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Preface to the Series

Medicinal chemistry is both science and art. The science of medicinal chem-
istry offers mankind one of its best hopes for improving the quality of life.
The art of medicinal chemistry continues to challenge its practitioners with
the need for both intuition and experience to discover new drugs. Hence
sharing the experience of drug discovery is uniquely beneficial to the field of
medicinal chemistry.

The series Topics in Medicinal Chemistry is designed to help both novice
and experienced medicinal chemists share insights from the drug discovery
process. For the novice, the introductory chapter to each volume provides
background and valuable perspective on a field of medicinal chemistry not
available elsewhere. Succeeding chapters then provide examples of successful
drug discovery efforts that describe the most up-to-date work from this field.

The editors have chosen topics from both important therapeutic areas and
from work that advances the discipline of medicinal chemistry. For example,
cancer, metabolic syndrome and Alzheimer’s disease are fields in which
academia and industry are heavily invested to discover new drugs because
of their considerable unmet medical need. The editors have therefore prior-
itized covering new developments in medicinal chemistry in these fields. In
addition, important advances in the discipline, such as fragment-based drug
design and other aspects of new lead-seeking approaches, are also planned for
early volumes in this series. Each volume thus offers a unique opportunity to
capture the most up-to-date perspective in an area of medicinal chemistry.

Dr. Peter R. Bernstein
Prof. Dr. Armin Buschauer
Prof. Dr. Gunda J. Georg
Dr. John Lowe

Dr. Hans Ulrich Stilz
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Foreword to Volume 6

The attrition rate in the clinical development of new chemical entities (NCEs)
has increased over time, in spite of escalating funds allocated to research and
development. Less than 10% of all NCEs succeed in effectively treating some
clinical symptom. NCEs develop to treat central nervous system (CNS) dis-
orders, together with oncology, exhibit the greatest attrition of all. One can
argue that the major explanation for this lack of success is the complexity of
the biological mechanisms underlying CNS indications and our lack of
understanding of the aetiology of these disorders. Therefore, it is essential
that an early assessment of compound efficacy in Phase II is sought. Most
marketed CNS drugs modulate G-protein-coupled receptors (GPCRs) or
protein transporters associated with the major neurotransmitters in the
brain. It is only recently that molecular research led to the identification of
novel targets implicated in neurodegenerative conditions. Many of these
targets are intracellular and require specific approaches to assess drug effica-
cy, since many of these mechanisms cannot be directly monitored through
non-invasive means in human subjects. The CNS drug development process
is most likely to be successful, the more similar the human and animal models
are to one another. For this reason, focusing on specific genetic conditions
(for which the aetiology is known) as a way to assess drug efficacy and safety
might lead to a more rapid evaluation of specific mechanisms.

The major challenge for CNS drug discovery is the lack of understanding
of the human biological mechanisms underlying the various stages of these
diseases. Considerable more effort needs to be placed on investigating wheth-
er the human biology supports specific target hypotheses underlying novel
drug discovery campaigns. Non for-profit Foundation and Government
researchers are much more likely to work with early symptomatic patient
populations, and it is essential that specific hypotheses are investigated before
clinical development. In addition, to expedite the development of clinical lead
molecules for early human studies, a few critical domains are worth high-
lighting as having a major impact in the evaluation of novel chemical series.
These are: advances in ADMET (absorption, distribution, metabolism, excre-
tion, and toxicity), and specifically in understanding interactions with the
major drug efflux mechanisms present at the blood-brain barrier, computer
modelling of drug-target interactions and crystal structure aided drug design
and the development of on-target occupancy endpoints to understand the

Xi
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pharmacokinetic/pharmacodynamic (PK/PD) relationship for a given mole-
cule: the necessary occupancy to determine a suitable therapeutic window
between efficacy in a given biological mechanism and potential side effects.

It is likely that drugs developed to treat one condition might be beneficial
for other indications. This evokes a sense of hope that the efforts in develop-
ing new treatments will have broad impact from a medical and societal
standpoint. This book highlights different approaches to mitigate the cellular
processes thought to be affected regardless of which animal model (typically
disease-specific) is first used to identify lead clinical candidates. In essence, it
is my belief that disease animal models should be selected for any given target
based on the molecular similarities to the human condition. In the context
of lead evaluation, argue that an animal disease-specific model might not
be necessary. Rather, a mechanism model, based on a proximal and specific
readout for a specific target, allows researchers to quickly screen through
potential leads and establish a PK/PD correlation as rapidly as possible. Once
a suitable lead is identified, costly and lengthy experiments can be conducted
with the disease model. In some instances, the most faithful disease models in
terms of pathology or molecular changes require many months of drug
administration. Therefore, the utilization of mechanism models to identify
clinical leads is essential.

Neurodegenerative disorders have been typically grouped based on patho-
logical findings and neurological symptoms. They are generally characterized
by a slow symptom progression, adult or juvenile onset, specific neuronal
vulnerability, and the presence of aggregated proteins identified as inclusion
bodies after histological analysis. They all share age as the major risk factor,
and in most cases (a notable exception being Huntington’s disease, HD) have
a mixed aetiology from a molecular perspective. While in all cases, familial
forms of these disorders have been documented, and these account for a small
percentage of all reported cases. For example, in spite of the broad incidence
of Alzheimer’s disease (AD) and Parkinson’s disease (PD), only between 1%
and 5% of all cases display a Mendelian inheritance pattern.

The existence of familial cases prompted a strong emphasis in the research
community to identify the molecular basis for these disorders. These efforts
have largely been successful in identifying the genes causative for the various
conditions. For instance, mutations in amyloid precursor protein (APP) were
identified in the case of AD; Huntingtin in the case of HD; a-synuclein, DJ-1,
LRRK2, and Pink1, among others, for PD; TDP-43 and SODI, among others,
for amyotropic lateral sclerosis (ALS); and SMN-1 for spinal muscular atro-
phy (SMA). Because of this, clinical development strategies have shifted
from the application of drugs developed to treat the symptoms of the dis-
ease (traditionally investigated through a re-purposing of existing psycho-
tropic molecules developed for psychiatric conditions), to strategies aimed at
modulating the main biochemical mechanisms thought to be affected by
these proteins. This, thus far, has also proven unsuccessful from a clinical
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standpoint, as no effective new treatments have yet been identified. However,
many are in clinical development.

In spite of their broad prevalence in the general population, neurodegen-
erative diseases are very inefficiently treated. Some of the challenges in drug
discovery can be ascribed to the fact that most causative genes for neurode-
generative disorders cannot be targeted through traditional pharmacological
means. In spite of more recent efforts to develop molecular therapies to
eliminate expression of the mutated proteins, the majority of current clinical
development strategies are aimed at “restoring” normal neuronal or glial
function based on the cellular mechanisms now thought to underlie the
toxic effects that arise from the mutant proteins.

There are some important commonalities in the molecular mechanisms
thought to underlie these disorders. Many of the genes identified through
positional cloning as causative of these set of disorders encode proteins that
were shown to aggregate in in vitro and in vivo models and form the
pathological inclusions traditionally used to diagnose these diseases. This
was unexpected and argued that perhaps the propensity of these proteins to
aggregate or form multimeric species had direct relevance to their toxic
properties. In addition, many of the cellular mechanisms identified as being
affected in rodent models for these diseases (generated through genetic
means by introducing a mutant gene) show perplexing similarities. Among
the mechanisms identified, mitochondrial disturbances, deficits in axonal
transport and synaptogenic mechanisms, autophagy, protein folding, and
transcriptional dysregulation are affected in all these diseases. Therefore,
there is typically a convergence of strategies being developed to treat these
disorders. A caveat in all of these approaches is the fact that, with the sole
exception of HD and SMA, the aetiology of these disorders is mixed, and the
majority of cases originate without much evidence for mutations or deregu-
lation of the pathways linked to the mutant proteins which cause the familial
(typically of earlier onset and faster progression) cases.

The converging field of synaptic dysregulation and transcriptional adapta-
tions to changes in neurotransmitter tone is exemplified by the alterations
known to exist in terms of key transcriptional effector molecules, such as
histone acetylation and cAMP response element-binding protein (CREB)
signalling. In this regard, two chapters are dedicated to the development of
isotype selective modulation of phospodiesterase (PDE) inhibitors to modu-
late neurotransmission (through effects on cAMP signalling) and transcrip-
tional modulation (Chap. 2), and to the identification of subtype-specific
inhibition of histone deacetylases (HDACs; Chap. 1). The large repertoire of
various enzyme subtypes found in mammalian neurons is a key factor in the
development of effective treatments, without significant side effects already
identified for non-subtype selective small molecule modulators of these
classes of key enzymes needed for normal brain function. The main challenge
here is twofold: to identify which enzymes need to be specifically targeted for
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each indication (as signalling in neurons is localized to specific domains
coupled to selective signal transduction mechanisms); and to develop early
measures of target engagement and efficacy in clinical trials through imaging
studies or other measures to monitor changes in brain activity in response to
a drug effect, such as quantitative electro-encephalogram (EEG). The initial
findings for potential efficacy in neurodegeneration for the HDAC inhibitors
originated from studies using non-selective molecules, which had significant
toxicities associated with them after prolonged administration in animals.
The effects of these molecules in various cognitive rodent models and in
pathological analysis encouraged neuroscientists to try to identify class-
selective molecules with good brain exposure, of increased potency and
with fewer peripheral side effects. Similarly, the early clinical data surround-
ing rolipram (PDE4 inhibitor) in treating depression and displaying a pro-
cognitive effect, together with many converging aspects of cAMP cascade
deficits in various disease models, prompted the development of very specific
active site inhibitors for this broad family of signalling molecules. Some of the
recent advances in the development of selective brain penetrant PDE inhibi-
tors are highlighted in Chap. 2, with an emphasis on cognitive enhancement
for AD. However, many of these molecules are likely to exhibit activities
beneficial to other neurodegenerative conditions, and are currently being
tested for other indications in animal models.

In terms of synaptic biology, a key finding is the vulnerability of specific
neuronal populations that die selectively in the various disorders. Presum-
ably, this vulnerability will eventually be found to originate from the specific
role of each mutated protein within these cells, or to the properties of the
neuronal and glial cells found in the circuitry affected in each disorder. In
essence, the spectrum of clinical symptoms used to define these diseases can
be largely explained by the pathological findings of neuronal death and gliosis
affecting the relevant circuitry. A key approach for treating these disorders is
therefore based on improving the function of the circuits affected in each
disease, and specific neurotransmitter modulators are being developed based
on the cells most affected by each condition.

Within synaptic modulation, one of the predominant hypothesis common
to all neurodegenerative conditions is the specific vulnerability of neurons to
deregulated calcium signalling, and specifically calcium signalling mediated
by glutamate receptors. This theory, termed excitotoxicity, is far from proven,
but appears common to many of these disorders. Excessive or extrasynaptic
calcium entry has become one of the major strategies for the treatment of
neurodegenerative diseases. In the case of ALS, riluzole, the only approved
drug for this disease, is a sodium channel blocker thought to modulate
excessive calcium entry. Chapter 3 specifically reviews the theory of excito-
toxicity and abnormal glutamate signalling mostly in the context of Alzhei-
mer’s disease, although similar principles (and drugs) are relevant to other
indications. Indeed, many of these are currently in clinical development for
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various CNS disorders. For instance, both memantine (an NMDA receptor
antagonist) and mGluR5 antagonists are in clinical development for PD and
HD. However, the essential role for glutamate signalling in brain function
makes this a difficult mechanism to modulate with an acceptable therapeutic
window. The complexities in glutamate signalling in various circuits affected
in these disorders require a deeper investigation of the changes during
disease progression in human subjects, to better predict whether a specific
drug might lead to clinical improvement.

Other strategies aimed at the indirect modulation of glutamate, acetylcho-
line and other major neurotransmitter systems that are being prosecuted,
which might be associated with more tolerable adverse effects. For instance,
the role for metabolites of the kynurenine pathway (a product of tryptophan
degradation), shown to be neuroactive and specifically altered in human
subjects and animal models for some diseases, is described in Chap. 4. This
novel approach to modulate synaptic transmission through a specific modu-
lation in key metabolic enzymes (such as kynurenine mono-oxygenase or
KMO; kynurenine amino transferase or KAT) highlights some of the new
avenues taken by industry experts to uncover novel methods for treating
these difficult diseases. Chapter 4 focuses on the development of KMO
inhibitors specifically for HD. However, changes in kynurenine metabolites
have been reported in many neurodegenerative indications. In addition to the
role of kynurenine pathway metabolites in synaptic transmission, this path-
way has been implicated in the modulation of the immune response, a
biological area of active investigation to decrease neuronal cell death.

Finally, Chap. 5 highlights recent developments in the treatment of SMA.
The genetic cause of this disease is well understood (lack of expression of the
gene SMNI due to a missense mutation), and current efforts are aimed at
enhancing expression of a gene, SMN2, which can act to compensate for the
loss of the SMN1 gene. This chapter illustrates the strength of focused efforts
on overcoming the cause of the disease, through various means. All share in
common the utilization of cellular and animal models focused on understand-
ing the effects of novel molecules in increasing expression of SMNI. Similarly,
in HD and familial models of AD and PD, a specific emphasis on demonstrated
genetic contributions to the disease is key to develop novel drugs with a well-
validated biological principle. In the case of other, genetically heterogeneous
disorders (AD, ALS and PD), the applicability of such strategies rests perilously
on the assumption that similar biological principles will apply in idiopathic
cases where the cause of the pathology is unknown. Overall, the various
approaches highlighted here serve to illustrate new directions in CNS drug
discovery, and leads to an emphasis in a deeper understanding of the molecular
causes for these disorders as a more efficient way to overcome the inherent
difficulties in treating, or preventing, neurodegeneration.

August 2010 Ignacio Mufioz-Sanjuan
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The Role of Histone Deacetylases
in Neurodegenerative Diseases

and Small-Molecule Inhibitors as a
Potential Therapeutic Approach

Roland W. Biirli, Elizabeth Thomas, and Vahri Beaumont

Abstract Neurodegenerative disorders are devastating for patients and their social
environment. Their etiology is poorly understood and complex. As a result, there is
clearly an urgent need for therapeutic agents that slow down disease progress and
alleviate symptoms. In this respect, interference with expression and function of
multiple gene products at the epigenetic level has offered much promise, and
histone deacetylases play a crucial role in these processes. This review presents
an overview of the biological pathways in which these enzymes are involved and
illustrates the complex network of proteins that governs their activity. An overview
of small molecules that interfere with histone deacetylase function is provided.

Keywords Epigenetics, Metallo enzyme, Polyglutamine, Sirtuin, Transcriptional
regulation
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1 Neurodegeneration

“Neurodegeneration” is the umbrella term for the progressive loss of structure or
function of neurons, leading to their eventual death and brain atrophy. Many
neurodegenerative diseases arise as a result of genetic mutations in seemingly
unrelated genes. For instance, a collection of neurodegenerative diseases fall into
the category of “polyglutamine (polyQ) diseases,” where expansions in polyQ-
encoding CAG tracts in discrete genes have been identified as the primary insult
leading to neurodegeneration. The lengths of CAG repeats in genes susceptible to
expansion are polymorphic in the unaffected population. At some point though,
expansions of CAG repeats cross a pathogenic threshold, acquiring a propensity for
further expansion, and encoding proteins with neurotoxic activity and a proclivity
for self aggregation. These include Huntington’s disease (HD; expansion >37 CAG
in the Htt gene encoding Huntingtin), dentatorubral pallidoluysian atrophy
(DRPLA; expansion in the atrophin-1 protein), spinal bulbar muscular atrophy
(SBMA or “Kennedy’s disease”’; CAG expansion in the androgen receptor) and a
subset of the spinocerebellar ataxias (SCA); where SCA1-3 and 7 are caused by
expansion in ataxin proteins, SCA-6 is caused by expansion in the calcium channel
subunit CACNA1A, SCA-12 is caused by expansion in the PP2R2B protein, and
SCA-17 is caused by expansion in the TATA-binding protein (TBP). Other neuro-
degenerative diseases are not caused by CAG tract expansion, but nevertheless,
abnormal accumulation of protein is implicated. In Parkinson’s disease (PD),
accumulation of the protein a-synuclein into Lewy bodies is a hallmark of the
disease. In Alzheimer’s disease (AD), the abnormal accumulation of f-amyloid into
plaques and hyper-phosphorylated tau proteins into tangles appears to be the causal
insult.

While the central nervous system (CNS) region-specific expression of the
aberrant protein or the differential susceptibility of neuronal subsets to the primary
insult varies, key themes start to emerge for these seemingly disparate neurodegen-
erative diseases, which are collected under the catch-all title of “CNS proteopa-
thies.” Among these themes, irregular protein folding, interference of intracellular
vesicle trafficking, disruption of proteosomal degradation pathways, altered sub-
cellular localization (especially neuronal inclusions), and abnormal protein inter-
actions have been repeatedly implicated. This, coupled with the potential gain or
loss of function of mutated protein compared to “wild-type” protein, appears to
contribute to the neurodegenerative pathological cascade.

Ultimately, there is surprising congruence in the downstream pathophysiologi-
cal cascades, which precede neuronal apoptosis and brain atrophy. Synaptic
dysfunction, mitochondrial energy metabolism defects, and transcriptional dysre-
gulation are common to many of these diseases. The resultant symptoms are
manifested as disturbances in motor, psychiatric, and cognitive impairment,
which progress in severity as the diseases progress. Manifestation of any of
these symptoms is a consequence of the neuronal subsets primarily affected. For
instance, if neurodegeneration is prevalent in basal ganglia, midbrain, or cerebellar
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structures, key regions involved in the planning, execution, and control of fine
movements, motor control is clearly impacted (in SCA diseases, HD and PD). In
the case of amyotrophic lateral sclerosis (ALS) and SBMA, it is the lower motor
neurons that are targeted and degenerate. Cognitive impairment and dementia are
also major components of many of the neurodegenerative diseases, when cortical
and subcortical nuclei are compromised (particularly so in AD, PD, and HD).
Comorbidity with psychiatric disturbances such as anxiety and depression are also
common in these latter diseases, but these symptoms are often overlooked or
undertreated.

The ultimate outcome of all of the neurodegenerative diseases described above
is enormous pressure on the social environment of patients and premature death.
Our pharmacological arsenal for treatment remains poor, despite years of inten-
sive research in these areas. The disease burden of neurodegenerative disorders to
the worldwide healthcare industry is very high [3.4% of all deaths in high-income
countries were attributed to AD and other dementias (WHO Global Burden of
Disease 2004)]. As the average survival age increases, this statistic is likely
to rise.

While a “magic bullet” for the treatment of neurodegenerative disorders is
highly unlikely, histone deacetylase inhibition is a promising avenue of investiga-
tion for multiple neurodegenerative disorders. This review focuses on the potential
amelioration of symptoms common to many of these diseases, by assessing the role
that HDAC inhibition may have in the treatment of key aspects of disease patho-
physiology common to the CNS proteopathies, with specific examples taken from
each disease. Current and future directions in the development of brain-penetrant
subtype selective HDAC inhibition are discussed.

2 Overview of Histone Deacetylases

2.1 Classification

HDACSs are a complex superfamily of proteins, sharing a common deacetylase
activity of acetylated g-amino groups of lysine side chains. Originally, histones
were found to be their substrates, but more recently it has been shown that they act
on a large set of diverse proteins. To date, 3,600 lysine acetylation sites across 1,750
proteins are known. This collection has been dubbed the “lysine acetylome,” with
particular prevalence in large macromolecular complexes [1]. Hence, from a
functional point of view, it would be more appropriate to refer to HDACs as lysine
deacetylases (or KDACs) [1]. Moreover, it is clear that the role of HDACs extends
significantly beyond their catalytic activity and forms part of an intricate regulation
process, much of which is not fully understood. While HDACs do not display
classical DNA binding domains, they are incorporated into large multicomponent
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complexes that govern transcriptional processes. As a result, the activity of HDACs
is determined by their environment and the variety, quantity, and identity of partner
proteins present in any given location. These complex interactions are involved in a
diverse array of pathways from activation of cell death through caspase-mediated
cleavage [2] to muscle differentiation in concert with the transcription factor MEF2
(myocyte-enhancing factor 2) [3]. Subcellular distribution also plays a key role in
HDAC function and is varied temporally and spatially both by cell type and
intracellular targeting. Although HDACs are classically viewed as repressors of
transcription, their inhibition is reported to give rise to as much gene upregulation
as downregulation [4]. This is due to their complex network of interactions, and as a
result HDAC transcriptional effects should be viewed as modulation rather than
solely repression or inhibition.

The HDAC superfamily consists of 18 members originating from two different
evolutionary starting points which exhibit a common lysine deacetylase activity.
The classical HDAC family is characterized by a well-conserved Zn>" catalytic
domain (Table | classes I, I1a, IIb, and IV). The sirtuins (class I1I HDACs) comprise
a distinct subfamily of HDACs, which use NAD™ as cofactor.

Class | HDACs (1, 2, 3, and 8) are defined by their similarity to the yeast RPD3
transcriptional factor. They are expressed ubiquitously across cell types and have an
average length of 443 amino acids [5, 6]. HDACs 1, 3, and 8 possess a nuclear
localization signal motif. While HDAC1 and 2 proteins lack a nuclear export signal
and thus are exclusively nuclear in location, HDAC3 has both nuclear import and
export signals and can shuttle between the nucleus and the cytoplasm. Class 1
deacetylases contain an N-terminal catalytic domain which constitutes most of
their length. They demonstrate high enzymatic activity to histone substrates.
HDACs 1, 2, and 3 form part of large multi-protein regulatory complexes with
partner proteins such as Sin3, NURD, CoREST, and PRC2 [7, 8]. No protein
complexes for HDACS have yet been identified.

Class lla HDACs (4, 5, 7, and 9) are characterized by their homology to yeast
HDAI. They are considerably larger than class 1 proteins at an average of 1,069
amino acids (reviewed in [9]). The class Ila C-terminal catalytic deacetylase
domain exhibits approximately 1,000-fold lower activity toward histone sub-
strates than the class I subtypes [7]. Thus, regulation of transcription by histone
deacetylation has been called into question for this class of enzymes. Indeed, to
date there is no endogenous substrate identified for which class ITa enzymes are
bona fide deacetylases. In HDAC4 preparations purified from mammalian cells,
co-associated HDAC3 was proposed to confer all of the observable deacetylase
activity [10]. In addition to the carboxy terminal “catalytic domain”, however,
class Ila enzymes express a conserved N-terminal extension of roughly 600
additional residues [11]. The N-terminus adopts various regulatory functions
and is involved in protein—protein interactions, and notably transcription factor
binding. For instance, binding sites for the family of MEF2 transcription factors
are located within this domain. MEF2 transcription factors are important for
muscle differentiation, synaptogenesis, and apoptosis, and there is good evidence
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to suggest that HDAC4 and 5 are critical repressors of MEF2 function in vivo.
The role, if any, of the catalytic domain of class Ila enzymes on control of MEF2-
controlled transcriptional repression is currently unclear. The MEF2-interaction
transcription repressor (MITR) shares homology with the NH-terminal extensions
of class 1la HDACs but lacks a deacetylase catalytic domain [12]. However, the
repressive actions of MITR are mediated in part by its formation into macromo-
lecular complexes with other class I and II enzymes, which may supply a
necessary deacetylase function [13]. While there is no evidence for MEF2
deacetylation by HDAC4 [14], there are reports that blocking the catalytic site
with HDAC inhibitors can influence MEF2-regulated transcription, possibly by
interfering with the recruitment of transcriptional co-repressor complexes [15-17].
Of interest, mice harboring a viral insertion mutation that deletes the putative
deacetylase domain of HDAC4, while preserving the N-terminal portion of the
protein, are viable, have normal bone and muscle development and only subtle
phenotypes [18]. This is in striking contrast to mice in which the complete gene is
knocked out, which results in premature ossification and associated defects resulting
in postnatal lethality [19].

All class 1la enzymes can shuttle between the cytoplasm and nucleus in a
phosphorylation state-dependent manner. Phosphorylation by kinases such as cal-
cium/calmodulin-dependent protein kinase and protein kinase D results in binding
of chaperone protein 14-3-3 at the N-terminal domains and retention within the
cytoplasm [20]. This regulated phosphorylation provides a mechanism whereby
extracellular signal transduction can influence transcriptional modulation mediated
by complexes containing class Ila enzymes by inducing relocation to nuclear
compartments [3, 21]. Class ITa enzyme expression is more restricted according
to cell type; HDAC4 is predominantly expressed in brain [22] and skeletal growth
plates, HDACS and 9 are highly expressed in heart, muscle, and brain, and HDAC7
is enriched in endothelial cells and thymocytes [6, 22].

Class 1Ib HDACs (6 and 10) are also characterized by homology to yeast
HDAI, but possess two deacetylase-like domains. However, only in HDAC6
are both functional. The C-terminal “catalytic” domain of HDACI0 is only
partially present and does not retain activity [23, 24]. HDACG is ubiquitously
expressed and cytoplasmic in location. It is promiscuous in its substrates
which include chaperones, transmembrane proteins, o-tubulin, and cortactin
[25-27]. HDACI10 has been identified as multiple splice variants. It is broadly
expressed across cell types and has both a nuclear and cytosolic intracellular
distribution. The C-terminal region contains putative retinoblastoma protein-bind-
ing domains [5].

Class IV HDACI 1 is most closely related to the class [ family but also displays
common characteristics with class I HDACs. The low overall homology to either
of these classes has resulted in a separate classification. HDACI1 is highly
expressed in heart, brain, testis, muscle, and kidney cells and is predominantly
located in the nucleus [28]. This deacetylase has short N- and C-terminal extensions;
little is known about its function.
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2.2 Structural Aspects of Zinc-Dependent Histone Deacetylases

The key to understanding the function of histone deacetylases lies in their three
dimensional architecture. As outlined above, the class I, II, and IV enzymes are all
metal ion dependent; in most cases, a zinc ion is essential for activation and
hydrolysis of the amide group, which is located within the active site of the enzyme.
However, it has been shown that other metal ions can efficiently adopt the role of
the catalytic ion. For instance, the nature of the ion bound to the catalytic site
influences the specific activity of HDACS in the following order: Co™* > Fe®* >
Zn”* > Ni’*, These data suggest that Fe”* rather than Zn>* may be responsible for the
in vivo activity of HDACS [33].

Several crystal structures of different HDAC subtypes and HDAC-like proteins
have been published over the past decade. Related to the zinc-dependent
enzymes, structural information is available for the class I enzymes HDAC2
|34] and HDACS [35, 36]. The recent HDAC2 structure revealed a foot
pocket in proximity of the zinc ion, which can be accessed by small molecules
[34]. This pocket contains multiple water molecules, which can be replaced by an
inhibitor.

The catalytic domains of HDAC4 [37] and HDAC?7 [38], members of the class
Ila family, have also been solved. In addition, the structures of bacterial HDAC
homologs HDLP [39] and HDAH [40, 41] have been elucidated. Of particular
significance is the investigation of the HDAC4 catalytic domain as inhibitor-
f[ree and inhibitor-bound structures and a gain-of-function mutant protein
(GOF HDAC4cd). This study revealed a likely structural explanation for the
intrinsically low enzymatic activity of the class Ila enzymes toward acetylated
lysines compared to the class I subtypes. In essence, the OH group of Tyr'",
which is conserved in all class I and class IIb subtypes, has been proposed to
form a hydrogen bond to the tetrahedral anionic intermediate during the amide
hydrolysis, thus accelerating the hydrolytic process. In all class Ila subtypes, the
amino acid residue 306 is mutated to a histidine (His”’®), which is rotated away
from the active site. As a result, the amide hydrolysis is much less efficient.
Supporting this finding is the fact that mutating the His”’® of HDAC4cd to a
tyrosine residue results in a gain of deacetylase function by roughly a 1,000-fold
to levels similar to those of the class I enzymes [7]. In addition, the structural
study of HDAC4cd has uncovered a second zinc ion besides the one that is
critical for the catalytic process, at the bottom of the active site. This zinc ion is
bound to a conformationally flexible domain that is present in all class Ila
enzymes and appears to adopt a structural function. Structural information is
also available for a glutamine-rich segment of the N-terminus of HDAC4 contain-
ing 19 GIn out of 68 residues [42]. The precise physiological function of this
glutamine-rich stretch is not known: it has been proposed that it may be involved
in protein—protein interactions, which is discussed later in relation to the CNS
proteopathies.
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2.3 General Overview of Known Class I, Il, and IV HDAC
Inhibitors

2.3.1 Introduction

In principle, lysine deacetylase inhibitors may be classified according to their
structure or properties. The latter may be analyzed from several aspects, which
may include parameters such as selectivity and pharmacokinetic and pharmacody-
namic (potentially therapeutic) properties. Itoh et al. have published a review
article, in which the inhibitors are classified based on their isoform selectivity
[43]. A classification of lysine deacetylase inhibitors according to their pharmaco-
kinetic properties would be interesting to better assess their drug-like properties;
however, information about in vitro and in vive metabolic stability and brain
permeability is lacking for a lot of compounds, especially for structures that are
in early development. Access to the CNS is of particular relevance to the topic of
this article. Many methods and guidelines for the prediction of passive CNS
permeability of small molecules have been described, which involve a combination
of lipophilicity, topological polar surface area, molecular weight, and number of
hydrogen bond donors. Besides, it is well known that active transport in both
directions (uptake and efflux) is common for small molecules. Nevertheless, an
accurate in silico prediction of CNS exposure of specific molecules remains
challenging (for reviews, see, e.g. [44, 45]). Understanding the brain permeability
of small molecules is further complicated by the finding that the blood-brain
barrier, which adopts a neuroprotective role, may be compromised in patients
with neurodegenerative diseases [46].

This section is intended to give an overview of the known structural chemotypes
of Zn2+-dependent N‘-acetyl lysine deactylase inhibitors and will not be restricted
to compounds with known brain-permeability and/or potential as a therapeutic
agent for a neurodegenerative disease. Molecules with known activity related to
neurodegenerative diseases will be discussed in the context of the specific neuro-
logical disorders further below. Complementary to this review, Wang and Dymock
have recently published an extensive survey of the recent patent literature covering
histone deacetylase inhibitors [47].

Most inhibitors of the class I, II, and IV enzymes known to date interact with the
metal ion within the catalytic site preventing deacetylation of N-acetyl Lys resi-
dues. Even though the molecules with such inhibitory property appear structurally
very diverse, most of them share three common structural features, namely, a metal-
binding group (also referred to as the molecular “warhead™), a linker region, and a
surface recognition or capping domain as recognized by Schreiber and Grozinger
[48]. In the following section, selected examples will be highlighted with the
intention to illustrate the nature of the major groups of HDAC class I, II, and 1V
inhibitors. Sirtuin (class II1) inhibitors will be discussed separately.
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2.3.2 Hydroxamic Acids

The hydroxamic acids, also referred to as hydroxamates or hydroxy amides, are
perhaps the most intensely investigated class of N*-acetyl lysine deacetylase inhi-
bitors. From other areas of investigation, for instance the matrix metallo-proteases
[49], it is well known that the hydroxamate function exhibits a strong affinity to
Zn*" and other metal ions and hence contributes significantly to the affinity of the
ligands to their biological targets. Within the HDAC field, a large variety of
hydroxamic acids have been studied aiming at therapeutic agents for oncology
and other disease areas. These efforts culminated in the FDA approval of Zolinza
(also suberoylanilide hydroxamic acid = SAHA or vorinostat, Fig. 1) for the
treatment of cutaneous T-cell lymphoma. This breakthrough spurred a lot of efforts
to develop therapeutic agents interfering with HDAC function that show improved
efficacy and safety profiles [50].

The hydroxamic acid-based HDAC inhibitors can be further divided according
to the nature of their linker and surface recognition elements. It is apparent from the
literature that the linker region may be conformationally flexible and linear (e.g.,
Zolinza) or conformationally rigid as exemplified by the olefin TSA (2) and the
cinnamide-type pyrrole 3 [51] shown below. Compounds in which the hydroxamate
war head is directly attached to an aryl or heteroaryl group have been investigated
as well.

Importantly, the structural differences within the linker and surface recognition
portion will have profound effects on subtype selectivity and physicochemical/
ADME properties of the compounds. Structural changes within these areas will
hence allow for optimization and fine-tuning of the drug-like parameters that are
required for a successful therapy.

Dual inhibitors have been reported, in which structural features esse