na>,SO4 and concentrated under reduced pressure.
Purification by silica gel column chromatography (EtOAc) provided 10 as a pale-yellow oil (297 g,
0.731 mmol).

Yield 82%; Ry = 0.49 (EtOAc); 'H NMR (600 MHz, CDCI3) 8§ = 1.33 — 1.42 (m, 4H), 1.56 — 1.64 (m,
13H), 1.66 — 1.72 (m, 3H), 1.90 — 1.97 (m, 5H), 3.25 (t, ] = 6.9 Hz, 2H), 3.41 — 3.47 (m, 4H), 3.52 —
3.57 (m, 4H), 3.58 — 3.61 (m, 2H), 5.93 (t, J = 5.8 Hz, 1H); ®C NMR (151 MHz, CDCl5) 6 = 25.8, 26.7,
28.8, 28.9, 29.6, 32.8, 36.9, 39.1, 42.7, 51.5, 51.8, 70.1, 70.1, 70.3, 71.4, 171.1; LRMS (ESI) m/z
[M+H]" calcd for C»H3sN4O3 407.3, found 407.3.

4-{2-[(3r,5r,7r)-Adamantan-1-yl]acetamido}-N-[7-(hydroxyamino)-7-oxoheptyl]benzamide (1a)

1a

Synthesized according to general procedure C using HAIR D (1.18 g, 1.02 mmol, 1.00 eq), Fmoc
protected 4-aminobenzoic acid (733 mg, 2.04 mmol, 2.00 eq), HATU (1.16 g, 3.06 mmol, 3.00 eq),
HOBt*H,O (468 mg, 3.06 mmol, 3.00 eq), EDC*HCI (592 mg, 3.06 mmol, 3.00 eq) and DIPEA
(888 uL, 5.10 mmol, 5.00 eq) in DMF (2.5 mL). The second coupling cycle was also performed
according to general procedure C using the precursor (210 mg, 0.17 mmol, 1.00 eq), 1-
adamantaneacetic acid (67 mg, 0.34 mmol, 2.00 eq), HATU (196 mg, 0.51 mmol, 3.00 eq), HOBt*H,O
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(79 mg, 0.51 mmol, 3.00 eq), EDC*HCI (99 mg, 0.51 mmol, 3.00 eq) and DIPEA (150 pL, 0.91 mmol,
5.00 eq) in DMF (500 uL). Cleavage according to general procedure E and purification by preparative
HPLC afforded 1a as an amorphous withe powder (17.8 mg, 39 umol).

Yield: 23%; '"H NMR (600 MHz, DMSO-ds) 8 = 1.23 — 1.32 (m, 4H), 1.45 — 1.52 (m, 4H), 1.57 — 1.69
(m, 12H), 1.89 — 1.98 (m, 5H), 2.07 (s, 2H), 3.19 — 3.24 (m, 2H), 7.64 (d, /= 8.7 Hz, 2H), 7.77 (d, J =
8.7 Hz, 2H), 8.26 (t,J = 5.6 Hz, 1H), 9.94 (s, 1H), 10.31 (s, 1H), C-NH-OH signal could not be detected
due to solvent exchange; *C NMR (151 MHz, DMSO-ds) § = 25.1, 26.2, 28.0, 28.3, 29.1, 32.2, 32.7,
36.4,40.1,42.0, 50.8, 118.1, 127.8, 129.0, 141.6, 165.5, 169.1, 169.5.; HRMS (ESI) m/z [M+Na]* calcd
for CosH37N304 478.2676, found 478.2674; HPLC (gradient A), fr = 12.40 min, 97.7% purity.

4-[2-(9H-Fluoren-9-yl)acetamido]-N-[7-(hydroxyamino)-7-oxoheptyl]benzamide (1b)

1b

Synthesized according to general procedure C using HAIR D (1.18 g, 1.02 mmol, 1.00 eq), Fmoc
protected 4-aminobenzoic acid (733 mg, 2.04 mmol, 2.00 eq), HATU (1.16 g, 3.06 mmol, 3.00 eq),
HOBt*H,O (468 mg, 3.06 mmol, 3.00 eq), EDC*HCI (592 mg, 3.06 mmol, 3.00 eq) and DIPEA
(888 uL, 5.10 mmol, 5.00 eq) in DMF (2.5 mL). The second coupling cycle was also performed
according to general procedure C using the precursor (211 mg, 0.17 mmol, 1.00 eq), 9-fluoreneacetic
acid (67 mg, 0.34 mmol, 2.00 eq), HATU (195 mg, 0.51 mmol, 3.00 eq), HOBt*H,O (78 mg,
0.51 mmol, 3.00 eq), EDC*HCI (98 mg, 0.51 mmol, 3.00 eq) and DIPEA (149 uL, 0.91 mmol, 5.00 eq)
in DMF (500 pL). Cleavage according to general procedure E and purification by preparative HPLC
afforded 1b as an amorphous withe powder (20.4 mg, 39 umol).

Yield: 25%; "H NMR (600 MHz, DMSO-de) = & 1.25 — 1.34 (m, 4H), 1.46 — 1.55 (m, 4H), 1.95 (t, J =
7.4 Hz,2H),2.82 (d, J=7.6 Hz, 2H), 3.21 — 3.27 (m, 2H), 4.46 (t, J = 7.5 Hz, 1H), 7.28 — 7.32 (m, 2H),
7.37-17.41 (m, 2H), 7.56 (d, J=7.5 Hz, 2H), 7.72 (d, J = 8.7 Hz, 2H), 7.84 (d, J = 8.7 Hz, 2H), 7.89 (d,
J =75 Hz, 2H), 8.32 (t, / = 5.6 Hz, 1H), 10.23 (s, 1H), 10.33 (s, 1H), C-NH-OH signal could not be
detected due to solvent exchange; *C NMR (151 MHz, DMSO-ds) § = 25.1, 26.2, 28.4, 29.1, 32.2,
40.1, 40.6, 43.5, 118.4, 120.1, 124.4, 127.2, 127.3, 128.1, 129.4, 140.1, 141.3, 146.5, 165.6, 169.1,
170.2; HRMS (ESI) m/z [M+Na]* caled for C9H3:N304 508.2207, found 508.2192; HPLC (gradient
A), tr = 12.21 min, 98.6% purity.
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4-(2-{2-[(3r,5r,7r)-Adamantan-1-yl]Jacetamido }acetamido)-N-[7-(hydroxyamino)-7-
oxoheptyl]benzamide (2a)

! . TN
_N N 0
HO WW
(0] (0]
2a

Synthesized according to general procedure C using HAIR D (1.27 g, 0.93 mmol, 1.00 eq), Fmoc
protected 4-aminobenzoic acid (689 mg, 1.86 mmol, 2.00 eq), HATU (1.06 g, 2.79 mmol, 3.00 eq),
HOBt*H,O (427 mg, 2.79 mmol, 3.00 eq), EDC*HCI (540 mg, 2.79 mmol, 3.00 eq) and DIPEA
(810 uL, 4.65 mmol, 5.00 eq) in DMF (2.3 mL). The second coupling cycle was also performed
according to general procedure C using the precursor (681 mg, 0.47 mmol, 1.00 eq), Fmoc-Gly-OH
(286 mg, 0.93 mmol, 2.00 eq), HATU (591 mg, 1.40 mmol, 3.00 eq), HOBt*H,0O (238 mg, 1.40 mmol,
3.00 eq), EDC*HCI (271 mg, 1.40 mmol, 3.00 eq) and DIPEA (451 pL, 2.33 mmol, 5 eq) in DMF
(1.2 mL). The third coupling cycle was also performed according to general procedure C using the
precursor (308 mg, 0.21 mmol, 1.00 eq), 1-adamantaneacetic acid (84 mg, 0.42 mmol, 2.00 eq), HATU
(241 mg, 0.63 mmol, 3.00eq), HOBt*H,O (97 mg, 0.63 mmol, 3.00 eq), EDC*HCI (122 mg,
0.63 mmol, 3.00 eq) and DIPEA (184 pL, 1.05 mmol, 5.00 eq) in DMF (600 uL). Cleavage according
to general procedure E and purification by preparative HPLC afforded 2a as an amorphous withe
powder (46.0 mg, 90 pmol).

Yield: 46%; '"H NMR (600 MHz, DMSO-ds) § = 1.26 — 1.33 (m, 4H), 1.47 — 1.54 (m, 4H), 1.55 - 1.61
(m, 8H), 1.63 — 1.68 (m, 3H), 1.90 — 1.93 (m, 4H), 2.29 (t, J = 7.4 Hz, 2H), 3.20 — 3.24 (m, 2H), 3.57
(s, 2H), 3.86 (d, J = 5.8 Hz, 2H), 7.63 (d, J = 8.8 Hz, 2H), 7.79 (d, J = 8.8 Hz, 2H), 8.02 (t, J/ = 5.8 Hz,
1H), 8.28 (t, J = 5.7 Hz, 1H), 10.12 (s, 1H), C-NH-OH signals could not be detected due to solvent
exchange; *C NMR (151 MHz, DMSO-ds) § = 24.4, 26.1, 28.0, 28.2, 29.0, 32.2, 33.2, 36.4, 42.0, 42.7,
49.7,51.1, 118.1, 128.0, 129.2, 141.3, 165.5, 168.2, 170.5, 173.3.; HRMS (ESI) m/z [M+Na]" calcd for
Ca3Hs0N4Os 535.2891, found 535.2894; HPLC (gradient B), tr = 14.28 min, 98.5% purity.

4-(4-{2-[(3r,5r,7r)-Adamantan-1-yl]Jacetamido }butanamido)-N-[7-(hydroxyamino)-7-
oxoheptyl]benzamide (2b)

H L
N
HO™ WW
(0] (0]
2b

Synthesized according to general procedure C using HAIR D (1.27 g, 0.93 mmol, 1.00 eq), Fmoc

protected 4-aminobenzoic acid (689 mg, 1.86 mmol, 2.00 eq), HATU (1.06 g, 2.79 mmol, 3.00 eq),

HOBt*H,O (427 mg, 2.79 mmol, 3.00 eq), EDC*HCI (540 mg, 2.79 mmol, 3.00 eq) and DIPEA
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(810 uL, 4.65 mmol, 5.00 eq) in DMF (2.3 mL). The second coupling cycle was also performed
according to general procedure C using the precursor (334 mg, 0.23 mmol, 1.00 eq), Fmoc-GABA-
OH (154 mg, 0.46 mmol, 2.00 eq), HATU (290 mg, 0.69 mmol, 3.00 eq), HOBt*H,O (117 mg,
0.69 mmol, 3.00 eq), EDC*HCI (133 mg, 0.69 mmol, 3.00 eq) and DIPEA (221 pL, 1.14 mmol, 5.00 eq)
in DMF (600 uL). The third coupling cycle was also performed according to general procedure C
using the precursor (349 mg, 0.23 mmol, 1.00 eq), 1-adamantaneacetic acid (90 mg, 0.46 mmol,
2.00 eq), HATU (264 mg, 0.69 mmol, 3.00 eq), HOBt*H»O (106 mg, 0.69 mmol, 3.00 eq), EDC*HCI
(133 mg, 0.69 mmol, 3.00 eq) and DIPEA (201 pL, 1.15 mmol, 5.00 eq) in DMF (600 pL). Cleavage
according to general procedure E and purification by preparative HPLC afforded 2b as an amorphous
withe powder (14.3 mg, 26 pmol).

Yield: 12%; '"H NMR (500 MHz, DMSO-ds) 6 = 1.23 — 1.32 (m, 4H), 1.46 — 1.52 (m, 4H), 1.53 — 1.60
(m, 9H), 1.61 — 1.67 (m, 3H), 1.67 — 1.74 (m, 2H), 1.82 (s, 2H), 1.87 — 1.97 (m, 5H), 2.34 (t, / = 7.4 Hz,
2H), 3.04 — 3.09 (m, 2H), 3.19 — 3.24 (m, 2H), 7.64 (d, J = 8.8 Hz, 2H), 7.69 (t, J = 5.6 Hz, 1H), 7.77
(d, J = 8.8 Hz, 2H), 8.26 (t, J = 5.6 Hz, 1H), 10.08 (s, 1H), 10.30 (s, 1H) C-NH-OH signals could not
be detected due to solvent exchange; *C NMR (126 MHz, DMSO-de) & = 25.0, 25.2, 26.2, 28.0, 28.3,
29.0, 32.1, 32.2, 33.9, 36.4, 37.9, 40.1*, 42.1, 50.0, 118.1, 127.9, 129.0, 141.6, 165.5, 169.1, 169.9,
171.2, *overlapping with DMSO signal; HRMS (ESI) m/z [M+Na]* caled for C30H44N4O5 563.3204,
found 563.3198; HPLC (gradient B), tr = 14.28 min, 96.7% purity.

4-(6-{2-[(3r,5r,7r)-Adamantan-1-yl]Jacetamido }hexanamido)-N-[7-(hydroxyamino)-7-
oxoheptyl]benzamide (2c¢)

HO™ W\/\/
o o
2¢

Synthesized according to general procedure C using HAIR D (1.27 g, 0.93 mmol, 1.00 eq), Fmoc
protected 4-aminobenzoic acid (689 mg, 1.86 mmol, 2.00 eq), HATU (1.06 g, 2.79 mmol, 3.00 eq),
HOBt*H,O (427 mg, 2.79 mmol, 3.00 eq), EDC*HCI (540 mg, 2.79 mmol, 3.00 eq) and DIPEA
(810 uL, 4.65 mmol, 5.00 eq) in DMF (2.3 mL). The second coupling cycle was also performed
according to general procedure C using the precursor (334 mg, 0.23 mmol, 1.00 eq), Fmoc-6-Ahx-OH
(167 mg, 0.46 mmol, 2.00 eq), HATU (290 mg, 0.69 mmol, 3.00 eq), HOBt*H,O (117 mg, 0.69 mmol,
3.00 eq), EDC*HCI (133 mg, 0.69 mmol, 3.00 eq) and DIPEA (221 uL, 1.14 mmol, 5.00 eq) in DMF
(600 uL). The third coupling cycle was also performed according to general procedure C using the
precursor (355 mg, 0.23 mmol, 1.00 eq), 1-adamantaneacetic acid (90 mg, 0.46 mmol, 2.00 eq), HATU
(264 mg, 0.69 mmol, 3.00 eq), HOBt*H,O (106 mg, 0.69 mmol, 3.00 eq), EDC*HCI (133 mg,
0.69 mmol, 3.00 eq) and DIPEA (201 pL, 1.15 mmol, 5.00 eq) in DMF (600 uL). Cleavage according
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to general procedure E and purification by preparative HPLC afforded 2c¢ as an amorphous withe
powder (31 mg, 55 pmol).

Yield: 24%; '"H NMR (500 MHz, DMSO-ds) 6 = 1.21 — 1.34 (m, 6H), 1.36 — 1.45 (m, 2H), 1.45 - 1.53
(m, 4H), 1.53 — 1.67 (m, 14H), 1.79 (s, 2H), 1.86 — 1.91 (m, 3H), 1.94 (t, J = 7.4 Hz, 2H), 2.31 (t, J =
7.4 Hz, 2H), 2.98 — 3.05 (m, 2H), 3.18 — 3.25 (m, 2H), 7.60 (t, J = 5.7 Hz, 1H), 7.64 (d, J = 8.8 Hz, 2H),
7.77 (d, J = 8.7 Hz, 2H), 8.25 (t, J/ = 5.6 Hz, 1H), 10.02 (s, 1H), 10.30 (s, 1H) C-NH-OH signals could
not be detected due to solvent exchange; 3C NMR (126 MHz, DMSO-dq) J = 24.7, 25.0, 26.1, 26.2,
28.0, 28.3, 29.0, 29.0, 32.1, 32.2, 36.3, 36.4, 38.1, 39.0%, 42.1, 50.0, 118.1, 127.8, 128.9, 141.7, 165.5,
169.1, 169.6, 171.5, *overlapping with DMSO signal; HRMS (ESI) m/z [M+Na]* calcd for C3H4sN4Os
591.3517, found 591.3519; HPLC (gradient B), tr = 14.62 min, 97.7% purity.

4-{2-[2-(9H-Fluoren-9-yl)acetamido]acetamido}-N-[7-(hydroxyamino)-7-oxoheptyl]benzamide
(2d)

H
N
H H \H/\ﬂ
0] (0]
2d

Synthesized according to general procedure C using HAIR D (1.27 g, 0.93 mmol, 1.00 eq), Fmoc
protected 4-aminobenzoic acid (689 mg, 1.86 mmol, 2.00 eq), HATU (1.06 g, 2.79 mmol, 3.00 eq),
HOBt*H,O (427 mg, 2.79 mmol, 3.00 eq), EDC*HCI (540 mg, 2.79 mmol, 3.00 eq) and DIPEA
(810 pL, 4.65 mmol, 5 eq) in DMF (2.3 mL). The second coupling cycle was also performed according
to general procedure C using the precursor (681 mg, 0.47 mmol, 1.00 eq), Fmoc-Gly-OH (286 mg,
0.93 mmol, 2.00 eq), HATU (591 mg, 1.40 mmol, 3.00 eq), HOBt*H,O (238 mg, 1.40 mmol, 3.00 eq),
EDC*HCI (271 mg, 1.40 mmol, 3.00 eq) and DIPEA (451 uL, 2.33 mmol, 5.00 eq) in DMF (1.2 mL).
The third coupling cycle was also performed according to general procedure C using the precursor
(336 mg, 0.229 mmol, 1.00 eq), 9-fluoreneacetic acid (106 mg, 0.46 mmol, 2.00 eq), HATU (263 mg,
0.69 mmol, 3.00 eq), HOBt*H,O (106 mg, 0.69 mmol, 3.00 eq), EDC*HCI (133 mg, 0.69 mmol,
3.00 eq) and DIPEA (149 pL, 1.14 mmol, 5.00 eq) in DMF (600 uL). Cleavage according to general
procedure E and purification by preparative HPLC afforded 2d as an amorphous withe powder (47 mg,
86 umol).

Yield: 37%; "H NMR (500 MHz, DMSO-de) § = 1.24 — 1.34 (m, 4H), 1.46 — 1.55 (m, 4H), 1.95 (t, J =
7.4 Hz, 2H), 2.64 (d, J =7.6 Hz, 2H), 3.20 — 3.26 (m, 2H), 4.04 (d, J = 5.7 Hz, 2H), 4.38 (t, /] = 7.6 Hz,
1H), 7.26 —7.32 (m, 2H), 7.36 — 7.40 (m, 2H), 7.58 — 7.62 (m, 2H), 7.69 (d, J = 8.8 Hz, 2H), 7.83 (d, J
= 8.8 Hz, 2H), 7.85 — 7.89 (m, 2H), 8.30 (t, J = 5.6 Hz, 1H), 8.41 (t, J = 5.8 Hz, 1H), 10.24 (s, 1H),
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10.31 (s, 1H), C-NH-OH signal could not be detected due to solvent exchange; *C NMR (126 MHz,
DMSO-ds) 6 =25.1, 26.2, 28.3, 29.0, 32.2, 39.1*, 40.1*, 43.0, 43.5, 118.3, 119.9, 124.7, 127.1, 127.2,
128.0, 129.3, 140.0, 141.3, 146.6, 165.5, 168.1, 169.1, 171.4, *overlapping with DMSO signal; HRMS
(ESI) m/z [M+Na]* calcd for C3H34N4Os 565.2421, found 565.2420; HPLC (gradient B), fr =
14.26 min, 99.4% purity.

4-[4-[2-(9H-Fluoren-9-yl)acetamido]butanamido}-N-[7-(hydroxyamino)-7-oxoheptyl|]benzamide
(2e)

H
N
HO~ W\/\/
(@] (@]

2e

Synthesized according to general procedure C using HAIR D (790 mg, 0.69 mmol, 1.00 eq), Fmoc
protected 4-aminobenzoic acid (492 mg, 1.37 mmol, 2.00 eq), HATU (781 mg, 2.06 mmol, 3.00 eq),
HOBt*H,O (315 mg, 2.06 mmol, 3.00 eq), EDC*HCI (398 mg, 2.06 mmol, 3.00 eq) and DIPEA
(597 uL, 3.43 mmol, 5.00 eq) in DMF (1.7 mL). The second coupling cycle was also performed
according to general procedure C using the precursor (374 mg, 0.27 mmol, 1.00 eq), Fmoc-GABA-
OH (184 mg, 0.55 mmol, 2.00 eq), HATU (313 mg, 0.82 mmol, 3.00 eq), HOBt*H,O (126 mg,
0.82 mmol, 3.00 eq), EDC*HCI (159 mg, 0.82 mmol, 3.00 eq) and DIPEA (239 uL, 1.37 mmol, 5.00 eq)
in DMF (700 pL). The third coupling cycle was also performed according to general procedure C
using the precursor (424 mg, 0.28 mmol, 1.00 eq), 9-fluoreneacetic acid (125 mg, 0.55 mmol, 2.00 eq),
HATU (318 mg, 0.83 mmol, 3.00 eq), HOBt*H»O (128 mg, 0.83 mmol, 3.00 eq), EDC*HCI (160 mg,
0.83 mmol, 3.00 eq) and DIPEA (243 pL, 1.38 mmol, 5.00 eq) in DMF (700 uL). Cleavage according
to general procedure E and purification by preparative HPLC afforded 2e as an amorphous withe
powder (14 mg, 25 umol).

Yield: 9%; '"H NMR (500 MHz, DMSO-de) & = 1.24 — 1.33 (m, 4H), 1.45 — 1.54 (m, 4H), 1.76 — 1.85
(m, 2H), 1.94 (t, J = 7.4 Hz, 2H), 2.39 (t, J = 7.4 Hz, 2H), 2.50 — 2.53 (m, 2H), 3.20 — 3.27 (m, 4H),
4.36 (t, J =7.6 Hz, 1H), 7.26 — 7.32 (m, 2H), 7.34 — 7.39 (m, 2H), 7.49 — 7.53 (m, 2H), 7.67 (d, J = 8.8
Hz, 2H), 7.79 (d, J = 8.8 Hz, 2H), 7.84 — 7.88 (m, 2H), 8.00 (t, J/ = 5.6 Hz, 1H), 8.27 (t, J = 5.6 Hz, 1H),
8.62 (s, 1H), 10.10 (s, 1H), 10.30 (s, 1H); *C NMR (126 MHz, DMSO-ds) 8 = 25.0, 25.0, 26.2, 28.3,
29.1,32.2,33.8, 38.2, 39.1%, 39.9%,43.5, 118.1, 119.9, 124.5, 127.0, 127.2, 127.9, 129.0, 140.0, 141.6,
146.7, 165.5, 169.1, 170.7, 171.1, *overlapping with DMSO signal; HRMS (ESI) m/z [M+Na]* calcd
for C33H33N4O5 593.2734, found 593.2745; HPLC (gradient C), tr = 16.66 min, 96.5% purity.
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4-{6-[2-(9H-Fluoren-9-yl)acetamido]hexanamido}-N-[7-(hydroxyamino)-7-oxoheptyl ]benzamide
(2

H
N N
’ ’ \H/\/\/\H
_N
(@] (0]

2f

Synthesized according to general procedure C using HAIR D (790 mg, 0.69 mmol, 1.00 eq), Fmoc
protected 4-aminobenzoic acid (492 mg, 1.37 mmol, 2.00 eq), HATU (781 mg, 2.06 mmol, 3.00 eq),
HOBt*H,O (315 mg, 2.06 mmol, 3.00 eq), EDC*HCI (398 mg, 2.06 mmol, 3.00 eq) and DIPEA
(597 uL, 3.43 mmol, 5.00 eq) in DMF (1.7 mL). The second coupling cycle was also performed
according to general procedure C using the precursor (382 mg, 0.28 mmol, 1.00 eq), Fmoc-6-Ahx-OH
(204 mg, 0.56 mmol, 2.00 eq), HATU (319 mg, 0.84 mmol, 3.00 eq), HOBt*H,O (129 mg, 0.84 mmol,
3.00 eq), EDC*HCI (163 mg, 0.84 mmol, 3.00 eq) and DIPEA (244 uL, 1.40 mmol, 5.00 eq) in DMF
(700 pL). The third coupling cycle was also performed according to general procedure C using the
precursor (367 mg, 0.28 mmol, 1.00 eq), 9-fluoreneacetic acid (125 mg, 0.55 mmol, 2.00 eq), HATU
(318 mg, 0.83 mmol, 3.00 eq), HOBt*H,O (128 mg, 0.83 mmol, 3.00 eq), EDC*HCI (160 mg,
0.83 mmol, 3.00 eq) and DIPEA (243 uL, 1.38 mmol, 5.00 eq) in DMF (700 uL). Cleavage according
to general procedure E and purification by preparative HPLC afforded 2f as an amorphous withe
powder (8 mg, 13 umol).

Yield: 5%; '"H NMR (600 MHz, DMSO-de) & = 1.24 — 1.37 (m, 6H), 1.45 — 1.53 (m, 6H), 1.60 — 1.66
(m, 2H), 1.94 (t, J = 7.4 Hz, 2H), 2.35 (t, J = 7.4 Hz, 2H), 2.48 — 2.49 (m, 2H), 3.16 — 3.20 (m, 2H),
3.20 —3.24 (m, 2H), 4.35 (t, J = 7.7 Hz, 1H), 7.27 — 7.31 (m, 2H), 7.34 — 7.39 (m, 2H), 7.51 (d, J=7.5
Hz, 2H), 7.65 (d, J = 8.8 Hz, 2H), 7.78 (d, J = 8.7 Hz, 2H), 7.86 (d, J = 7.5 Hz, 2H), 7.93 (t, / = 5.6 Hz,
1H), 8.27 (t, J = 5.6 Hz, 1H), 10.06 (s, 1H), 10.31 (s, 1H), C-NH-OH signal could not be detected due
to solvent exchange; *C NMR (151 MHz, DMSO-ds) 6 = 24.7, 25.1, 26.2, 26.2, 28.3, 28.9, 29.1, 32.2,
36.4, 38.5, 39.1%, 40.1%, 43.6, 118.1, 119.9, 124.5, 127.0, 127.2, 127.9, 128.9, 140.0, 141.7, 146.7,
165.5, 169.1, 170.5, 171.5, *overlapping with DMSO signal; HRMS (ESI) m/z [M+Na]* calcd for
C35H4oN4O0s5 621.3047, found 621.3062; HPLC (gradient C), tr = 20.08 min, 95.5% purity.
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4-(1{6-[2-(2-{2-[(3r,5r,7r)-Adamantan-1-yl]Jacetamido}ethoxy)ethoxy Jhexyl}-1H-1,2,3-triazol-4-
yl)-N-[7-(hydroxyamino)-7-oxoheptyl]benzamide (3a)

0

N
o—"}
/\/
0]
N:N\ \/\/\/\
S~ N
N N
HO~ M

o O 3a

Synthesized according to general procedure C using HAIR D (253 mg, 0,11 mmol, 1.00 eq), 4-
ethynylbenzoic acid (33 mg, 0.21 mmol, 2.00 eq), HATU (121 mg, 0.32 mmol, 3.00 eq), HOBt*H,O
(49 mg, 0.32 mmol, 3.00 eq), EDC*HCI (61 mg, 0.32 mmol, 3.00 eq) and DIPEA (92 pL, 0.53 mmol,
5.00 eq) in DMF (400 pL). The Huisgen 1,3-cycloaddition was performed according to general
procedure D using the azide 10 (77 mg, 0.19 mmol, 2.00 eq), TBTA (12 mg, 0.02 mmol, 0.25 eq),
0.1 M CuSOs solution (234 puL, 0.02 mmol, 0.25 eq), 0.2 M ascorbic acid solution (234 uL, 0.05 mmol,
0.50 eq) and -BuOH (1 mL). Cleavage according to general procedure E and purification by
preparative HPLC afforded 3a as an amorphous withe powder (24.4 mg, 35 umol).

Yield: 37%; '"H NMR (600 MHz, methanol-ds) 8 = 1.35 — 1.45 (m, 8H), 1.55 — 1.66 (m, 15H), 1.67 —
1.72 (m, 3H), 1.89 — 1.93 (m, 5SH), 1.94 — 2.00 (m, 2H), 2.10 (t, /= 7.4 Hz, 2H), 3.33 (t, /= 5.5 Hz, 2H),
3.38 (t,J=7.1 Hz, 2H), 3.46 (t, J = 6.5 Hz, 2H), 3.51 (t, J = 5.4 Hz, 2H), 3.54 — 3.59 (m, 4H), 4.47 (t,
J=7.0Hz, 2H), 7.89 (d, J = 8.3 Hz, 2H), 7.92 (d, J = 8.3 Hz, 2H), 8.44 (s, 1H), C-NH-OH signals and
CO-NH signals could not be detected due to solvent exchange; *C NMR (151 MHz, methanol-ds) § =
26.5, 26.6, 27.2, 27.7, 29.8, 30.1, 30.3, 30.4, 31.2, 33.7, 33.7, 37.8, 40.2, 40.9, 43.6, 51.5, 51.8, 70.6,
71.1, 72.1, 123.0, 126.5, 129.0, 134.8, 135.3, 147.8, 169.6, 173.0, 173.9; HRMS (ESI) m/z [M+H]*
calcd for C3sHsgNsOg 695.4491, found 695.4527; HPLC (gradient A), trr = 12.39 min, 98.8% purity.
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4-(1-{6-[2-(2-{2-[(3r,5r,7r)-Adamantan-1-yl]acetamido }ethoxy)ethoxy]hexyl }-1H-1,2,3-triazol-4-
yl)-N-[4-(hydroxycarbamoyl)benzyl]benzamide (3b)
(0]

X b
HO” SN
O N=N /\/\/\/
o)
\/\O y
—~_H

O
3b

Synthesized according to general procedure C using HAIR A (219 mg, 0,09 mmol, 1.00 eq), 4-
ethynylbenzoic acid (28 mg, 0.18 mmol, 2.00 eq), HATU (104 mg, 0.27 mmol, 3.00 eq), HOBt*H,O
(42 mg, 0.27 mmol, 3.00 eq), EDC*HCI (53 mg, 0.27 mmol, 3.00 eq) and DIPEA (80 uL, 0.46 mmol,
5.00 eq) in DMF (400 pL). The Huisgen 1,3-cycloaddition was performed according to general
procedure D using the azide 10 (75 mg, 0.18 mmol, 2.00 eq), TBTA (12 mg, 0.02 mmol, 0.25 eq),
0.1 M CuSO;s solution (229 pL, 0.02 mmol, 0.25 eq), 0.2 M ascorbic acid solution (229 pL, 0.05 mmol,
0.50 eq) and +-BuOH (1 mL). Cleavage according to general procedure E and purification by
preparative HPLC afforded 3b as an amorphous withe powder (39.7 mg, 57 umol).

Yield: 62%; '"H NMR (600 MHz, DMSO-ds) 6 = 1.24 — 1.37 (m, 4H), 1.44 — 1.51 (m, 2H), 1.51 — 1.57
(m, 9H), 1.59 — 1.65 (m, 3H), 1.81 (s, 2H), 1.83 — 1.91 (m, 5H), 3.14 — 3.19 (m, 2H), 3.35 (t, /= 6.5 Hz,
2H), 3.38 (t, J = 5.9 Hz, 2H), 3.43 — 3.46 (m, 2H), 3.46 — 3.50 (m, 2H), 4.40 (t, J = 7.1 Hz, 2H), 4.50 —
4.56 (m, 2H), 7.40 (d, J = 8.1 Hz, 2H), 7.66 (t, J = 5.7 Hz, 1H), 7.72 (d, J = 8.2 Hz, 2H), 7.95 (d, /= 8.3
Hz, 2H), 7.99 (d, J = 8.4 Hz, 2H), 8.69 (s, 1H), 9.11 (t, J = 6.0 Hz, 1H), 11.16 (s, 1H) C-NH-OH signal
could not be detected due to solvent exchange; *C NMR (151 MHz, DMSO-ds) 6 = 25.1, 25.7, 28.0,
29.0, 29.5, 32.1, 36.4, 38.3, 42.1, 42.4, 49.5, 50.0, 69.2, 69.4, 69.5, 70.2, 122.0, 124.8, 126.9, 127.1,
127.9, 131.3, 133.2, 133.6, 142.9, 145.5, 164.1, 165.8, 169.9; HRMS (ESI) m/z [M+H]" calcd for
C39Hs52N6sOs 701.4021, found 701.4053; HPLC (gradient A), fr = 12.35 min, 98.4% purity.
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4-[(1-{6-[2-(2-{2-[(3r,5r,7r)-Adamantan-1-yl]acetamido }ethoxy)ethoxy]hexyl}-1H-1,2,3-triazol-4-
yDmethoxy]-N-[7-(hydroxyamino)-7-oxoheptyl]benzamide (3c)

o—"H

Synthesized according to general procedure C using HAIR D (200 mg, 0,08 mmol, 1 eq), 12 (29 mg,
0.17 mmol, 2.00 eq), HATU (95 mg, 0.25 mmol, 3.00 eq), HOBt*H,O (38 mg, 0.25 mmol, 3.00 eq),
EDC*HCI (49 mg, 0.25 mmol, 3.00 eq) and DIPEA (73 uL, 0.42 mmol, 5.00 eq) in DMF (300 uL). The
Huisgen 1,3-cycloaddition was performed according to general procedure D using the azide 10 (63 mg,
0.15 mmol, 2.00 eq), TBTA (10 mg, 0.02 mmol, 0.25 eq), 0.1 M CuSO;, solution (192 pL, 0.02 mmol,
0.25 eq), 0.2 M ascorbic acid solution (192 uL, 0.04 mmol, 0.50 eq) and +~-BuOH (800 pL). Cleavage
according to general procedure E and purification by preparative HPLC afforded 3¢ as an amorphous
withe powder (35.3 mg, 49 umol).

Yield: 63%; "TH NMR (600 MHz, methanol-ds) 6 = 1.27 — 1.34 (m, 2H), 1.35 — 1.43 (m, 6H), 1.52 —
1.58 (m, 2H), 1.58 — 1.66 (m, 13H), 1.69 — 1.74 (m, 3H), 1.88 — 1.95 (m, 7H), 2.10 (t, J = 7.4 Hz, 2H),
3.35(q,J=5.9 Hz, 4H), 3.45 (t, J = 6.5 Hz, 2H), 3.52 (t, J = 5.5 Hz, 2H), 3.54 — 3.60 (m, 4H), 4.42 (t,
J=17.0Hz, 2H), 5.23 (s, 2H), 7.07 (d, J = 8.8 Hz, 2H), 7.80 (d, J = 8.8 Hz, 2H), 8.09 (s, 1H), C-NH-OH
signals and CO-NH signals could not be detected due to solvent exchange; 3C NMR (151 MHz,
methanol-ds) 6 = 26.5, 26.6, 27.1, 27.6, 29.8, 30.1, 30.3, 30.4, 31.1, 33.7, 33.8, 37.9, 40.2, 40.9, 43.7,
51.4,51.8, 62.4,70.6, 71.1, 71.1, 72.1, 115.6, 125.4, 128.4, 130.1, 144.5, 162.3, 169.6, 173.0, 173.9;
HRMS (ESI) m/z [M+H]* calcd for C30HsoNeO7 725.4596, found 725.4618; HPLC (gradient A), tr =
12.30 min, 97.8% purity.
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4-[(1-{6-[2-(2-{2-[(3r,5r,7r)-Adamantan-1-yl]acetamido }ethoxy)ethoxy]hexyl}-1H-1,2,3-triazol-4-
yl)methoxy]-N-[4-(hydroxycarbamoyl)benzyl]benzamide (3d)

O/\/H

O
3d

Synthesized according to general procedure C using HAIR A (200 mg, 0,08 mmol, 1.00 eq), 12
(29 mg, 0.17 mmol, 2.00 eq), HATU (95 mg, 0.25 mmol, 3.00 eq), HOBt*H>O (38 mg, 0.25 mmol,
3.00 eq), EDC*HCI (48 mg, 0.25 mmol, 3.00 eq) and DIPEA (73 pL, 0.42 mmol, 5.00 eq) in DMF
(300 pL). The Huisgen 1,3-cycloaddition was performed according to general procedure D using the
azide 10 (61 mg, 0.15 mmol, 2.00 eq), TBTA (10 mg, 0.02 mmol, 0.25 eq), 0.1 M CuSO, solution
(187 uL, 0.02 mmol, 0.25 eq), 0.2 M ascorbic acid solution (187 uL, 0.04 mmol, 0.50 eq) and -BuOH
(800 pL). Cleavage according to general procedure E and purification by preparative HPLC afforded
3d as an amorphous withe powder (48.6 mg, 66 umol) in >95% purity.

Yield: 89%; "H NMR (600 MHz, methanol-ds) 6 = 1.26 — 1.33 (m, 2H), 1.34 — 1.41 (m, 2H), 1.51 —
1.57 (m, 2H), 1.58 — 1.65 (m, 9H), 1.68 — 1.73 (m, 3H), 1.86 — 1.95 (m, 7H), 3.34 (t, / = 5.5 Hz, 2H),
343 (t,J =6.5 Hz, 2H), 3.51 (t, J = 5.5 Hz, 2H), 3.53 — 3.59 (m, 4H), 4.41 (t, J = 7.0 Hz, 2H), 4.60 (s,
2H), 5.23 (s, 2H), 7.08 (d, J = 8.7 Hz, 2H), 7.42 (d, J = 8.1 Hz, 2H), 7.71 (d, J = 8.1 Hz, 2H), 7.85 (d, J
= 8.6 Hz, 2H), 8.09 (s, 1H), C-NH-OH signals and CO-NH signals could not be detected due to solvent
exchange; *C NMR (151 MHz, methanol-ds) & = 26.5, 27.1, 30.1, 30.3, 31.1, 33.8, 37.8, 40.2, 43.6,
44.1, 514, 51.8, 62.4, 70.6, 71.1, 71.1, 72.1, 115.7, 125.5, 128.0, 128.3, 128.6, 130.3, 132.2, 144.4,
144.5, 162.5, 167.9, 169.6, 173; HRMS (ESI) m/z [M+H]* calcd for CsHs54NeO7 731.4127, found
731.4153; HPLC (gradient A), tr = 12.27 min, 97.8% purity
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4.4. NMR Data of compounds in biological testing
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4.5. HPLC chromatograms of target compounds

2500 - UV_VIS_2 WVL:250 nm
1-12.400
2.000 4
1.500 A
=)
<
E
8 1.000
©
=
2
L0
<
500 4
2 3293003
0+ T
-500 = r T T T T T 1
0.0 5.0 10,0 15,0 20,0 25,0 29,0
Time [min]
| ation Results
No. |Peak Name Retention Time Area Height Relative Area Relative Height | Amount
min mAU*min mAU % % n.a.
1 12,400 181,166 2053,321 97,73 99,00 na.
2 12,537 2,231 14,601 1,20 0,70 na.
3 13,093 1,979 6,050 1,07 0.29 n.a.
Total: 185,377 2073,972 100,00 100,00
HPLC chromatogram of 1a (gradient A, purity: 97.7%).
[Chromatogram |
900+ UV_VIS_2 WVL:250 nm
] 2-12213
750 4
625 4
2 500
E
8
§ 375
o
2
<
250
1254
0 11-9.790 k
= I I
- 1 00 = r T T T T T 1
0.0 50 10,0 15,0 20,0 25,0 29,0
Time [min]
| Results
No. |Peak Name Retention Time Area Height Relative Area Relative Height | Amount
min mAU*min mAU % % n.a.
1 9,790 1,333 3,861 1,45 0,46 na.
2 12,213 90,849 841,878 98,55 99,54 n.a.
Total: 92,183 845,739 100,00 100,00

HPLC chromatogram of 1b (gradient A, purity: 98.6%).
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1.400 - UV_VIS_2 WVL:250 nm
1-14,280
1200
1.000 4
= 800
< -
£ 4
8 6004
3 1
2
< 4004
2004
4 12-14613
] T
-200: r T T T T T T 1
0.0 5.0 10,0 15,0 20,0 250 30,0 34,0
Time [min]
I ation Results
No. |Peak Name Retention Time Area Height Relative Area Relative Height | Amount
min mAU*min mAU % % n.a.
1 14,280 105,874 1289,525 98,54 99,40 n.a.
2 14,613 1,572 7,738 1,46 0,60 n.a.
Total: 107,445 1297,263 100,00 100,00
HPLC chromatogram of 2a (gradient B, purity: 98.5%).
[Chromatogram ]
1.000- UV_VIS_2 WVL:250 nm
1-14280
8754
7504
6254
=%
t
— 5004
8
c
8
§ 375
<
250
1254
12- 15,373
0+ ey
- 1 00 = r T T T T T T 1
0.0 5.0 10,0 15,0 20,0 25,0 30,0 340
Time [min]
ation Results
No. |Peak Name Retention Time Area Height Relative Area | Relative Height | Amount
min mAU*min mAU % % n.a.
1 14,280 91,480 926,837 96,68 99,55 na.
2 15,373 3,146 4174 3,32 045 n.a.
Total: 94,626 931,011 100,00 100,00

HPLC chromatogram of 2b (gradient B, purity: 96.7%).
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2 600 - UV_VIS_2 WVL:250 nm
1-14,623
2.000 4
1.500 4
=Y
<
E
§ 1.000 -
8
(=3
2
<
5004
t“ 847
0+ T
-500 . r T T T T T T 1
0.0 5.0 10,0 15,0 20,0 25,0 30,0 34,0
Time [min]
ation Results
No. |Peak Name Retention Time Area Height Relative Area | Relative Height | Amount
min mAU*min mAU % % n.a.
1 14,623 181,519 2108,619 97,73 98,83 na.
2 14,847 4,225 24,903 227 117 n.a.
Total: 185,744 2133,523 100,00 100,00
HPLC chromatogram of 2¢ (gradient B, purity: 97.7%).
[Chromatogram |
3,500 UV_VIS_2 WVL:250 nm
1-14,260
3.000 4
2.500 4
= 2.000
<
E
8 1.500
8
2
< 1.000
500
Lz - 14,563
0+ T T
-500- r T T T T T T 1
0,0 5.0 10,0 15,0 20,0 25,0 30,0 34,0
Time [min]
Results
No. [Peak Name Retention Time Area Height Relative Area | Relative Height | Amount
min mAU*min mAU % % na.
1 14,260 381,742 3189,003 99,44 99,84 na.
2 14,563 2,135 5,009 0,56 0,16 n.a.
Total: 383,878 3194,012 100,00 100,00

HPLC chromatogram of 2d (gradient B, purity: 99.4%).
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3,500~ UV_VIS_2 WVL:250 nm
1-16,657
3.000 -
2.5004
= 2.000
<
E
8 15001
8
2
< 1.000
5004
2-16,810
l §3-17.307
0: L L
_500: r T T T T T T T |
0,0 5.0 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 % % na.
1 16,657 441,604 3263,437 96,53 93,87 na.
2 16,810 15,265 205,439 3,34 591 na.
3 17,307 0,603 7,589 0,13 0,22 n.a.
Total: 457,472 3476,465 100,00 100,00
HPLC chromatogram of 2e (gradient C, purity: 96.5%).
[Chromatogram |
e UV_VIS_2 WVL:250 nm
420,080
1.5004
1.250
2 1.000]
E
g
K] 7504
2
<
500
2504
] 2 .
0+ E;‘l T
200 il r T T \J T \J T T A
0.0 50 10.0 15.0 20.0 250 30.0 35.0 38.0
Time [min]
Integration Results
No. |Peak Name Retention Time Area Height Relative Area | Relative Height | Amount
min mAU*min mAU %. %. na.
1 18,423 0,763 9,405 0,51 0,55 na.
2 19,130 2,082 28,717 1,39 1,69 na.
3 19,777 0,506 4,587 0,34 0,27 na.
4 20,080 143,235 1625,557 95,52 95,62 na.
5 20,263 1,125 13,491 0,75 0,79 na.
6 20,837 2,239 18,272 1,49 1.07 na
Total: 149,950 1700,028 100,00 100,00

HPLC chromatogram of 2f (gradient C, purity: 95.5%).
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1,600 - UV_VIS_2 WVL:250 nm
1.400 2-12.387
1.200
1.000 4
=1
< ]
E. 800
3 ]
c
3
5 600
3
( -
400
200
] \ \ 12,123
0+ L :
-200: I T T T T T 1
0.0 50 10,0 15,0 20,0 250 29,0
Time [min]
Integration Results
No. |Peak Name Retention Time Area Height Relative Area Relative Height | Amount
min mAU*min mAU % % na.
1 12,123 1,663 18,760 1,22 1,37 n.a.
2 12,387 134,084 1354,573 98,78 98,63 n.a.
Total: 135,747 1373,332 100,00 100,00
HPLC chromatogram of 3a (gradient A, purity: 98.8%).
[Chromatogram J
3,000~ UV_VIS_2 WVL:250 nm
- 12,347
2.500 1
2.000 4
=
T 1500
8
c
]
S 1.0004
=]
<
5004
hﬁ» 12.700
0 - T
-500- r T T T A T 1
0.0 5.0 10,0 15,0 200 25,0 29,0
Time [min]
I Results
No. |Peak Name Retention Time Area Height Relative Area Relative Height | Amount
min mAU*min mAU % % n.a.
1 12,347 235,619 2550,242 98,43 98,79 n.a.
2 12,700 3,764 31,116 1,57 1,21 n.a.
Total: 239,383 2581,358 100,00 100,00

HPLC chromatogram of 3b (gradient A, purity: 98.4%).
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3.000 - UV_VIS_2 WVL:250 nm
2500 1-12.303
2.000

=
T 1.500-
8
c
3
S 1.000 4
=
<

5004

L& 12,693
0‘ T
-500 x r T T T T T 1
0,0 5.0 10,0 15,0 20,0 25,0 29,0
Time [min]

I Results

No. |Peak Name Retention Time Area Height Relative Area Relative Height | Amount

min mAU*min mAU % % na.

1 12,303 221,518 2476,576 97,84 98,38 na.

2 12,693 4,888 40,825 2,16 1,62 n.a.

Total: 226,406 2517,402 100,00 100,00

HPLC chromatogram of 3c (gradient A, purity: 97.8%).

[Chromatogram |
3,500 - UV_VIS_2 WVL:250 nm
3.000 4 1-12.270
2.500 4

= 2.000

<

E

8 1,500

8

2

<< 1.000

5004
2 - 12,570
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]

| Results

No. |Peak Name Retention Time Area Height Relative Area Relative Height | Amount

min mAU*min mAU % % na.

1 12,270 282,270 2881,157 97,75 98,35 n.a.

2 12,570 6,511 48,469 225 1,65 n.a.

Total: 288,781 2929,625 100,00 100,00

HPLC chromatogram of 3d (gradient A, purity: 97.8%).
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