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Evolution of Slow-Binding Inhibitors Targeting

Histone Deacetylase Isoforms

Anirban Mukherjee*, Farzad Zamani, and Takayoshi Suzuki*

SANKEN, Osaka University, Mihogaoka, Ibaraki-shi, Osaka 567-0047, Japan.

SIGNIFICANCE

e Drugs with longer residence times exhibit enhanced and sustained in vivo activity
within animal models, potentially serving as an indicator of the drug's effectiveness.

e This perspective focuses on the recent development of slow-binding inhibitors designed
to target specific HDAC isoforms through a critical understanding of the existing
approaches.

e |t accentuates limitations and explores potential future directions within the field of
HDAC inhibitor development, fostering a deeper comprehension of multifaceted issues

through a scientifically driven narrative.



ABSTRACT

Because the overexpression of histone deacetylase enzymes (HDACSs) has been linked to
numerous diseases, including various cancers and neurodegenerative disorders, HDAC
inhibitors have emerged as promising therapeutic agents. However, most HDAC inhibitors lack
both subclass and isoform selectivity, which leads to potential toxicity. Unlike classical
hydroxamate HDAC inhibitors, slow-binding HDAC inhibitors form tight and prolonged
bonds with HDAC enzymes. This distinct mechanism of action improves both selectivity and
toxicity profiles, which makes slow-binding HDAC inhibitors a promising class of therapeutic
agents for various diseases. Therefore, the development of slow-binding HDAC inhibitors that
can effectively target a wide range of HDAC isoforms is crucial. This perspective provides
valuable insights into the potential and progress of slow-binding HDAC inhibitors as promising

drug candidates for treating various diseases.



INTRODUCTION

Although small drug molecules still hold a prominent position in drug discovery, new
modalities have been added to drug discovery technologies. In the early phase of drug
development, medicinal chemists usually optimize the structure of lead compounds based on
their thermodynamic signatures (ICso and Kq). During the optimization, entropic and enthalpic
contributions to the binding are both determined. Although the optimization of favorable
binding enthalpies is extremely difficult, highly system-specific effects, such as hydrogen
bonding and van der Waals interactions, provide favorable enthalpic contributions and are
considered as primary driving forces for binding.! These assessments are often performed in
cell-free assays by evaluating ligand binding under equilibrium conditions in a closed system.
Accordingly, the target is exposed to a constant ligand concentration throughout the experiment,
which poorly simulates the ideal environment of an open system corresponding to that of the
human body.? In open systems, ligand/protein concentrations vary over time, and it is difficult
to represent and anticipate the amount of formed ligand—protein complexes and the
physiological response. To overcome these limitations, it is also important to evaluate
inhibitor—protein bindings based on kinetic parameters of the binding interaction and include
them in the drug design process. One promising approach for optimizing kinetic parameters
of the ligand binding is the application of the drug—target residence time model.® The concept
of the drug—target residence time (tr) has been advanced as a useful in vitro parameter that can
complement traditional potency measurements, such as Kq, 1Csg, and ECso, for predicting a
drug’s in vivo effectiveness. Unlike these traditional measures, tr is a kinetic parameter that is
not influenced by variations in enzyme and drug concentrations and more closely resembles
the dynamics of in vivo systems, wherein equilibrium is never truly achieved because drugs are
constantly associating with and dissociating from their targets. In this concept, tr refers to the

lifetime of a drug—target complex and describes how long a drug is bound to its intended target,



which can be determined based on the reciprocal of the dissociation rate constant, kot (tr =
1/kor).2® The residence time is associated with the duration of the pharmacological effect of a
drug in an in vivo setting;>* that is, the longer the target biomolecule is bound to a ligand, the
longer the drug remains efficacious in an open system. In theory, the lifetime of a drug-target
complex is extended by a slow dissociation, which highly depends on kost.> Accordingly, recent
studies have emphasized the importance of tr for estimating a drug’s in vivo efficacy. However,
the prediction of the precise effect of tr on a drug’s in vivo efficacy can sometimes be
challenging, particularly when the dissociation rate constant (koff) is so low that it cannot be
accurately determined. For example, researchers have found that tr would likely negligibly
impact a drug’s in vivo efficacy if the drug’s elimination half-life is longer than its tr” because
the in vivo pharmacological activity is primarily controlled by the drug’s concentration when
the concentration exceeds the drug’s binding affinity. Notably, however, in vitro measurements
of tr using diluted enzymes may not fully explain possible rebinding mechanisms, which could
further prolong drug—target binding in vivo.2 Therefore, the drug’s concentration primarily
determines the drug’s activity in vivo and is mostly influenced by both the drug’s residence
time and elimination half-life (T1).

A drug’s target selectivity is usually measured with respect to thermodynamic binding
parameters, such as I1Cso and Kq. However, this static definition of selectivity does not include
the residence time on the target compared with those on off-target biomolecules. Therefore, the
drug selectivity should also be considered as a time-dependent parameter.?> Additionally, tr
impacts the selectivity of a drug’s interaction with pharmacological proteins.®° If a drug has a
long residence time on its target, the drug’s pharmacokinetic lifetime is exceeded during the
systematic circulation, which can lead to a high selectivity for the intended target.?® Recent
studies have suggested that prolonged in vivo drug-target binding can protect drugs against

being metabolized by minimizing both the drugs’ binding to other proteins, including metabolic



enzymes, and excretion. This could explain why certain compounds may exhibit an
unexpectedly long elimination half-life.® This increased selectivity, also known as the “kinetic
selectivity”, provides a substantial safety advantage to medications with long residence times
in open systems. Therefore, ideal potent and selective drugs for clinical applications exhibit
both thermodynamic (ICso and Kq) and kinetic selectivity (residence time) toward its intended

target.

1. Slow-binding enzyme inhibitors

Enzymes are prime drug-discovery targets because the modulation of the enzymatic activity
can have rapid and distinct biological effects. Approximately 50% of all medications work by
inhibiting enzyme functions through interactions with enzyme active sites.!* Reversible
enzyme inhibition is the most common action mode of enzyme inhibitors and often rapidly
(high on/off rates) equilibrates the enzyme (E), inhibitor (I), and enzyme-inhibitor (E:l)
complex within microseconds. However, recent enzymatic studies have shown that enzymes
do not immediately respond to inhibitors but rather slowly inhibit them. These inhibitors are
called “slow-binding inhibitors,” which require lag times of seconds to days to reach steady-
state inhibition ranges. This concept is related to sustained drug-target complexes exhibiting
extended residence times on targets. In other words, for slow-binding inhibitors exhibiting a
low drug-target dissociation rate, the drug occupancy time on the target remains prolonged,
even if the effective inhibitor concentration quickly decreases in the systematic circulation.
Therefore, compared with fast-binding inhibitors, slow-binding and -dissociating inhibitors
should offer several advantages, such as slower pharmacokinetics and prolonged
pharmacological effects in vivo, lower dosages, and fewer associated toxicities and side

effects.*12



In slow-binding enzymatic inhibition, the inhibition degree at a fixed inhibitor dosage
changes over time, and the free and enzyme-bound forms of the inhibitor slowly equilibrate.
Reaction mechanisms A and B have mainly been proposed to explain slow-binding enzymatic
inhibition (Scheme 1).*% Mechanism A suggests that the E:l complex directly forms in a
single slow step without generating any kinetically detectable intermediates, where ki (kon) and
k-1 (Koff) are quite low compared with the rate constants ([S] Km* and keat) for converting a
substrate (S) to a product (P). This indicates that the Michaelis—Menten (E:S) complex instantly
forms, while the E:l1 complex slowly forms and dissociates, resulting in a slow enzymatic
inhibition. In mechanism B, a moderate-affinity E:I complex initially forms rapidly and then
slowly isomerizes to another stable high-affinity E:I* complex, and ki (kon) and k-1 (Koff) are
assumed to be higher than k> and k-, respectively. In mechanism B, because the inhibitor
affinity is not achieved until the E:1* complex forms, the slow-binding inhibitor affinity should

be measured based on K;, ko, and k.
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Scheme 1. Mechanistic pathways of slow-binding enzymatic inhibition.

Mechanisms A and B can be distinguished by analyzing reaction time courses with
respect to initial substrate and inhibitor concentrations ([S] and [I], respectively).*> When a

conventional fast-binding inhibitor is used and the substrate is not markedly depleted, the



kinetic curve for the reaction is linear. When a slow-binding inhibitor is used, on the other hand,
the product forms in a manner similar to that during the reaction’s transient phase; that is, the
reaction initially proceeds rapidly and then equilibrates to a slow steady state, wherein the
kinetic curve for the reaction becomes asymptotic.*®

Therefore, slow-binding inhibitors are compounds that inhibit their target enzymes in a
time-dependent manner by considering their residence time on the appropriate target. Because
of this unique feature, the target residence time of slow-binding HDAC inhibitors on different
classes/isoforms of HDAC, is also different, which helps to induce selectivity toward each
class/isoform. Such precision offers potential benefits in personalized therapies and optimized

drug development, promising more effective treatments with reduced side effects.

2. Histone deacetylases (HDACs) and HDAC inhibitors

Histone deacetylases (HDACS) are a class of epigenetic regulators that play important roles in
remodeling the chromatin structure and regulating gene expression by catalyzing the lysine
deacetylation of histones.*5” Additionally, HDACs play various biological functions including
metabolism, angiogenesis, DNA damage response, apoptosis, immunity, and protein
degradation. Eighteen mammalian HDACSs have been identified and classified into four groups
based on their homology to yeast deacetylases. These groups include Rpd3/Hdal, which is a
family of Zn?*-dependent enzymes comprising classes | (HDAC1, HDAC2, HDAC3, and
HDACS), lla (HDAC4, HDACS5, HDAC7, and HDAC9), IIb (HDAC6 and HDAC10), and IV
(HDAC11). Furthermore, class Il HDACs, also known as sirtuins (SIRT1-7), are
nicotinamide-dependent enzymes that are related to yeast sirtuins.'®'” The HDAC length
ranges from 347 to 1215 amino acids for the shortest and longest HDACs (11 and 6),
respectively.'® The HDAC active site comprises an 11 A deep pocket containing a zinc ion.*®

Zn?*-dependent HDACs use this zinc ion to facilitate the lysine deacetylation of histones,



whereby the lysine (or inhibitor) passes through the tubular access to reach the zinc ion.*®* When
the active site is activated by a metal ion, a water molecule attacks the N-acetyl group, resulting
in the formation of nitrogen-free lysine and a metal-ion-stabilized acetate byproduct. Within
the active site, although Zn?*-dependent HDACs exhibit a similar zinc-ion environment, some
residues are different. This environment comprises two histidine—aspartic acid pairs and a
tyrosine residue, and the zinc ion firmly couples to two aspartic acids and one histidine
residue.?

Given the diverse biological functions of HDACS, it is not surprising that the aberrant
expression of HDACs is associated with many cancers, inflammatory diseases, and aging-
related neurological disorders, such as Alzheimer’s and Parkinson’s diseases.?!"%*
Consequently, HDAC inhibitors have attracted considerable attention as promising therapeutic
agents for such diseases and were the first class of epigenetic drugs approved for treating cancer.
HDAC inhibitors share a well-accepted pharmacophore model (Figure 1) comprising a zinc-
binding group (ZBG) attached to a linker that mimics the lysine side chain and occupies the
tubular access through which the lysine substrate reaches the catalytic domain. The linker is
terminated by a functional capping group that interacts with the external surface of the channel
entrance.'®2%2528 Qver the past few decades, numerous HDAC inhibitors have been identified
and can be categorized as hydroxamic acid derivatives, benzamides, carboxylic acid derivatives,
and cyclic peptides. Some of these inhibitors, including vorinostat, belinostat, and romidepsin,
have recently been approved by the U.S. Food and Drug Administration (FDA) for treating
various T-cell lymphomas or multiple myeloma.?” However, despite substantial developments
toward HDAC inhibitors in drug discovery, their clinical applications are still limited owing to
intense adverse effects and toxicities caused by the poor isoform selectivity of HDACs. Ideally,
selective HDAC inhibitors would serve as valuable chemical tools to understand the distinct

functions of each HDAC. Specifically, such selective inhibitors would help reveal the



molecular mechanisms linking HDAC activity to the development of human diseases.
Moreover, it is plausible that a selective HDAC inhibitor could offer more effective
chemotherapy compared to non-selective HDAC inhibitors. Table 1 presents a summary of
recent discoveries regarding selective HDAC inhibitors and their biological
mechanisms/effects in cells.?3° Although many HDACs are highly conserved and share
sequential similarity among HDAC classes, such as | and Ila, HDACs play various roles for
regulating epigenetics. For example, previous studies have indicated that HDAC3 is a key class
| HDAC for modulating inflammatory gene expression by regulating the nuclear factor kB
(NF-kB) pathway.?® Therefore, the selective targeting of HDAC3 in the NF-kB pathway is a
promising strategy for treating inflammatory diseases (Table 1). In principle, the application of
an unselective HDAC inhibitor for targeting multiple HDAC isoforms may result in
mechanism-based toxicities, such as thrombocytopenia, and diminish the therapeutic
efficacy.*® For example, FDA-approved vorinostat is a rather unselective potent HDAC
inhibitor that inhibits most Zn?*-dependent HDAC isoforms, including HDAC1-3 and HDACS,
HDACG6 and HDAC7, and HDAC11 (Classes I, 11, and IV, respectively).** Multiple clinical
trials evaluated vorinostat as a single therapy in patients have shown that this medication
displays several high-grade toxicities, including dehydration, thrombocytopenia, and cardiac
abnormalities.*? Owing to the isoform selectivity of HDAC inhibitors, numerous studies have
recently been conducted for developing selective HDAC inhibitors for specific isoforms.*344
Although many efforts have been made to identify isoform-selective HDAC inhibitors by
modulating the ZBG, linker, and cap group,'®?” additional studies are required. Most previous
studies have focused on thermodynamic binding parameters (ICso and Kg). These
activity/selectivity analyses only statically define activity/selectivity and do not include
residence times on target and off-target biomolecules. Because these measurements poorly

mimic the ideal environment of an open system similar to that of the human body, the



optimization of inhibitor binding kinetics toward each isoform, also known as “kinetic
selectivity”, is a highly recommended prerequisite for developing isoform-selective HDAC

inhibitors for clinical applications.
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Figure 1. Structure of histone deacetylase (HDAC) inhibitors. Vorinostat is the first HDAC inhibitor approved
by FDA for treating cancer.

Table 1. Summary of biological effects/mechanisms of class-selective Zn-dependent HDAC inhibitors.

HDAC inhibitor Biological effects Mechanism of action
Class [21:28-32 — Anti-inflammatory — Inhibiting NF-kB activation pathway.
activity — Inhibiting pro-inflammatory gene expression.
— Anti-cancer activity — Upregulating tumor suppressor genes such as p21 and p27

— Downregulating the survival protein Bcl-2.

— Upregulating p53, pVHL, thrombospondin 1, and anti-
angiogenic activin A transcription.

— Downregulating HIF-1a, VEGF, and FGF.

— Increasing overall fatty acylation levels.

— Promoting cell cycle arrest at G2/M phase.

— Interfering with the homologous recombination repair

pathway of DNA.

— Inhibiting angiogenesis.

— Anti-obesity activity — Inhibiting adiponectin gene expression to improve glucose
tolerance.
— Activity in — Enhancing FXN mRNA and frataxin protein levels in FRDA
neurological neurons.
disorders
Class 11a%3# — Anti-cancer activity — Inhibiting ERK1/2 signaling pathway.

— Inducing recruitment and differentiation of highly phagocytic
and stimulatory macrophages within tumors.

— Inhibiting  abolishes  NO-induced formation of
macromolecular complexes.

— Anti-inflammatory — Reducing pulmonary arterial hypertension and cerebral
activity ischemia/reperfusion injury.
— Suppression of myocyte hypertrophy.
— Immunostimulatory — Decreasing downstream hypoxia-inducible factor (HIF)-
activity VEGF signaling.
Class 1129353 — Anti-cancer activity — Inducing mtp53 degradation.

— Reducing MDSCs proportion.
— Inhibiting abnormal DNA damage and hyper cytokine and
growth factor responses.
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— Improving cognitive — Enhancing the synaptic activities of PCy, and SH-SYsY

function neuronal cells.
Class I\V37-3 — Anti-cancer activity — Induction of the proapoptotic genes such as Bmf and Bim.
— Antiviral activity — Regulating type I interferon signaling.
— Anti-obesity activity — Increasing fatty acylation level of SHMT2.
— Induction of uncoupling protein 1 (UCP1) expression and
activity.
— Activating the adiponectin-AdipoR-AMPK pathway in the
liver.

3. Slow-binding HDAC inhibitors

The “residence time” concept is important for the early-phase drug discovery of HDAC
inhibitors. A slowly dissociating isoform-selective HDAC inhibitor should exhibit a longer
residence time on the target HDAC isoform (which may require lower dosages of the HDAC
inhibitor), a prolonged effect on histone deacetylation, and fewer toxicities in patients.*®
Studies recently conducted in both cell-based in vitro and in vivo settings have supported this
hypothesis for kinetically isoform-selective HDAC inhibitors.*-%° To target a specific HDAC
isoform, the binding kinetics of an HDAC inhibitor can be tuned based on the structure—activity
relationship (SAR) analysis of the substituent size, regiochemistry, and ligand hydrophobicity.
Although several reviews have reported the synthesis methodologies, binding thermodynamics,
and clinical drug development of HDAC inhibitors,'8242627 tg the best of our knowledge, the
importance of the optimization of binding kinetic parameters for developing potent in vivo
isoform-selective HDAC inhibitors has rarely been mentioned. Therefore, this perspective
focuses on the development of kinetically isoform-selective slow-binding HDAC inhibitors,
especially their binding kinetics and action mechanisms, to highlight the impact of kinetic
parameters for designing HDAC inhibitors for clinical applications. In the following sections,
the activities and kinetic selectivity of various classes of slow-binding HDAC inhibitors are

discussed. The connection among the kinetic binding parameters, mechanistic information, and
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chemical structures of compounds is a vital tool for optimizing the drug design for clinical

applications.

3.1. Slow-binding class I HDAC inhibitors

In 2008, Gottesfeld et al. initially reported the benzamide-based slow-binding inhibition of
class | HDACs.* Benzamide HDAC inhibitors were initially considered as weak inhibitors
owing to their high ICso for HDACs. However, cell-based and mouse models revealed that
benzamide HDAC inhibitors have unique biological functions, outstanding subtoxic efficacies,
and effective deacetylase 1Cso values for Friedreich’s ataxia (FRDA) and Huntington’s
disease.>>*? This confusion motivated the authors to investigate the kinetic properties of a
pimelic diphenylamine inhibitor 1 with recombinant human HDACSs. The authors found that
the benzamide HDAC inhibitor 1 is a slow-binding inhibitor of HDAC1, HDAC2, and HDAC3
and 1Cso values varied depending on the preincubation period. For example, 1 showed ICso
values of 460 and 5800 nM for HDAC1 and HDACS3, respectively, without any preincubation.
However, after preincubation of 15 min, the 1Cso value for HDAC1 equilibrated at 138 nM.
For HDACS3, several more hours of preincubation were required for 1 to reach a steady-state
value. After preincubation of 3 h, 1Cso dropped to 380 nM, which is an approximately 15-fold
reduction compared with the 1Cso value measured without any preincubation. Therefore, 1Cso
values will not likely produce consistent results unless the equilibration of the inhibitor and
enzyme is ensured. Because kinetic parameters (Ki, kon, and koff) are intrinsic properties of
enzyme—inhibitor pairs, they are constants used for accurately estimating a compound’s
inhibition for its target enzyme. Benzamide 1 exhibited a high kinetic selectivity for HDACS3,
for which K values were 148, 102, and 14 nM for HDAC1, HDAC2, and HDACS, respectively,
which could not be captured by ICso measurements. Additionally, kinetic measurements

indicated that 1 inhibited both HDAC1 and HDAC2 through mechanism A (Scheme 1) in a
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competitive slow-binding manner, while forming a stable complex with HDAC3 via a slow
step (mechanism B in Scheme 1), for which tr = 12 h. The formation of a stable enzyme—
inhibitor complex between inhibitor 1 and HDAC3 extended the drug-target residence time
and prolonged the histone acetylation, which upregulated the frataxin gene. Furthermore, a
100-fold dilution of the enzyme/inhibitor mixture exhibited a negligibly decreased inhibition
within 1 h. In contrast, the inhibitory effect of vorinostat was immediately lost within minutes
after the dilution, indicating that this compound rapidly dissociated from HDACs. Furthermore,
MTS cell proliferation assays revealed that cells treated with compound 1 lost a trace of
acetylated histone H3 even after the removal of the inhibitor for 7 h. The acetylation of histone
H3, on the other hand, was lost in vorinostat-treated cells within the first hour after the inhibitor
was removed, which suggests that the investigation of relative inhibitory activities based on
ICso values may not be an accurate method for screening potentially useful and important

HDAC inhibitors for clinical applications.
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T ~15h - ~8h
tr - - ~12h

Figure 2. Chemical structure and Kinetic parameters of class | HDAC inhibitor 1.

FRDA is a rare genetic disease caused by the hyperextension of a GAA-TTC triplet in

the FXN gene’s first intron, which encodes the essential mitochondrial protein frataxin.>® Post-
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translational modifications of histones near expanded repeating units are consistent with the
formation of heterochromatin and subsequent FXN gene silencing. Although HDAC inhibitors
can enhance FXN mRNA and frataxin protein levels in FRDA neurons, recent studies have
revealed that only compounds that selectively target class | HDAC1 and HDAC3 can increase
the FXN gene expression in iPSC-derived FRDA neurons.>* Benzamide-based inhibitors can
upregulate the frataxin gene expression by inhibiting HDAC3, which make these compounds
promising therapeutic drugs for treating such diseases. Pandolfo et al. developed a strategy for
improving the pharmacological profile of benzamide-based inhibitors.>> Benzamide HDAC
inhibitors 2 and 3 (Figure 3) were synthesized and tested in a KIKI mouse model and peripheral
blood mononuclear cells (PMBCs) collected from FRDA patients. Although the overall
potency and selectivity degree against HDAC3 were much higher for compound 2 than
compound 3 (Figure 3), 2 was effective for PMBCs, while 3 displayed a high efficacy in the
KIKI mouse model. Compound 2 showed an approximately 4- to 9-fold frataxin upregulation
and a good dose-response correlation for PMBCs. Compound 3, on the other hand, was
efficacious at a 3-fold lower dosage in the KIKI mouse model. Moreover, for compound 3, ICso
decreased from 16.8 to 560 nM over 3 h for HDAC3/NcoR2. In contrast, compound 3 did not
show any time-dependent behavior for inhibiting HDAC1. For compound 2, ICso dropped from
230 to 60 nM within 1 h and from 1 to 50 nM over 3 h for HDAC1 and HDAC3/NcoR2,
respectively, indicating that the inhibition of both HDAC1 and HDAC3/NcoR2 showed time-
dependent behaviors. Furthermore, K; values revealed that compounds 2 and 3 showed 6- and
3-fold selectivities for HDAC3 and 1, respectively. Gottesfeld et al. previously reported the
benzamide-based slow-binding inhibition of HDAC3.%° Their results and the determined Ki
values suggest that compound 2 is a slow-binding inhibitor for both HDAC1 and
HDAC3/NcoR2 and that compound 3 is a selective slow-binding inhibitor for HDAC3/NcoR2.

However, the authors did not investigate the reason for this slow-binding inhibition behavior
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(long residence time). Furthermore, Gottesfeld et al. reported that HDAC inhibitors selectively
targeting either HDAC1 or HDACS3 did not show similar increased FXN mRNA levels.*® The
authors investigated the kinetic properties of HDAC inhibitors 2-4 to understand the action
mechanism. Compound 3 displayed approximately 3-fold selectivity for HDAC3 compared
with HDAC1, for which K; values were 196 and 630 nM, respectively, and functioned as both
fast-binding HDACL1 and slow-binding HDAC3 inhibitors (tr = 1.2 h, Mechanism B in Scheme
1). For HDAC1, the competitive inhibition mechanism of compound 2 is similar to that of
vorinostat and other hydroxamate HDAC inhibitors, which fail to activate the FXN gene
expression.® Compound 4 exhibited an approximately 350-fold selectivity for HDAC1
compared with HDAC3, for which K; values were 7.0 and 2500 nM, respectively. The kinetic
data showed that compound 4 inhibited HDAC 1 and HDACS3 through slow-binding
mechanisms B (tr = 9.8 h) and A (Scheme 1), respectively, where a stable ligand/enzyme
complex did not form. Additionally, after FRDA iPSC-derived neurons were incubated with
compound 4, the quantitative reverse transcription—polymerase chain reaction (QRT-PCR)
analysis revealed that compound 4 slightly affected FXN mRNA levels. Compound 2 exhibited
an approximately 6-fold selectivity for HDAC3 compared with HDACL1, for which K; values
were 5 and 32 nM, respectively, which indicated that compound 2 inhibited both HDAC 3 and
HDAC1 through a slow-binding mechanism (B). Additionally, compound 2 displayed high
potency for inducing the FXN gene expression in FRDA iPSC-derived neurons. These
observations strongly suggest that the simultaneous inhibition of HDAC 1 and HDAC3 via a
slow-binding inhibition mechanism, B (stable target engagement and long residence time), is

required for reactivating the FXN gene in neurons.
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Figure 3. Chemical structures and kinetic parameters of class | HDAC inhibitors 2—4.

The dysfunction of pancreatic B-cells is a common cause of diabetes, and HDAC
inhibitors have been found to play a pivotal role in the preservation of B-cells, suggesting
potential therapeutic applications for the treatment and the implication of HDACs in such
diseases. To elucidate the underlying mechanism and involvement of specific HDAC isoforms,
Wagpner et al. designed anilide tacedinalines 5 and 6 as selective and potent inhibitors of class
| HDACs (Figure 4).¢ The Cs-substituted anilide 5 showed more than 110-fold-higher
selectivity for HDAC 1 and HDAC?2 (ICso = 2 and 19 nM, respectively) compared with HDAC3
(ICs0 = 2080 nM), while a fluoro-substitution at the C4 position of 6 led to a >17-fold-higher
selectivity for HDAC3 (ICso = 64 nM) compared with HDAC 1 and HDAC2 (1Cso = 1080 and
1150 nM, respectively). The binding kinetic analysis revealed that compound 6 selectively
bound to HDAC3 (K = 0.029 uM) through a fast-on/slow-off mechanism (kon = 0.3 min tuM;
Kotf = 0.0088 min™?) with >170-fold selectivity, suggesting that the longer residence time (tr =
1.9 h) of compound 6 on HDAC3 compared with that of compound 6 on HDAC1 and HDAC?2
is the key for the selective inhibitory effect of compound 6. Computational investigations

revealed that interactions between the leucine residue and either HDAC3 or HDAC?2 were
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different in the binding pocket. In this case, the specificity of compound 6 was attributed to the
slightly larger internal cavity of the HDAC3 binding domain, which stabilized the compound
through a m-interaction with one of the methyl groups of the Leul33 and Tyr107 residues.
Therefore, compound 6 exactly fit the binding pocket without affecting the Leul33 residue,
and the most favorable geometry was achieved using the fluoro-substituted anilide, which is a
considerably smaller molecule and has a considerably lower electron density than compound
5. These results emphasize the crucial role of the leucine residue for determining the selectivity.
Compound 6 protected pancreatic [-cells from inflammatory cytokines, reduced
hyperglycemia, increased insulin secretion, and suppressed cellular apoptosis, all while
exhibiting a useful biological activity through the kinetically selective inhibition of HDAC3

and avoiding mechanism-based toxicities.

0 0
Nes IS Yes.
)]\” NH, )LH ©/NH2
B
N~ F
5 6
5 6
HDAC1 HDAC2 | HDAC3 | HDAC1 | HDAC2 | HDAC3
Kon (min~'uM™) 0.624 0.028 0.0011 0.020 0.0082 0.3
Kot (min~") 0.0016 0.0004 0.0016 0.27 0.052 0.0088
T1j2 (min) 430 ~1800 690 25 13 79
Ki(uM) 0.003 0.014 14.0 5.1 6.3 0.029
tr (h) 10.4 417 10.4 ~0.1 0.3 1.9

Figure 4. Chemical structures and Kkinetic parameters of class | HDAC inhibitors 5 and 6.

A lengthened QT interval and heartbeat irregularities can be caused by the inhibition of
the human ether-a-go-go-related gene (hERG) channel. Studies have shown that because

HDAC inhibitors may inhibit hERG and potently inhibit deacetylase,® selective HDAC
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inhibitors that do not bind to hERG should be urgently developed. To solve this problem,
Methot et al. designed and synthesized a biaryl nicotinamide (7) containing a spirocyclic
carbamate moiety (Figure 5).8 Although compound 7 exhibited a potent inhibitory activity
against HDAC1 and HDAC2 (ICso = 6 and 45 nM, respectively), it was almost inactive in the
hERG binding assay (hERG K; >30 uM). Interestingly, compound 7 required approximately 4
h to completely inhibit both HDAC1 and HDAC?2 activities. Kinetic experiments also revealed
that the inhibitor dissociated from HDAC1 relatively slowly, for which the half-life was over
100 min. The authors suggested that this slow-binding behavior was due to the necessary
protein movement to accommodate the biaryl in HDAC1 and HDAC?2 internal cavities.
Furthermore, HCT116 colon carcinoma cells treated with compound 7 exhibited the time-
dependent hyperacetylation of several histone residues, including lysine 5 of histone H2B
(H2BKDb), starting 4-8 h after the treatment and peaking at 96 h. This behavior was consistent
with the slow-binding kinetics of compound 7. A mouse HCT116 xenograft tumor model was
then used to validate the in vitro findings. Mice were randomly divided into groups of 12 and
given different oral doses of compound 7. Then, their tumors were removed to isolate histones.
After 24 h, the histone acetylation increased by approximately six times, remained
approximately four times higher after 72 h, and persisted even after the drug was eliminated
from the plasma. These findings revealed the slow off-rate binding kinetics of compound 7

through a prolonged target inhibition.
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Figure 5. Chemical structure of class | HDAC inhibitor 7.
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Kral et al. developed an HDAC1/2-selective inhibitor 8 (Figure 6) and investigated its
kinetic behavior.>® Compound 8 showed a slow-binding behavior toward HDAC1, as indicated
by a considerably decreased ICso value with prolonged preincubation periods (Figure 6) and a
dissociation rate constant (korr) of 0.0086 min~* (tr = 2 h). This slow-binding behavior was
attributed to a slow change in the enzyme conformation after the formation of the enzyme-—
inhibitor complex, wherein compound 8 occupied a hydrophobic “foot pocket” adjacent to the
catalytic Zn?* ion. In cellular assays using HCT116 human colon carcinoma cells, compound
8 delayed the deacetylation of histone H2B5K and maintained its effect, even after the
compound was removed and showed a persistence superior to that of vorinostat. In a xenograft
mouse model, immunodeficient CD1 nude/nude female mice were infected with HCT116
colon carcinoma cells and treated with compound 8 (either 150 mg/kg per day or 500 mg/kg
twice per week) for three weeks. The results showed that the administration of compound 8
twice per week was enough to attain a therapeutic effect similar to that of vorinostat, which
had to be administered daily. Furthermore, compound 8 produced a prolonged histone

acetylation effect for 72 h, even after it was eliminated from the plasma.

HDAC1 ICso (nM) | koss (min™")| tr (h)

preincubation

Oh 1h 4h 0.0086 | ~2

15 5 2

Figure 6. Chemical structure and kinetic parameters of class | HDAC inhibitor 8.
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Holson et al. modified inhibitor binding kinetics to selectively target HDAC2 for
treating dementia by investigating a range of inhibitors containing o-aminoanilide as the
ZBG.* The authors identified carbamate-based compound 9 and urea-based compound 10
(Figure 7a) as promising candidates that could effectively penetrate the blood-brain barrier.
The kinetic analysis indicated that although compound 9 selectively inhibited HDAC2 more
than HDACL1, the HDAC?2 selectivity was only 7-fold according to kot values (Figure 7a).
Compound 10 displayed a 6-fold selectivity for inhibiting HDAC2. Additionally, the authors
simulated target engagement profiles based on numerical integrations of a system of
differential equations that described enzyme-state distributions.*® Compounds 10 and 9
exhibited high and low degrees of HDAC?2 target engagement of over 50 and up to 10%,
respectively. The researchers enhanced the HDAC?2 selectivity of compound 9 by manipulating
the compound’s binding kinetics in a 14 A hydrophobic foot pocket at the zinc-binding site and
found that amino acid residues in the pocket interacted with the p-fluorophenyl group of
compound 9. After testing several substituents, the authors concluded that the p-fluorophenyl
group displayed the best binding properties. The crystal structure of the compound 9-HDAC2
complex revealed a hydrogen-bonded water molecule that linked the pyran oxygen atom of
compound 9 and His183 residue of HDAC2 (Figure 7b). Because of this finding, the
researchers investigated different regioisomers of the hydrogen-bonded pyran ring and
identified compound 11, which exhibited an enhanced target engagement with HDAC2.%
Compounds 11 and 9 showed 12- and 7-fold longer residence times on HDAC2 than on
HDACL, respectively (Figure 7a). In addition, compared with compound 9, compound 11
showed higher on and off rates for HDAC1, which reduced the target engagement and
shortened the residence time. The authors proposed that the selectivity of compound 11 for
HDAC2 was attributed to van der Waals interactions between the compound and lipophilic

channel’s wall and rim, which displaced the Phel55 residue, and the adoption of an
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energetically favorable chair conformation by the oxabicyclo-octane moiety, which enabled
the pyran ring’s oxygen atom to interact with the bridging water molecule through a hydrogen
bond (Figure 7b).
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Figure 7. (a) Chemical structures and kinetic parameters of class | HDAC inhibitors 9-11; (b) X-ray
crystallography structure of inhibitor 9 bound to HDAC?2. (B) Interaction between the key amino acid residues
and the complex of inhibitor 9 (green) binding to zinc ion (purple). Reproduced from reference 46. Reproduced
with permission from [46]. Copyright [2015] [The Royal Society of Chemistry].

Various biochemical protocols, such as thermal shift and GFP-based stability assays
have been utilized to identify the ligand-target engagement based on ligand-induced protein

stabilization.®5! However, these methods frequently produce false negative results because
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many ligand-bound protein targets do not display any measurable stabilization.®? Additionally,
some of these methods require high temperatures, which may not provide physiological
conditions for ligand binding. These limitations make such techniques unsuitable for measuring
the binding kinetics or ligand residence time. Bioluminescence resonance energy transfer
(BRET) is an efficient method for monitoring molecular interactions within intact cells in real
time and requires neither non-physiological temperatures nor cell lysis.®* BRET is achieved
through the reversible binding of a fluorescent tracer to an intracellular target. The ability of a
ligand to compete with the tracer and, thus, influence BRET production reveals the ligand’s
binding characteristics; that is, the displacement of the tracer results in a loss of BRET. Robers
et al. reported the first BRET application for directly measuring the target engagement and
binding kinetics of the clinically approved HDAC inhibitor, romidepsin 12 (Figure 8) in HeLa
cells under physiological conditions.®* Natural-product HDAC inhibitors, such as romidepsin
12, exhibit strong inhibition potency (in the nanomolar range) against class | HDACs by
binding to both the catalytic site (Zn?* atom) and surface on which the HDAC and substrate
interact.%% A previous study has shown that the pulsed treatment of cells with compound 12
resulted in a strong and prolonged inhibition of the class | HDAC activity.%® However, whether
the prolonged potency of 12 is due to the prolonged residence time on HDACs remains
unknown. BRET analyses of 12 and vorinostat on HDAC1 revealed that 12 had a much longer
residence time (120 min) than vorinostat, for which the residence time was approximately 20
min. These results indicate that the prolonged phenotypic effect of 12 is due to the stable binary
complex between the inhibitor and HDAC1. The BRET assay can be used as an initial approach
for investigating the residence time of various drugs on protein targets in cells by monitoring

drugs’ dissociation Kkinetics.

22



12

Romidepsin

Figure 8. Chemical structure of class | HDAC inhibitor, romidepsin 12.

Cyclization plays a crucial role in the potency of macrocycle-based HDAC inhibitors.
Although ZBG-free macrocycles can inhibit HDACs, their potencies are usually lower than
those of their zinc-binding counterparts.®”% Because these inhibitors naturally contain a
diverse range of ZBGs, the ascertainment of the importance of different macrocycles for the
binding affinity and selectivity of HDAC isoforms is challenging. Therefore, the structural
modification of these natural products can improve the understanding and benefit the design of
high-binding-affinity HDAC inhibitors. Olsen et al. initially synthesized natural-product-
derived macrocycles to determine their potency and selectivity for recombinant zinc-dependent
HDAC isoforms (Figure 9). Then, the authors decorated a selection of scaffolds with various
ZBGs or masked ZBGs and kinetically evaluated their modes of inhibition for various HDAC
isoforms.%® To assess the potency of non-zinc-binding compounds 13 and 14a—c, their binding
affinities were measured for recombinant HDAC1, HDAC2, and HDAC3 (Figure 9). Apicidin
A 13 showed the highest binding affinities, for which Kj: was 0.40 and 0.60 uM for HDAC1
and HDACS3, respectively (Figure 9). Compared with its methyl- (14b), butyl- (14c), and hexyl-
(14d) substituted derivatives, compound 14a, which contains an n-propyl side chain, exhibited
higher potencies for HDAC1, HDAC2, and HDACS3. Although all the selected non-zinc-
binding compounds displayed acceptable potencies for HDACSs, their potencies were

considerably different. Although compounds 18 and 19 contained a strong zinc—hydroxamate
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chelate and were antici

ipated to be more effective than their non-zinc-binding counterparts,

14a-14d and 15, respectively, they did not display remarkably improved potencies. These

unforeseen results urged the authors to evaluate the inhibition mechanism through a further

kinetic analysis. Analogs containing n-propyl (14a), ethyl ketone (13), and carboxylate (16 and

17) moieties showed a fast-on/fast-off binding mechanism, while hydroxamate-containing

compounds, 18 and 19,

and epoxy ketone 20 exhibited a slow-binding inhibition mechanism

for HDAC1, HDAC2, and HDAC3 and lower K values (Figure 9). These results indicated that

initial Ki values (Ki1)

determined using dose-response experiments were inappropriate for

measuring of the potency of these compounds.
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Figure 9. Chemical structures of class | HDAC inhibitors 13-20.

Postmortem studies have revealed that patients who suffered from major depressive

disorder, schizophrenia,

or bipolar disorder displayed changes in the expression of HDAC1,

HDAC?2, and HDAC5.7 Although animal models have suggested that mood disorders and the
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HDAC activity are correlated,”"?the inhibitors used in these studies exhibited a low specificity
for class | HDACSs, which can affect other targets in addition to HDACs at high concentrations
in the human body. For thoroughly understanding the HDAC inhibition mechanism for the
potential application to the treatment of mood disorders, Petryshen et al. investigated the
impacts of compound 21, a benzamide-based slow-binding HDAC1/2 inhibitor, on mood-
related behavioral assays that usually respond to effective pharmaceuticals (Figure 10).”3
Compound 21 exhibited a selective inhibitory effect on HDAC1 and HDAC?2, for which ICsg
values were 1.0 and 8.0 nM, respectively, and 50- to 400-fold selectivity for HDAC3 (ICso =
458 nM). Additionally, biochemical assays revealed that compound 21 exhibited a strong
binding affinity for HDAC1 and HDAC?2 (K; = 0.2-1.5 nM) and slow-on/off kinetics, leading
to extended half-lives of 40 and 80 h for HDACL1- and HDAC2-bindings, respectively.
Vorinostat, on the other hand, only showed potent inhibitions with modest selectivity for
HDAC1, HDAC2, HDACS3, and HDAC6 (ICso = 2.0-11.0 nM) and fast-on/fast-off binding
kinetics (T2 <4 min for HDAC1-, HDAC2-, HDAC3-bindings). Additionally, in mice, brain
pharmacokinetics revealed that compound 21 exhibited a prolonged brain exposure (T12 = 0.44
and 6.44 h, respectively, for the concentration in the brain) compared with vorinostat.
Systematically administered compound 21 showed maximum concentrations in the brain
within 5 min, and the concentration remained above 0.1 uM for approximately 8 h. In contrast,
although the systemic administration of vorinostat led to rapid peak concentrations, it was
eliminated from the brain within 2 h. The administration of slow-binding compound 21 to mice
for an extended period caused changes in brain function, which was evident by the altered
behavior of the mice in tests for mood-stabilizing and antidepressant drugs. These behavioral
changes corresponded to substantial changes in gene expression in those brain regions which
are important for regulating mood, including the prefrontal cortex, nucleus accumbens, and

hippocampus. However, the administration of fast-binding vorinostat for an extended period

25



did not affect the mice’s mood-related behavior, and the observed transcriptional regulatory
changes were different from those produced by compound 21. Although the systemic
administration of vorinostat did not produce any changes in mood-related behavior, previous
studies have suggested that the direct infusion of vorinostat into the brain can influence the
mood.” This suggests that the regulation of the brain neuroplasticity and behavior can both be
influenced if HDAC inhibitor concentrations in the brain are sufficiently high. Hence,
compared with other fast-binding HDAC inhibitors, slow-binding inhibitors that selectively
target HDAC1/2 and exhibit prolonged inhibitory activity may be better therapeutic options in

neuropsychiatric disease-treatment models.
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Figure 10. Chemical structure and kinetic parameters of class | HDAC inhibitor 21.

Compounds featuring a strongly zinc-chelating trifluoromethyl ketone moiety are one
of the most studied classes of HDAC inhibitors. In an aqueous solution, trifluoromethyl ketone
is easily hydrated and presumably binds to the Zn?* ion in the active site via the bidentate
coordination of both resulting geminal hydroxy groups.”’® Madsen and Olsen studied the
inhibitory effects of a known trifluoromethyl ketone compound 22 (Figure 11) on all four

HDAC classes. They calculated ICsp and Ki values (K1) using standard endpoint dose—
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response assays and found that compound 22 was a class lla-selective HDAC inhibitor.*3
Initially, a fast-on/fast-off binding mechanism was assumed for compound 22 based on these
assays; however, recent studies have suggested that trifluoromethyl ketones may function as
slow-binding inhibitors similar to serine protease inhibitors.””’® This motivated the authors to
reinvestigate the inhibitory mechanism of compound 22 for different HDAC isoforms through
a detailed kinetic evaluation. Interestingly, for different class | HDAC isoforms, the inhibition
mechanism varied, as shown in Figure 11. When incubated with the class | enzyme, inhibitor
22 showed slow-binding kinetics. The inhibitor showed a competitive slow-binding
mechanism (A) (Scheme 1) for HDAC1 and HDAC?2, for which K; was 9.8 and 11.0 uM,
respectively. In contrast, compound 22 exhibited a competitive slow-binding inhibitory
mechanism (B) (Scheme 1) for HDAC3 and HDACS and the longest residence time (tr = 200
min) on HDACS3, indicating a highly stable enzyme—inhibitor complex. These observations
highlight the importance of kinetic assessments for determining the selectivity and performance

of inhibitors for various HDAC enzymes.
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HDAC1 HDAC2 HDAC3 HDACS8
Ki (nM) 9.8 x 103 1.1 %104 ~11 ~33
ki (M~ min™) 1.7 x 108 7.7 x 102
ki (min™") 1.7 x 1072 8 x 1073
Ki1 (nM) - - 5.7 x 102 7.3 x 103
ko (min™") - - 0.24 0.49
ko (min™") - - 5x 1073 2.3 x 1072
tr (min) 59 125 200 44

Figure 11. Chemical structure and kinetic parameters of class | HDAC inhibitor 22,
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Dekker et al. investigated the kinetic properties of compounds 23-25 derived from an
HDAC inhibitor, entinostat 26 (Figure 12).”° Kinetic profiling revealed that although
compounds 23 and 24 had slightly higher binding rates than the parent compound 26 on HDAC
1, their kon values were lower than those of compound 26 on HDAC2. Compound 25 had the
lowest kon values for HDAC1, HDAC2, and HDAC3 and bound 3.5 times slower than 26 on
HDAC3. The dissociation rate constants (kotf) of compound 24 were similar for both HDACs
1 and 3. Compound 23 had longer residence times on HDAC1 and HDAC3 (tr = 14.9 and 10
min, respectively) than compounds 24 and 25. All the inhibitors showed similar dissociation
rates on HDAC?2. The researchers used Kon and kot (Ki = Kofi/kon) to determine the compounds’
affinity rate constants (Ki). All the compounds showed notably different potencies for HDACs
1 and 2 compared with HDAC3, and compound 23 was the most potent inhibitor (K;i = 0.49
UM). Additionally, the authors evaluated the effects of these compounds on both the
transcriptional activity and intracellular localization of NF-xB p65 and inflammatory gene
expression in LPS/IFNy-stimulated murine macrophages. Experiments conducted on
RAW264.7 macrophages to assess the effect of inhibitors on LPS/IFNy-induced inflammatory
responses revealed that compounds 23 and 25 both suppressed the transcription activity and
hindered the nuclear translocation of NF-xB p65. Conversely, compound 24 increased the NF-
kB p65 nuclear translocation. Further investigations are required for elucidating the underlying
mechanism for the different potencies of HDAC1, HDAC2, and HDAC3 and explaining any

related pharmacological distinctions.
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Figure 12. Chemical structures and kinetic parameters of class | HDAC inhibitors 23-26.

Similar to hydroxamate-based inhibitors, such as vorinostat, benzamide-based HDAC
inhibitors, such as entinostat 26 (Figure 12), inhibit HDACSs by chelating with the zinc ion at
the active site. As indicated by their isoform selectivity profiles, these inhibitors reportedly
display higher selectivity for class | HDACs.28! However, the exact mechanisms by which
these compounds affect biological processes are not fully understood yet. Lauffer et al. studied
pharmacological inhibition profiles for compound 26, benzamide derivatives 27 and 28, and
hydroxamate-containing inhibitors vorinostat (Figure 1) and TSA (Figure 13a) for HDACs 1-
10.82 Entinostat 26 showed a submicromolar inhibitory potency for HDAC1, HDAC?2, and
HDACS3, while, at concentrations between 10 and 50 nM, compounds 27 and 28 selectively

inhibited HDAC1 and HDAC2, respectively, without affecting HDAC3. Although the
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benzamide and hydroxamate HDAC inhibitors showed relatively similar Kq values, the rate
constants (Kon and koff) of the benzamide inhibitors 27 and 28 were considerably lower than
those of the hydroxamate inhibitors (vorinostat and TSA) by several orders of magnitude
(Figure 13a). The vorinostat association and dissociation rates were faster than the assay’s
detectable limits (tr < 1.4 min), while benzamides 27 and 28 displayed prolonged HDAC1/2
binding kinetics, for which residence times were longer than 20 h. Compounds 27 and 28 both
showed residence times that were considerably longer than those of compound 26, which still
dissociated from HDAC1 and HDAC2 more slowly than from TSA. These results were
consistent with those for benzamide HDAC inhibitors and hydroxamate pan-inhibitors, which
exhibit slow- and rapid-binding Kinetics, respectively. The extremely low association and
dissociation rate constants for the benzamide inhibitors 27 and 28 suggest that the experimental
conditions may have been insufficient for the reactions to equilibrate, which means that 1Cso
values were possibly underestimated. To further investigate the hydroxamate and benzamide
inhibitors’ binding modes on HDAC2, the authors examined the crystal structures of vorinostat
and compound 27 bound to HDAC2 at high resolutions of 1.85 and 1.57 A, respectively.
Structural analysis revealed that the functional groups in both compounds were nearly
identically positioned for chelating Zn?* ions in a similar trigonal bipyramidal manner. The
structure of the vorinostat-HDAC?2 complex showed that the anilide moiety wrapped toward
the Phel55 residue, while the alkyl chain spread from the lipophilic channel (Figure 13b(A)).
The phenyl ring interacted with the hydrophobic face formed by Phel55 and Pro34 residues,
while the amide nitrogen atom formed a polar contact with the Asp104 residue. In contrast,
compound 27 exhibited a different binding mode, wherein the thiophene group was in the foot
pocket (Figure 13b(B)). At the Leul44 residue, the rotamer flipped, and the Met35 residue
shifted by 1 A, which considerably increased the foot-pocket space. In the thiophene moiety,

the 2- and 5-positions showed a higher electron density, suggesting that the ring can flip and

30



the sulfur atom can fit both orientations. This protein rearrangement to generate the foot pocket
and requirement for a hydrogen bond to rupture within the ligand upon binding are consistent
with the slower binding kinetics of benzamide inhibitors compared with those of hydroxamate
inhibitors. When the ligand approaches the protein molecule, the hydroxamate moiety interacts
with the catalytic zinc ion at the base of a hydrophobic tube by displacing bound water
molecules, which means that hydroxamate-containing ligands typically have fast-binding
kinetics. Benzamides, on the other hand, reach the binding mode through a more-challenging
path via two potential binding approaches based on substantial protein rearrangement.
Benzamides can enter through an acetyl release and disposal channel or a hydrophobic tube
and insert into a rearranged foot pocket before forming the zinc complex, which locks the
inhibitor in place. This is consistent with the slow-binding kinetics of benzamide compounds
27 and 28. Using these kinetic parameters, the authors then investigated the effects of
hydroxamate and benzamide kinetics on the abilities of hydroxamate and benzamide to modify
the histone acetylation in SH-SY5Y neuroblastoma cells. In cell-based assays, both HDAC
inhibitors considerably increased the histone acetylation level. Compared with vehicle-treated
controls, inhibitor-treated cells showed considerably higher H2BK5 and H4K12 acetylation
levels, which were then used as markers to assess the long-term effects of benzamide or
hydroxamate HDAC inhibitors. For both markers, vorinostat- and TSA-treated cells both
exhibited a rapid acetylation onset, wherein the levels were maximized by 6 h and diminished
until they were barely detectable at 96 h. However, for H2BK5 and H4K12, compounds 26—
28 delayed the hyperacetylation onset; the levels were maximized between 24 and 48 h and
only declined after 96 h, which suggests that the acetylation magnitude indicates the difference
in the inhibitor selectivity because hydroxamates inhibit more HDAC isoforms than
benzamides. Additionally, the authors pulsed the inhibitors for 6 h, washed the cells, replaced

the inhibitor-free media, and then monitored the hyperacetylation from 0 to 96 h. For the
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hydroxamate inhibitors (vorinostat and TSA), incubation 6 h considerably increased the
acetylation at both measured markers and then returned to the baseline within 18 h after drug-
free media were added. However, although compounds 26-28 elevated the histone acetylation
that had been continuously exposed for the same period, the histone deacetylation was
considerably delayed after the inhibitor was washed out. Even after 96 h, the acetylation levels
did not return to their baseline. These observations provide evidence that hydroxamates’ high
Kinetic rates and benzamides’ slow-binding characteristics both affect the histone acetylation

and deacetylation in different manners after compounds are added and removed, respectively.
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Figure 13. (a) Chemical structures and kinetic parameters of class | HDAC inhibitors 27 and 28; A comparison
of the structural analysis of vorinostat and compound 27 binding to HDAC2. Interior views of the binding pocket
for vorinostat bound to HDAC2 (A) and compound 27 bound to HDAC2 (B). The binding pocket surface is
depicted in gray, SAHA and compound 27 are represented as pink or gold stick models, respectively. The zinc
ion is shown as a turquoise sphere, and key HDAC2 pocket residues are displayed as gray sticks. Leucine 144,
which alters rotamers to open the foot pocket, is depicted in orange sticks. Reproduced with permission from [82].
Copyright [2013] [American Society for Biochemistry and Molecular Biology].

Frontotemporal dementia (FTD), the second most frequently occurring type of
presenile dementia, is caused by the haploinsufficiency of the progranulin gene (GRN) and
reduced progranulin (PGRN) expression. FTD affects 10-15 per 100,000 adults aged between
45 and 65 years.®® The improvement of the GRN gene expression by inhibiting HDACI,
HDAC2, and HDAC3 is a promising strategy for rescuing the haploinsufficient FTD
phenotype.?* Recent studies have shown that although not all HDAC1-3 inhibitors can increase
the PGRN expression in human neuron models, they exhibit a high inhibitory potency for the
overall histone hyperacetylation in the same cell lines.®> Although the mechanisms through
which HDAC inhibition regulates the GRN in neurons remain poorly understood, the binding
kinetics of HDAC inhibitors seem to play a critical role. In theory, to affect both the HDAC
acetylation and GRN regulation, the HDAC inhibitor must bind quicker than the HDAC-
chromatin associates with the GRN promoter.®> Accordingly, slow-binding inhibitors, which
follow mechanism B (Scheme 1), should be more efficient for enhancing the PGRN expression
because the extended residence time on the HDAC is believed to be another key factor for
inducing the PGRN expression. In a recent study, the effects of selective HDAC1-3 inhibitor
families, namely, panobinostat 29, tacedinaline 30, and peptide-based macrocyclic romidepsin
12 (Figures 8 and 14), on both HDAC acetylation and PGRN expression were tested in human
iPSC-derived neural progenitor cells.® All the inhibitors exhibited high inhibitory activity for
the deacetylation of acetylated H3K9. However, despite their slow-binding inhibition behavior,
all the compounds had markedly different effects on the PGRN level. The hydroxamic-acid-
based compound 29 is strongly bound to HDAC1-3, and its action against HDAC2 was nearly

irreversible and had a long half-life (T12 > 10° min). This property may guide the development
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of PGRN enhancers exhibiting prolonged and improved pharmacological effects without the
need for an o-aminoanilide component to prolong the binding kinetics. Peptide-based
macrocyclic romidepsin 12 exhibited a potent inhibition for HDAC1, HDAC2, and HDAC3
and an extended half-life (T12 > 10° min) on HDAC3. Additionally, tacedinaline 30, a member
of the benzamide HDAC1-3 inhibitor family, exhibited a slow-binding inhibition through
mechanism B (Scheme 1), with nanomolar potencies and prolonged residence times on
HDAC1, HDAC2, and HDAC3. However, although 30 increased the H3 acetylation by 18-
fold at a similar concentration, it did not alter PGRN levels. In contrast, the hydroxamic acid-
based compound 29, which had a similar effect on the H3 acetylation (increased by ~36-fold),
also showed prolonged residence times and potent inhibitions for HDAC1, HDAC2, and
HDAC3 without requiring a benzamide component (Figure 14). Previous studies have
suggested that only benzamide HDAC inhibitors do not exhibit a correlation between the
HDAC inhibition and PGRN expression,® which indicates that further research is required for
determining the accurate mechanism through which HDAC inhibitors promote the

upregulation of the PGRN.

34



HN
| o) /@*NH
o~ NHOH
29 o

30

Panobinostat Tacedinaline
29 12 30

HDAC1 | HDAC2 | HDAC3 | HDAC1 |HDAC2 |[HDAC3 | HDAC1 | HDAC2 | HDAC3
ko(min™h  [1.7x1072[1x 10712 [1.1 x 1072(2.7 x 1072|1.7 x 1072| - 5x107 | 5x 1073 (1.4 x 1072
Ky (min™") 4.9 1.2 1.7 1.14 0.88 0.47 0.84 0.80 0.46
Ki 1 (NM)2 33 4.7 15 0.88 0.47 1.3 1450 2190 3560
K; (M) ~0.1 L 0.1 ~0.02 0.009 b ~1 ~14 105
T1/o (min)° 241 >10° 263 =26 =41 >105 | 21386 =139 250
tz (min) 59 1012 91 37 59 - 2000 200 71
PGRN level ~2.3-fold increase ~4.1-fold increase -
Ac H3K9 leveld ~36-fold increase ~2.3-fold increase ~18-fold increase

@Mechanism B in Scheme 1. °K; could not be determined as k., is close to 0. ®Dissociative half-life of inhibitor-
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Figure 14. Kinetic parameters and biological activity of class | HDAC inhibitors panobinostat 29, romidepsin 12,

and tacedinaline 30.

Moreno—Yruela and Olsen utilized both continuous and discontinuous assays to
investigate the potency and selectivity of slow-binding inhibitors 31 and 32.8” When an HDAC
isoform was simultaneously incubated with an inhibitor and a substrate (preincubated for 0 h),
compounds 31 and 32 both selectively inhibited HDAC3 compared with HDAC1 and HDAC2
(Figure 15). Because slow-binding inhibitors, such as benzamide- and acyl hydrazide-based
inhibitors, usually require more than 30 min to equilibrate, the authors preincubated the enzyme
and inhibitor for various periods (30 min, 1 h, and 2 h) before adding the substrate to analyze
the Kkinetic profiles of inhibitors 31 and 32. Endpoint assays revealed that compound 31 could
equilibrate the enzyme—inhibitor complex in 0—-30 min with only slightly different 1Cso values.
Compound 32, on the other hand, considerably reduced 1Cso values when it was preincubated
with HDAC1 and HDAC?2, indicating a slow-binding characteristic. Preincubation decreased

the HDAC3-selectivity of compound 32 while retaining the compound’s potency against
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HDAC3. When the discontinuous assay system was changed to a continuous assay system, the
enzyme Kinetics revealed that 31 and 32 were slow-binding inhibitors of HDAC1, HDAC?2,
HDAC3. Compound 32 inhibited HDAC1 and HDAC2 through a slow-binding mechanism
(A) and HDAC3 through mechanism B (Scheme 1). Compound 31, initially thought to inhibit
HDACS3 selectively, was recognized as a slow-binding inhibitor for HDAC1, HDAC2, HDAC3,
for which Kj value were 57, 31, and 13 nM, respectively. These results highlight the importance
for comprehensively analyzing kinetics for precisely determining the isoform selectivity of

slow-binding inhibitors targeting HDACS.
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Figure 15. Chemical structures and kinetic parameters of class | HDAC inhibitors 31 and 32.
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At the long terminal repeating unit of HIV-1, the HDAC-induced histone deacetylation
can both repress the transcription and establish the viral latency, which suggests that HDAC
inhibitors could be an option for eradicating persistent and dormant HIV-1 proviral infections.
HDACS3 inhibition is the key for activating latent HIV-1.88 Liu et al. employed a parallel
medicinal chemistry strategy utilizing 2-substituted benzamide as the ZBG to identify HDAC
3-selective inhibitors (Figure 16).2° Their investigations revealed that compound 33 strongly
inhibited HDAC3 (ICs0 = 29 nM) exhibited 690- and 1,069-fold selectivity over HDACs 1 and
2 (ICs0 = 20 and 31 uM), respectively. Additionally, compound 33 showed a slow-binding
behavior on HDACS3, as evidenced by its associated on and off rates (1.5 x 10* Mt st and 4.4
x 107 s71, respectively) and a residence time (tr) of 0.63 h. However, 33 exhibited a potent
hERG binding activity, for which 1Cso was 16 nM. Nevertheless, compounds 34 and 35 were
developed by slightly modifying the imidazole core and exhibited reduced off-target effects on
hERG, for which 1Cso values were 1.33 and 13 uM, respectively. Furthermore, a slight
alteration from 2-methylthio to 2-hydroxy benzamide in compound 36 preserved the
compound’s HDAC3 potency while eliminating the compound’s selectivity over HDACs 1 and
2. Although inhibitor 36 exhibited a high on-rate for HDACS3, this rate was still lower than that
of compound 33. Notably, for compound 33, the off-rate for HDAC3 was calculated at 4.0 x
107® s71, which means that the residence time (tr = 69.4 h) was much longer than that of
compound 33. This suggests that the selectivity of inhibitor 33 is due to the monodentate
coordination of the 2-substituted methylthiophenyl group with the zinc ion, which induces the
flipping of the Tyr305 residue’s side chain and stabilizes the binding pocket through the

formation of the HDAC3/IP4/SMRT complex.
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Figure 16. Chemical structures, kinetic parameters, and hERG-inhibitory activity of class | HDAC inhibitors

33-36.

Zhang et al. developed a method and proposed a mechanism for identifying chalcone-
based inhibitors 37 and 38 (Figure 17a), which selectively target HDAC1 and HDAC2 more
than HDAC3.% The selectivity of B-substituted chalcones for HDAC1 and HDAC? appears to
be due to the steric hindrance in the binding pocket, which is less pronounced in HDAC3 than
in both HDAC1 and HDAC2. As depicted in Figure 17b, HDAC3 readily accommodates the
benzamide segment. However, to accommodate the extended B ring of the -hydroxymethyl-
chalcone, Tyr96 in HDAC3 needs to be rotated outward, indicating the presence of steric
effects in the binding site. In contrast, HDAC1/2, with a larger foot pocket, can easily
accommaodate the extended B-ring of the B-substituted chalcone without altering the side chain
orientation of Ser113/118. These computational observations supported the steric hindrance
hypothesis. The preincubation of inhibitor 37 with HDAC?2 for different periods considerably
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decreased ICso from 9.19 to 0.17 uM, which enhanced the selective inhibition of HDAC2 by
54-fold (Figure 17a). This time-dependent inhibition through a slow-binding mechanism was
thought to control the selective inhibition of HDAC2 more than that of HDACL. The authors
proposed that the underlying mechanisms for the distinct kinetic isoform selectivity of the -
hydroxymethyl chalcone 37 for HDAC2 were related to the period that the inhibitor remained
bound to the target, hydrogen bond alternations, and local conformational changes that occur
during the formation of the enzyme-inhibitor complex. Although HDAC1/2 share a highly
similar pocket shape and conserved residues around the active site, it would be expected that
two B-substituted chalcones yield similar binding kinetics towards either HDAC1 or HDAC?2.
However, experimental results indicated that only the B-hydroxymethyl chalcone 37 shows
distinct and unique slow-binding kinetics on HDAC2, while no time-dependent effect is
observed for B-aminomethyl chalcone 38 towards either HDAC1 or HDAC2. The authors
proposed a contributing factor termed the "tandem reaction time-dependent tight-binding
Kinetics" mechanism, based on the subsequent dynamic equilibrium of the intramolecular
nucleophilic attack reaction (formation of [EI]") (Figure 17c). This mechanism explains the
observed distinct time-dependent inhibition of B-hydroxymethyl chalcone 37 towards HDAC2.
The researchers hypothesized that this discrepancy was due to the intramolecular nucleophilic
attack of the hydroxy group on the carbonyl group and found that for HDAC2, the energy
barrier for this reaction was considerably lower for inhibitor 37 than for inhibitor 38 (14.6 and
23.7 kcal/mol, respectively) (Figure 17a), which could be because the Ca?* ion is approximately
7 A from the catalytic Zn?* ion in HDAC2. The Ca®* ion could remotely increase the charge
on the catalytic Zn?* ion and act as a stronger Lewis acid to promote the intramolecular
nucleophilic attack reaction. This selective mechanism may contribute to the slow-binding

kinetics of HDAC2.
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Figure 17. (a) Chemical structures, I1Cso values, and energy barriers for intramolecular nucleophilic reaction of
class | HDAC inhibitors 37 and 38; (b) Binding of inhibitor 37 in the active pocket of HDACs1, 2, and 3,
respectively, where red indicates the exposed region, pink represents the polar region, and green designates the
hydrophobic region. Reproduced from [90]. Copyright [2015] [American Chemical Society]; (c) Proposed key
factors of time-dependent tight-binding kinetics of HDAC inhibitors 37 and 38. Reproduced from [90]. Copyright
[2015] [American Chemical Society].

Although numerous attempts have been made to discover potent HDAC inhibitors for
treating lymphoma and myeloma, the number of approved inhibitors remains limited. Because

currently approved inhibitors have hydroxamate (vorinostat and belinostat) or thiolate
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(romidepsin) as the ZBG,** Chou et al. aimed to find selective HDAC inhibitors containing a
different ZBG. They developed compounds 40 and 41,% which contained a hydrazide ZBG,
based on their previously reported class | selective inhibitor 39 (Figure 18).°® Although
inhibitor 40 initially showed potent activity against class | HDACs, the preincubation of
inhibitor 40 with HDAC1, HDAC2, and HDAC3 for 15-90 min considerably reduced ICsp,
which suggested that a slow-binding inhibition was involved for class | HDACs (Figure 18).
Furthermore, the optimization of the linkers in inhibitor 40 led to the development of inhibitor
41, which showed lower ICso values (9.54, 28.04, and 1.41 nM for HDAC1, HDAC?2, and
HDACS3, respectively) and was more potent than inhibitor 40 against MV4-11 cells. The
response to inhibitor 41 varied depending on the cell type. Inhibitor 41 induced apoptosis in
p53 wild-type 1VV4-11 cells and arrested G2/M, which had a cytostatic effect in p53-null PC-3

cells.
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Figure 18. Chemical structures and time-dependent inhibitory effects of class | HDAC inhibitors 39-41.

Chou et al. subsequently developed another hydrazide-based inhibitor 42 (Figure 19),
which showed potent inhibitory effects against HDAC1, HDAC2, and HDAC3, for which 1Csg

values were 5.17, 49.5, and 0.28 nM, respectively.®* The preincubation of HDAC1 and HDAC3
41



with inhibitor 42 for 10, 30, 60, or 90 min considerably reduced the corresponding I1Csg values,
which indicates a slow-binding mechanism against class | HDACs (Figure 19). A western blot
analysis revealed that the prolonged histone acetylation persisted for up to 6 h after inhibitor
42 was removed from the MV4-11 cells, which suggested that a low off-rate and an enhanced
drug-target residence time both contributed to the inhibitor’s isoform selectivity. Additionally,
inhibitor 42 indirectly downregulated FLT3, pERK, and STATS5, which inhibit the FLT3
signaling pathway in wild-type p-53 FLT3-ITD MV4-11 cells. This indicates the potential of

inhibitor 42 for treating acute myelogenous leukemia exhibiting the FLT3 mutation.
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Figure 19. Chemical structure and time-dependent inhibitory effect of class | HDAC inhibitor 42.

Mai et al. addressed the rapid metabolism of hydroxamate-based HDAC inhibitors by
developing a 9-substituted purine-based aminobenzamide 43 (Figure 20).% This inhibitor has
a 12-fold higher potency than entinostat, an 1Cso value of 55.1 nM for HDAC1, and improved
metabolic stability compared with that of vorinostat. In HCT-116 cells, inhibitor 43 induced a
dose-dependent increase in H3K9 and H4KS5 acetylation levels, which persisted for up to 48 h.
In contrast, vorinostat rapidly increased H3K9 and H4KS5 acetylation levels, which returned to

the baseline in 12 h. This indicates that inhibitor 43 exhibits a slow-binding mechanism.
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Figure 20. Chemical structure of class | HDAC inhibitor 43.

Various ZBGs, such as benzamides, hydrazides, and hydroxamates, have been
incorporated into numerous HDAC inhibitors. However, the understanding of how these ZBGs
impact both the potency and isoform selectivity is limited.% Therefore, Li et al. modified the
hydroxamate moiety in vorinostat to benzamide and hydrazide moieties without changing the
linker or capping group®’ to investigate how these changes affected both the potency and
isoform selectivity. To assess their enzymatic profiles, compounds 44a and 44b (Figure 21)
were then evaluated against HDACSs. In contrast to vorinostat, these compounds had a selective
inhibitory effect on class | HDACSs, for which compound 44b exhibited a considerably higher
inhibitory potency than 44a. A dose-response analysis conducted at different time intervals
revealed that compound 44b exhibited a 3-fold higher potency when preincubated with
HDAC1 for 120 min compared to only 5 min, for which 1Cso values were 175.6 and 48.4 nM,
respectively (Figure 21). These results suggested that the inhibitor was slowly released from
the enzyme and engaged its target more easily. In contrast, compound 44a displayed a fast-on
inhibition, which is unusual for benzamide-based inhibitors that have slow-binding kinetics.
These results indicate that the slow-binding profile is not only exclusively attributed to the

ZBG but also influenced by both the cap and linker groups.
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Figure 21. Chemical structures and time-dependent inhibitory effects of class | HDAC inhibitors 44a and 44b.

Recently, Suzuki et al. developed a small molecule, KTT-1 45 (Figure 22a) as a
kinetically HDAC?2-selective inhibitor.*® Compared with HDAC1, HDAC?2 exhibits a longer
KTT-1 residence time (tr = 3330 and 145 min for HDAC2 and HDACL, respectively), which
indicates a 23-fold kinetic selectivity for HDAC2 over HDACL. To investigate the underlying
cause of kinetic selectivity of 45 towards HDAC2, a cocrystal structure of HDAC2 bound to
45 was solved (Figure 22b(A)). Despite having this structural information, understanding the
physical basis for the kinetic selectivity of the inhibitor remained challenging. Recognizing
that the residence time of an inhibitor is determined by the association and dissociation energies
between the inhibitor and its target enzyme, the researchers needed to consider the dynamic
structural properties of the system to gain deeper insights. These dynamic properties are crucial
for comprehending the time-dependent interactions between 45 and HDAC2, which ultimately
contribute to the observed kinetic selectivity. For comprehensively investigating the physical
basis of this kinetic selectivity, the authors utilized advanced molecular dynamics simulations
via replica-exchange umbrella sampling.® Using this method, the authors meticulously
investigated the formation of both 45:HDAC2 and 45:HDAC1 complexes and found that
although 45 formed a highly stable interaction with HDAC2, it readily dissociated from

HDACL1. By analyzing the immediate vicinity of the binding site in HDAC1 and HDAC?2, the
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researchers found a conserved loop containing four consecutive glycine residues (Gly304-307
and Gly299-302 in HDAC2 and HDACI, respectively) that were involved in the Kinetic
selectivity of HDAC2. The distribution analysis revealed that the three atoms including CP of
Ser263, C* of Gly301, and C3 of 45 are arranged in a non-linear manner (Figure 22b(B)). On
the other hand, the three atoms of CP of Ala268, C*of Gly306, and C3 of 45 in HDAC2 form
a linear arrangement (Figure 22b(C)). This difference in orientation has important implications
for the binding of KTT-1 to HDAC1 and HDAC2. It was proposed that the linear orientation
of the three atoms in HDAC?2, particularly the CP of Ala268, indirectly contributes to the tight
binding of 45. This linear arrangement allows for consistent and favorable forces to act from
the CP of Ala268 to the C* of Gly306 and from the C* of Gly306 to the C3 of 45, promoting
stable binding. In contrast, the non-linear orientation of the three atoms in HDACL, especially
the CP of Ser263, prevents effective stabilization of 45 binding. The slightly greater distance
between the CP of Ser263 and the C* of Gly301, along with the non-linear orientation, results
in different directions of forces acting from the CP of Ser263 to the C* of Gly301 and from the
C* of Gly301 to the C3 of 45, making the binding less stable. The tight fitting of the glycine
loop between Ala268 in HDAC?2 and 45 further supports the favorable binding in HDAC?2.
However, the glycine loop cannot achieve a tight fit with Ser263 in HDAC1 and 45 due to the
non-linear arrangement, contributing to the weaker binding in HDACL. These findings provide
insight into the intricate molecular interactions that drive the mechanism through which

compound 45 selectively inhibits HDAC2 more than HDACL.
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Figure 22a. (a) Chemical structures of class | HDAC inhibitor 45 (KTT-1); (A) The cocrystal structure of inhibitor
45 (KTT-1) and HDAC?2. (B) Interaction of inhibitor 45 at the catalytic site of HDACL. (C) Interaction of inhibitor
45 at the catalytic site of HDAC2. The green, orange, and purple spheres are the CP atom of Ser263/Ala268, the
C* atom of Gly301/306, and C3 of inhibitor 45, respectively. Reproduced with permission from [10]. Copyright
[2023] [Wiley-VCH].

Liao et al. reported a new class | selective HDAC inhibitor 46 bearing
benzoylhydrazide moiety with 1Cso values of 500 nM, 100 nM and 60 nM against HDACsl1, 2,
and 3, respectively (Figure 23).%° This targeted inhibition resulted in notable changes in protein
acetylation and gene expression, culminating in the activation of tumor suppressor pathways
and the simultaneous inhibition of multiple oncogenic pathways. These findings underscore
the potential of inhibitor 46 as a promising therapeutic candidate for combating cancer growth
and progression. Interestingly the inhibition kinetic experiment using HCT116 cells revealed
that upon treatment with inhibitor 46, a swift increase in histone acetylation was detected within
6 h, and these elevated acetylation levels persisted for up to 96 h. These findings suggested that

inhibitor 46 functions as a fast-on but slow-off inhibitor, showcasing its capacity to effectively

regulate histone acetylation dynamics with prolonged residence time.
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Figure 23. Chemical structures of class | HDAC inhibitor 46.

Hansen et al. identified a novel inhibitor, compound 47, based on the o-aminoanilide
structure (Figure 24a).1% This inhibitor demonstrated a selective affinity for the "foot-pocket"
region within both HDAC1 and HDAC2 enzymes. To gain a deeper insight into the potential
binding mode of the inhibitor, the authors performed a docking analysis of compound 47 within
the structure of HDACL1 (PDB: 5ICN), as depicted in Figure 24b. The docking results revealed
that the zinc-binding takes place through the o-aminoanilide moiety of compound 47.
Additionally, the 4-pyridinyl-group of compound 47 was found to significantly interact with
the distinct "foot-pocket” region of HDAC1, further confirming its targeted binding mode.
Furthermore, inhibitor 47 exhibited a hydrogen-bond interaction between the side chain of
Y296 and the amide NH group of the zinc-binding group (ZBG). This specific interaction adds
to the understanding of the molecular interactions contributing to the binding affinity of
compound 47 within HDACL's active site. When subjected to varying preincubation durations
of 5, 15, 30, 60, and 120 minutes, compound 47 exhibited a noticeable reduction in its ICso
values for HDAC1 and HDAC?2 (Figure 24a). Intriguingly, this time-dependent decrease in
inhibitory potency was not observed in the case of HDACS3, suggesting a unique and distinct
slow-binding inhibitory effect specifically targeting HDAC1 and HDAC2. Further
investigations utilizing the WST-8 assay within three different breast cancer cell lines including
T-47D, MCF-7, and BT-474 revealed that the antiproliferative properties of compound 47 were

notably more impressive compared to those of entinostat and vorinostat.
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Figure 24. (a) Chemical structure and time dependent inhibitory effect of class | HDAC inhibitor 47; (b) Docking
pose of inhibitor 47 in the catalytic domain of HDAC1 (PDB: 5ICN). Ligands are shaded in yellow, while the
catalytic Zn?* ion is illustrated as a gray sphere. The protein backbone is depicted as a light-blue cartoon,
encompassing the wheat-colored protein surface that encircles the ligand. Amino acid side chains engaging in
particular interactions with the ligand, as well as the ligands themselves, are visualized as sticks. Dashed yellow

lines are utilized to represent polar interactions. Reproduced with permission from [100]. Copyright [2022]
[Wiley-VCH].

3.2. Slow-binding class 11 HDAC inhibitors

Although slow-binding inhibitors have been developed mainly for targeting class | HDACs,
recent studies have indicated that this approach can also be effective against other HDAC
classes. For example, compound 22 (Figures 11 and 25) is a well-known HDAC inhibitor

containing a trifluoromethyl ketone moiety as the ZBG.2 Olsen et al. found that this compound
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inhibited class lla HDACs via a fast-on/fast-off mechanism, for which K values were 5.1 and
4.7 nM for HDAC4 and HDACY7, respectively. Compound 22, on the other hand, exhibited
slow-binding kinetics against class I1b enzymes. Specifically, compound 22 inhibited HDACS6,
a class Ilb HDAC isoform, via a slow-binding mechanism, for which K; was 4.5 uM (Figure

25).
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Figure 25. Chemical structure, K; values, and kinetic parameters of class Il HDAC inhibitor 22.

In the previous section, we described a study by Olsen et al. on slow-binding inhibitors
derived from natural products. The authors discovered several macrocycles that effectively
inhibited class | HDACs by extending the drug—target residence time (Figure 9).° Moreover,
the authors found that inhibitors 18 and 19 inhibited HDACG6 through a slow-binding

mechanism, B (Scheme 1), as represented in Figure 26.
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Figure 26. Chemical structures and kinetic parameters of HDACS inhibitors 18 and 19.
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T-cell prolymphocytic leukemia (T-PLL) is an uncommon very aggressive cancer that
affects hematological neoplasms. Reportedly, abnormal DNA damage and hypercytokine and
growth factor responses trigger the neoplastic T-cell outgrowth, which is responsible for the
migration of T-PLL cells.2®1%2 This migratory T-cell phenotype could be controlled by
regulating the activity of HDAC6.1%:1% Despite the development of several HDACS inhibitors,
the inhibitor selectivity for other HDAC family members in vitro is only modest
(approximately 5 or 6 times). Additionally, the inhibitor selectivity for HDACG6 in vivo is
insufficient.%41% To overcome these limitations, Gunning et al. developed a highly potent and
selective HDACSG inhibitor that is particularly effective for treating T-PLL.1% The authors
comprehensively studied their previously reported inhibitor (48)!° to develop a class of
HDACSG6-selective inhibitors based on a perfluorinated benzenesulfonamide moiety (Figure
27a). Although inhibitor 49 exhibited a very strong inhibitory potency against HDACG6 (for
which ICsg was 0.9 nM), it was only moderately stable in glutathione (GSH). Therefore, the
authors optimized the stability of inhibitor 49 to develop another HDACSG inhibitor (50), which
then exhibited a selectivity more than 39-fold higher for HDACS6 than for other HDACs and a
higher cytotoxicity (ICso = 0.42 uM) than another HDACSG inhibitor, Nexturastat A (ICso = 1.68
uM), in MV4-11 cancer cells.2% In HeLa cells, inhibitor 50 induced the acetylation of -
tubulin, an HDAC 6 substrate, without affecting the acetylation of histone H3, which is a
substrate for class | HDACs. Compared with citarinostat, a phase 11 clinical candidate, inhibitor
50 exhibited a higher selectivity for HDAC6 and an improved acetylation profile. Kinetic
studies revealed that compared with inhibitors 48 and 49, inhibitor 50 showed a considerably
longer residence time in vitro, including 21- and 2.16-fold increases over 49 and 48,
respectively. This prolonged target interaction may have contributed to the inhibitor’s
selectivity, indicating that it functions as a slow-binding inhibitor for HDAC6. Gunning et al.

continued their research for optimizing inhibitor 50 by developing a second-generation
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inhibitor 51, which retained the original potency (ICso = 8.9 nM for HDACG6) and exhibited a
considerably improved selectivity (>200-550-fold) for HDAC6 over other isoforms.!
Notably, compound 51 also showed therapeutic efficacy for treating metastatic Group 3
medulloblastoma (MB), which is the most common, aggressive, and malignant pediatric brain
cancer. Intriguingly, inhibitor 51 exhibited a potentially enhanced (45-fold) selectivity for
HDACSG6, compared with citarinostat. Although the in vitro residence time of inhibitor 51 was
only 8 min, the residence time in HeLa cells showed a longer target engagement of 97 min,
which suggests that inhibitor 51 slowly dissociated from the target enzyme. In the in silico
docking analysis of compound 50 (Figure 27b), a crucial interaction involving sandwich-type
n—m interactions with Phe620 and Phe680 in the HDAC6 pocket was observed. This interaction
contributed to a binding free energy of -8.30 kcal/mol, indicating strong binding affinity.
Furthermore, despite lacking the F group, compound 50 still formed a hydrogen bond with the
nearby Phe679 amide, suggesting its potential to interact favorably with the HDAC6 pocket
and exhibit inhibitory activity. An additional n—x interaction between the fluorinated ring and
surface residue His500 with a binding free energy of —7.966 kcal/mol (Figure 27c) was
observed for inhibitor 51. Further analysis of the X-ray crystal structures of inhibitors 50 and
51 (Figure 27d) showed that the isopropyl substitution in 51 generated an intramolecular -7
stacking interaction which could function as a steric barrier to prevent an attack from
endogenous nucleophiles, such as GSH. Additionally, this is probably why the inhibitor 51
residence time was enhanced, which, in turn, improved the potency and selectivity for HDACG.
In MV4-11 cells, the minimum compound 51 dosage (0.1 uM) was sufficient to acetylate a-
tubulin, and the histone H3 acetylation was limited at the highest concentration (5 uM). In
contrast, at concentrations above 0.1 uM, the clinical candidate, citarinostat, showed off-target
histone H3 acetylation effects. These findings suggested that for HDACS, the selectivity profile

of inhibitor 51 was considerably better than that of citarinostat because the dosage of inhibitor
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51 required for the off-target acetylation was 50-fold higher than that of the citarinostat.
Furthermore, HD-MBO03 cells treated with inhibitor 51 showed a 44.3-fold improved
therapeutic margin in primary MB cells compared to healthy neural stem cells. In addition,

compound 51 showed a 45-fold increased potency compared to citarinostat.
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Figure 27. (a) Chemical structures and kinetic parameters of HDACG inhibitors 48-51; (b) Binding interaction of
50 with human HDAC6 (PDB 5EDU), representing Zn?* (yellow sphere), hydrogen bonds (yellow dashed line),
n—7 stacking (green dashed line), and salt bridges (purple dashed line) (N, blue; O, red; C, yellow; F, green).
Reproduced with permission from [107]. Copyright [2021] [American Chemical Society]; (c)Binding interaction
of 51 with human HDAC6 (PDB 5EDU), representing Zn?* (yellow sphere), n—r stacking (green dashed line) (N,
blue; O, red; C, black; F, green; S, yellow). Reproduced with permission from [111]. Copyright [2022] American
Chemical Society; (d) X-ray crystal structure of inhibitor 50 (A) and 51 (B). Reproduced with permission from
[111]. Copyright [2022] [American Chemical Society].

In a recent study led by Steinkuhler et al., a new class of compounds (52a-c) was
discovered as potent HDACG6 inhibitors.'> Remarkably, these compounds displayed
exceptional selectivity, exhibiting a preference of over 104-fold for HDACG6 in comparison to
all other HDAC subtypes. Exploring the mechanism of HDACSG inhibition by compound 52a
revealed a distinctive trait of slow-binding inhibition. As the duration of incubation increased,
the degree of inhibition also progressively rose, signifying the presence of slow binding
kinetics. Kinetic investigations confirmed that compound 52a effectively inhibited HDAC6

through slow-binding mechanisms B (tr = 3.6 to 5.1 h), as shown in Figure 28a. The analysis
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of compound 52a in interaction with zHDAC6-CD2 using docking simulations unveiled an
intriguing binding mode (Figure 28b). The DFMO moiety formed a conventional dative bond
with the Zn cation, facilitated by a nearby nitrogen atom at 2.4 A. Despite its significant size,
the DFMO group adeptly occupied the catalytic pocket, engaging specific residues and
participating in n-7 stacking with the His573-His574 dyad. Notably, an intriguing finding was
the presence of residual empty space of approximately 60 A3 near the DFMO group, Zn cation,
His614, His573, and His574, which could accommodate a water molecule. This coexistence of
a water molecule with a larger zinc-binding group (ZBG) like DFMO, compared to a
hydroxamic acid, was unexpected. To elucidate differences in HDAC subtypes, this
observation was compared with HDAC1 (a representative of class | enzymes). Discrepancies
were attributed to the difluoromethyl-1,3,4-oxadiazole (DFMO) moiety's deeper penetration in
class | enzymes, enabled by the availability of inner empty space. On the contrary, specific
residues (RseoPs70Ps71) in HDACG hindered such deep entry, creating an optimal orientation for
nucleophilic attack. Additionally, a two-step hydrolytic conversion mechanism was proposed
to explain selective inhibition. Compound 52a was observed to undergo successive conversion
into 52b and then into 52¢ when incubated with zHDAC6-CD2. The hydrolysis rate of 52a was
determined to be 6.04 x 10~ min™!, correlating with the measured kos value, implying the
presence of a hydrated derivative. The linear rate was attributed to the initial formation of the
enzyme-inhibitor complex with a high dissociation constant. Furthermore, HDAC6
demonstrated the ability to convert 52b into 52c, indicating that both 52b and 52c serve as

substrates for HDACSG.
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Figure 28. (a) Chemical structures and kinetic parameters of HDACS6 inhibitor 52; (b) X-ray crystallographic
analysis of the interaction between inhibitor 52a and zHDAC6-CD2, in which the hydrazide 52¢ securely bound
within the catalytic core. Reproduced with permission from [112]. Copyright [2023] [American Society for
Biochemistry and Molecular Biology].

3.3. Slow-binding class 1V HDAC inhibitors

The prolonged residence time of slow-binding inhibitors requires a longer incubation time to
inhibit the enzyme in in vitro enzyme assays. This can pose a challenge for unstable proteins,
such as HDAC11, for which the activity is reduced by 40% when HDAC11 is incubated for 3
h at 37 °C.'"® However, some inhibitors function as chaperones, which correct misfolded
conformations of the target protein.!** Shen et al. assessed entinostat (26) (Figure 12) in an

enzyme-based assay and found that 26 functioned as a slow-binding inhibitor for HDAC11, for

55



which ICso was 0.9 uM, and required incubation for 3 h to equilibrate the binding.!** At lower
concentrations, entinostat 26 functioned as an agonist because HDAC11 was unstable. Owing
to these findings, the researchers devised an assay protocol that utilized chaperone molecules
to stabilize HDAC11 and discovered that the addition of vorinostat (0.2 uM) could stabilize
the activity of HDAC11 during an assay for 3 h. Consequently, because 0.2 uM vorinostat
inhibited 50% of the HDAC11 activity, the apparent 1Cso value for 26 was adjusted to the true
ICso value (0.65 uM). Using this approach, the authors conducted a one-dose assay to screen
several candidates. When chaperone molecules were not used, although false negative results
were also obtained for inhibitors 53, 54, and 55 (Figure 29), inhibitors 53, 54, 55, and 56
showed moderate inhibitory potencies for HDAC11 while maintaining their slow-binding

profiles.
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Figure 29. Chemical structures of HDAC11 inhibitors 53-56.

Olsen et al. analyzed deacylation profiles for various zinc-dependent HDACs!® and
found that compared with other HDACs, HDAC11 showed an increased ability to remove long-
chain &-N-acyl lysine modifications (demyristoylation) where a hydroxamic-acid-containing
macrocyclic peptide-based inhibitor 19 (Figures 9 and 30) effectively blocked the
demyristoylation activity of HDACL11. In contrast, inhibitors, such as vorinostat, romidepsin,
and epoxy ketone-based macrocyclic peptides, did not inhibit HDAC11. Further Kinetic studies
revealed that 19 acted through a slow-binding mechanism (B) (Scheme 1) to inhibit HDAC11,

which prolonged the target engagement (Figure 30).
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Figure 30. Chemical structure and kinetic parameters of HDAC11 inhibitor 19.

4. Conclusion and perspectives

The development of drugs that can effectively inhibit disease-causing enzymes is an ongoing
challenge for medicinal chemists. Enzymes are challenging targets because they have
subclasses and isoforms, and designing subclass- or isoform-selective drugs is even more
difficult. HDACs, a group of enzymes involved in the regulation of gene expression, have been
implicated in various diseases, including cancer and neurodegenerative disorders. However,
nonselective HDAC inhibitors can lead to unwanted side effects. Before Gottesfeld et al.
reported the slow-binding inhibition by benzamide-based inhibitors in 2008, the validation of
classical selective HDAC inhibitors was limited to thermodynamic parameters, such as ICso
and Kgq values. However, the work by Gottesfeld et al. highlighted the importance of the kinetic
validation and determination of drug-target residence times for developing subclass- or
isoform-selective HDAC drug candidates. Since then, the discovery of many HDAC inhibitors
exhibiting prolonged target engagements has shown promise for developing subclass- or
isoform-selective drugs that target HDACs. Although many slow-binding HDAC inhibitors
have been assessed in vitro against class | HDACSs, further research is required for establishing
the efficacy of these inhibitors in vivo. Furthermore, although many studies have shown that
drugs with longer residence times exhibit improved and prolonged in vivo activity in animal

models (which can indicate the drugs’ efficacy), precise molecular mechanisms underlying the
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impact of tr on drugs’ in vivo pharmacological activities are still not fully understood. The
rational design of slow-binding inhibitors requires a synergistic approach involving both
experimental and computational methods.'® This synergy aims to create compounds that
establish enduring and stable complexes with the target enzyme, resulting in prolonged
inhibition. This process would begin by conducting a thorough investigation of the enzyme's
structure. This examination encompasses active site residues, as well as the identification of
possible allosteric sites, which collectively establish the fundamental groundwork for the
inhibitor design process. Critical insights from slow-binding inhibitors provide valuable
insights into essential structural elements and interactions that contribute to this unique
inhibition mechanism. Employing fragment-based drug design and optimizing linkers would
facilitate the creation of larger molecules with enhanced binding kinetics. To validate the
intended slow-binding characteristics, experimental verification becomes crucial. Techniques
such as surface plasmon resonance (SPR) or stopped-flow spectroscopy play a pivotal role in
confirming the desired slow-binding behaviour of the inhibitors. Notably, SPR-based off-rate
screening offers an efficient approach to dynamically explore the chemical space from initial
hits to lead compounds.**¢!1” Nevertheless, specific subtype HDAC inhibitors such as HDAC9
are still lacking due to the limited understanding of HDAC9's precise function and its role in
various cellular processes. The concept of slow-binding HDAC inhibitors is relatively new and
is currently under investigation. As of now, there are no specific slow-binding HDAC inhibitors
that are undergoing clinical trials. While there has been progress in understanding the
mechanisms and potential of slow-binding inhibition, the only known slow-binding
benzamide-based HDAC inhibitor "entinostat" has undergone comprehensive assessment in
numerous phase | and 1l trials encompassing both solid and liquid tumors.*'® This perspective
clearly summarizes the progress made in the development of slow-binding HDAC inhibitors

and their action modes and potential clinical and therapeutic applications for treating cancers,
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neurodegenerative disorders, and other diseases. Notably, the development of slow-binding
inhibitors is not limited to HDACs, and further research can explore their applications for

targeting enzyme classes other than HDACs.
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ABBREVIATIONS USED

BRET, bioluminescence resonance energy transfer; DFMO, difluoromethyl-1,3,4-oxadiazole;
E, enzyme; E:l, enzyme-inhibitor; FRDA, friedreich ataxia; FXN, frataxin gene; FDA, U.S.
food and drug administration; FTD, frontotemporal dementia; GFP, green fluorescent protein;
GRN, progranulin gene; HDACs, histone deacetylase enzymes; HIV, human
immunodeficiency virus; hERG, ether-a-go-go-related gene; ICso, half maximal inhibitory
concentration; I, inhibitor; [I], inhibitor concentration; IFNy, interferon-gamma; iPSC, induced
pluripotent stem cell; kon, association rate constant; kof, dissociation rate constant; KIKI,
knock-in/knock-in; LPS, lipopolysaccharide; MB, medulloblastoma; NF-xB, nuclear factor
kB; NcoR2, nuclear receptor co-repressor 2; PMBC, peripheral blood mononuclear cells; gRT-
PCR, real-time quantitative reverse transcription PCR; [S], substrate concentration; SIRTS,
Sirtuins; SAR, structure—activity relationship; SPR, surface plasmon resonance; Tisp,
dissociative half-life; tr, residence time; T-PLL, T-cell prolymphocytic leukemia; ZBG, zinc

binding group.
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