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Abstract 

 

In the cell, tubulin undergoes post-translational modifications that create functionally distinct 

microtubules and mark them for specialized functions. Acetylation of Lys40 of α-tubulin is one of such 

post-translational modifications controlled by the activity of histone deacetylase 6 (HDAC6). The Lys40 

acetylation is a hallmark of stable microtubules, it protects them from mechanical aging, influences cell 

motility as well as axonal branching and maintenance of neuronal processes. Tubulin stands out as the 

most prominent physiological substrate for HDAC6. Being a multidomain cytosolic protein, HDAC6 is 

involved in the myriad of cellular processes and is a promising target for the treatment of cancer and 

neurodegenerative diseases. The understanding of the mechanisms of HDAC6 interactions with its 

substrates, especially with tubulin, can open avenues for the development of new treatment strategies 

exploiting highly selective HDAC6 inhibitors. 

In this thesis, we have investigated the molecular basis of tubulin recognition by HDAC6. We 

provided a detailed kinetic analysis showing the HDAC6 deacetylation rate of free tubulin is 1500-fold 

faster than microtubules. Additionally, we have shown that amino acids of the flexible Lys40 loop 

(except P1 and P-1) make a minor contribution to the substrate recognition by HDAC6, while the more 

important role can be assigned to residues at the longitudinal and lateral interactions between tubulin 

dimers. Moreover, we visualized the direct binding of HDAC6 to microtubules and 

qualitatively/quantitatively mapped HDAC6 binding to microtubules. Here we identified the N-

terminus of HDAC6 to be the microtubule-binding domain (MBD), showing that HDAC6/tubulin 

(microtubules) interactions are driven by ionic (electrostatic) forces. Interestingly, while HDAC6 

binding to microtubules is not dependent on its deacetylation activity, the presence of MBD enhances 

tubulin deacetylation more that 100-folds. Our results thus provide mechanistic underpinnings on 

the recognition of tubulin/microtubules by HDAC6. 

Using our biochemical and X-ray crystallography expertise, we have also contributed to 

the development of SS-208, an HDAC6-specific inhibitor harboring an isoxazole moiety as a zinc-

binding group. This inhibitor is highly specific for HDAC6 and only modestly potent against HDAC1. 

In vivo studies revealed that SS-208 impairs tumor growth by mediating immune-related tumor 

destruction rather than by the direct cytotoxic effect on tumor cells. 
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Abstrakt 

 

Tubulin v buňce podléhá posttranslačním modifikacím, jež vytvářejí funkčně odlišné 

mikrotubuly a označují je pro specializované funkce. Jednou z takovýchto posttranslačních modifikací 

je acetylace Lys40 α-tubulinu, která je řízena aktivitou histondeacetylasy 6 (HDAC6). Acetylace Lys40 

je charakteristickým znakem stabilních mikrotubulů. Chrání je před mechanickým stárnutím, ovlivňuje 

pohyblivost buněk, jakož i větvení axonů a stabilizaci dendritů. Tubulin vyniká jako nejvýznamnější 

fyziologický substrát pro HDAC6. HDAC6 je multidoménovým cytosolickým proteinem podílejícím se 

na nesčetných buněčných procesech a je slibným cílem léčby rakoviny a neurodegenerativních chorob. 

Pochopení mechanismů interakce HDAC6 s jeho substráty, zejména s tubulinem, může otevřít cestu pro 

vývoj nových léčebných strategií využívajících vysoce selektivní inhibitory HDAC6. 

V této práci jsme zkoumala molekulární podstatu jak HDAC6 rozpoznává tubulin. Naše detailní 

kinetická analýza ukazuje, že deacetylace volného tubulinu pomocí HDAC6 je 1500krát rychlejší než 

deacetylace mikrotubulů. Dále jsme ukázali, že na rozdíl od aminokyselin podílejících se na podélných 

a laterálních interakcích mezi tubulinovými dimery, aminokyseliny flexibilní smyčky obsahující Lys40 

(s výjimkou míst P1 a P-1) příliš nepřispívají k rozpoznávání substrátu pomocí HDAC6. Kromě toho 

jsme ukázali přímou vazbu HDAC6 na mikrotubuly a kvalitativně i kvantitativně tuto vazbu zmapovali. 

Také jsme identifikovali N-konec HDAC6 jako doménu vázající se na mikrotubuly (MBD), a ukázali, 

že interakce HDAC6 s tubulinem (mikrotubuly) jsou řízeny iontovými (elektrostatickými) silami. Je 

zajímavé, že zatímco vazba HDAC6 na mikrotubuly nezávisí na jeho deacetylační aktivitě, přítomnost 

MBD zvyšuje deacetylaci tubulinu více než 100krát. Naše výsledky tak poskytují základní informace o 

mechanismu rozpoznávání tubulinu resp. mikrotubulů pomocí HDAC6. 

Naše zkušenosti s biochemickými metodami a rentgenovou krystalografií jsme se také využili 

při vývoji specifického inhibitoru pro HDAC6 (SS-208), jenž obsahuje skupinu vázající zinek na bázi 

hydroxamátu isoxazolu. Tento inhibitor je vysoce specifický pro HDAC6 asoučasně slabě inhibuje 

HDAC1. Experimenty in vivo ukázaly, že SS-208 omezuje růst nádoru tím, že podporuje protinádorovou 

imunitní reakci, aniž by vykazoval přímý cytotoxický efekt vůči nádorovým buňkám. 
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1 Introduction 

1.1 Histone deacetylases – historical overview 

 

Histone deacetylases (HDACs) are an important class of enzymes catalyzing the removal of 

the acetyl group from ε-N-acetyl-lysine residues of histones causing the increase in their positive charge 

and subsequently increasing the binding between histones and DNA. The name of this class was 

suggested by Taunton et al., (1) who have discovered the first representative of the HDAC family. He 

hypothesized that these enzymes are involved in the alteration of histone acetylation status and this 

hypothesis has been confirmed experimentally later (2). With the discovery of many non-histone 

substrates, HDACs became also known as lysine deacetylases – KDACs. The name “HDACs” 

is remaining the most common and will be used throughout this thesis. Together with histone 

acetyltransferases (HATs) (EC 2.3.1.48), HDACs (EC 3.5.1.98) form a fine-tuned system (3,4). 

involved in epigenetic regulation, cell cycle progression, and cell development (5). 

HDACs are grouped into four classes based on their sequence homology to yeast histone 

deacetylases. Nowadays, 10 HDAC members are identified in Saccharomyces cerevisiae, 11 members 

– in Caenorhabditis elegans, and 18 members – in humans (6). Class I, II (IIa and IIb), and IV are zinc-

dependent enzymes, while the class III is NAD+ dependent (7) (Figure 1).  

Class I HDACs are Rpd3-like proteins of around 55 kDa molecular weight (HDAC1, HDAC2, 

HDAC3, and HDAC8) exclusively found in the nucleus as they harbor a nuclear localization 

signal (NLS) (8,9). The exception is HDAC3 that has both a nuclear export signal (NES) and NLS. 

Class II are Hda1-like proteins of molecular weight around 110 kDa which are divided into 

two subclasses based on their domain organization. The class IIa (HDAC4, HDAC5, HDAC7, HDAC9) 

shuttles between the cytoplasm and the nucleus. This translocation is controlled by calmodulin-

dependent kinase-mediated phosphorylation (10,11). Additionally, the class IIa exerts 

weaker deacetylation activity compared to other family members (12). Members of the class IIb 

are predominantly localized to the cytoplasm and deacetylate non-histone substrates. The members 

of this subclass are HDAC6 (the major focus of this work) and HDAC10. The class III 

comprises the NAD + -dependent Sir2-like proteins (SIRT1, SIRT2, SIRT3, SIRT4, SIRT5, SIRT6, 

and SIRT7) that have distinct catalytic mechanisms from zinc-dependent HDACs. The class IV 

contains only a single member, HDAC11 – the smallest HDAC isoform discovered by Gao et al in 

2002 (13) that shuttles between the nucleus and the cytoplasm. Its sequence similarity with 

other HDACs is limited, however, HDAC11 contains conserved residues in the catalytic core similar 

to class I and II HDACs (13). 
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Figure 1. Schematic representation of domain structure of human HDAC isoenzymes. Classes I, II, and IV 

are zinc-dependent enzymes. Class III is represented by sirtuins, which activity depends on nicotinamide 

adenine dinucleotide. Most HDACs possess a single deacetylase domain, a nuclear localization signal (NLS) 

(translocates proteins into nucleus) and/or nuclear export signal (prevents the accumulation of the protein in the 

nucleus). The exception is HDAC6 comprising two tandem deacetylase domains (DD1 and DD2). Ser‐Glu‐

containing tetradecapeptide (SE14) region ensures stable anchorage of HDAC6 in the cytoplasm. HDAC6 

contains a high affinity ubiquitin‐binding zinc finger domain (BUZ). 
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In our studies, we have focused on HDAC6 – a unique representative of the HDAC family with 

two homologous catalytic domains. HDAC6 affects the function of cytoplasmic proteins and is thus an 

important regulator of many signaling pathways that are linked to cancer. 

The HDAC6 gene is located on the X-chromosome p11.22-23 locus and is composed of 

28 exons (14,15). The translation of this gene leads to the production of HDAC6 protein of 131 kDa. 

HDAC6 is a 1215 amino acid protein discovered in 1999 by Verdel and Khochbin (mouse HDAC6) (16) 

followed by the discovery of its human ortholog by Grozinger et al., (17). It is a unique family member 

harboring duplication of class I/II HDAC-homology domain that became a hallmark of HDAC6 while 

searching for its orthologs from other species including Drosophila melanogaster, C.elegans and 

Arabidopsis thaliana (18,19). Distinct from its orthologs, human HDAC6 has the SE14-domain at the 

C-terminus. A more detailed description of the HDAC6 domain organization is discussed in the 

next chapter.  

While undergoing alternative splicing, two isoforms of HDAC6 can be found in the cell - 

HDAC6p131 and HDAC6p114. The HDAC6p131 has been chosen as the canonical sequence 

of HDAC6. The HDAC6p114 is a protein with a molecular mass of 114 kDa. It is missing the first 

152 amino acid residues and is required for transforming growth factor-β1-activated gene expression 

associated with epithelial-mesenchymal transition (20).  

According to the tissue-based map of the human proteome, expression levels of HDAC6 are 

high in testis, breast, and skin (21). HDAC6 expression can be transcriptionally affected under certain 

conditions. Estrogen up-regulates HDAC6 expression in estrogen receptor-positive breast cancer cells 

causing an estrogen-induced increase in cell motility (22). Furthermore, HDAC6 expression can be 

induced upon oncogenic Ras transformation and is required for efficient tumorigenesis (23).  

 

1.1.1 HDAC6 domain organization and function 

The N-terminal domain of human HDAC6 (EC 3.5.1.98) is the intrinsically disordered region 

present in orthologs across various species (amino acids 1-83). It shows a high degree of phylogenetic 

conservation. However, the function of the N-terminal domain remains unknown. It harbors an NLS 

(amino acids 14-59) and regulates HDAC6 nuclear import (Figure 2). Moreover, HDAC6 contains two 

leucine-rich NES (NES1, NES2) that determine and govern its constant cytoplasmic localization 

(Figure 2). NES1 is placed at the amino terminus of human HDAC6 at the residues 67-76 and is 

conserved in the mouse ortholog of HDAC6 (amino acids 55-104) (24). NES2 is sited at amino acid 

residues 1049-1058 of human HDAC6. NES2 is less conserved and nonfunctional in the mouse ortholog 

of HDAC6 (25). The control of the subcellular localization of HDAC6 has an impact on the HDAC6 

functions. Verdel et al., have shown that the mutation in the NES1 arrested mouse HDAC6 shuttle to 

the cytoplasm, causing its accumulation in the nucleus (24). It was hypothesized that the post-

translational modifications (PTMs) of amino acids around the NES motif might play the role in masking 

the NES and inducing its nucleus accumulation.  
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Furthermore, nuclear/cytoplasm shuttling of HDAC6 might be regulated by the acetylation 

status of two clusters of lysine residues located at the N-terminus. Acetylation of these clusters by 

histone acetyltransferase p300 (p300) can regulate tubulin deacetylase activity of HDAC6 as well as its 

nuclear import (26). The acetylation of two lysine clusters and even only the second lysine cluster 

abolishes the nuclear localization signal, resulting in the retention of HDAC6 in the cytoplasm. 

The interaction of importin-α with the N-terminal part of HDAC6 blocks the acetylation of lysine 

clusters at N-terminus and influences the nuclear/cytoplasm shuttling of HDAC6 (26). 

HDAC6 is a unique member of the class IIb mammalian HDAC as HDAC6 contains two 

homologous deacetylase domains. The interplay between these two domains is required for efficient 

substrate deacetylation. Scientists have been investigating the role of each catalytic domain of HDAC6 

for many years, interrogating their function and activity. It is not clear yet what is the exact role of each 

catalytic domain. Experiments with inactive mutants of each domain did not give simple but rather 

opposite answers. Grozinger et al., 1999 showed that both domains have independent catalytic activity 

towards histone substrates. Several years later, in 2003 and 2006 Zhang et al., disproved original 

findings by showing that HDAC6 activity depends on cooperation between the two catalytic domains. 

Following the discovery of α-tubulin as an HDAC6 substrate, the role of both catalytic domains has 

been evaluated (27). Original experiments showed that both deacetylase domains are required for the 

tubulin deacetylase activity of HDAC6 (28,29). However, the follow up studies assigned tubulin 

deacetylase activity of HDAC6 to the second deacetylase domain (30,31). 

The first deacetylase domain (DD1) (amino acids 84-440) exerts its activity on peptide 

substrates containing C-terminal acetylated lysines (32). The H216A mutation (the DD1 inactive 

mutant) did not influence HDAC6 activity on α-tubulin and histone substrates showing its minimal 

role in the deacetylation of these substrates. The second deacetylase domain (DD2) (479-835 

amino acids) is the major deacetylase domain, suggested to be crucial for HDAC6 activity on 

various substrates - α-tubulin, histone substrates in vitro, survivin, heat shock protein 90 (Hsp90), 

cortactin, β-catenin, etc. The DD2 inactive mutant (H611A) showed a total absence of deacetylase 

activity on the same substrates, suggesting it to be critical for the deacetylation of α-tubulin and histones.  

A glutamate-rich linker between two catalytic domains (amino acids 441-478) is involved in 

dynein motor binding (the dynein motor binding site (DMB)) (33). HDAC6 functions as a linker 

between ubiquitinated/misfolded proteins and the dynein molecular motor. It is hypothesized that 

HDAC6 may control a motor-dependent cargo transport due to its presumed interaction with the p150-

glued-complex through the DMB site (27). The other approach to the understanding of the role of 

a linker was its modification (29). Mutations in the linker – addition or deletion of 5 amino acid residues 

had a great impact on HDAC6 activity - decreasing it. The most pronounced loss of the enzyme activity 

was observed when the linker region (411-478 amino acids) was deleted.  

The SE14 domain (serine-glutamate tetradecapeptide, amino acids 884-1022) is a unique 

intrinsically disordered region of HDAC6 present only in humans, but not in other HDAC6 orthologs. 
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It harbors eight Ser-Glu-containing tetradecapeptide repeats (SE14) between the catalytic domain and 

the ubiquitin-binding zinc finger domain (34). The SE14 domain is responsible for the cytoplasmic 

localization of HDAC6. This domain affects neither deacetylation activity nor the ubiquitin-binding 

activity of HDAC6 (25).  

The C-terminal zinc finger - hydrolase-like ubiquitin-binding domain BUZ (binding of ubiquitin 

zinc finger, amino acids 1131-1192) is interacting with mono/poly-ubiquitylated proteins (35-37) thus 

regulating the degradation of proteins (38).  

 

 

 

Figure 2. Domain organization of HDAC6. Schematic representation of HDAC6 domain organization. 

NLS – nuclear localization signal, NES1 – the first nuclear export signal, DD1 – deacetylase domain 1, DMB – 

dynein motor binding site, DD2 – deacetylase domain 2, SE14 – Ser-Glu containing tetradecapeptide repeat, 

NES2 – the second nuclear export signal, BUZ – ubiquitin-binding – zinc-finger domain. The numbers correspond 

to the individual domains within the amino acid sequence. 

 

Elucidating structure-function relationships of multiple domains of HDAC6 can provide deeper 

insights into protein functions and intracellular signaling pathways HDAC6 is involved in. 

 

1.1.2 Structural studies of HDAC6 

Up to date, there is no crystal structure of the full-length HDAC6 available. Multidomain 

proteins are usually difficult to crystalize. Another obstacle is disordered regions of the protein – it will 

be less likely to self-organize into a crystal. A typical approach involves the crystallization of domains 

separately. The first attempts were made to crystallize structured domains of HDAC6 such as catalytic 

domains and the ZnF-domain. The first crystal structure of HDAC6 was published in 2008 by 

Dong group who have successfully crystallized the C-terminal ubiquitin-binding zinc-finger domain of 

human HDAC6 (Protein Data Bank (PDB): 3C5K). Further, this group has successfully crystalized 

the HDAC6 zinc-finger domain (BUZ) with a ubiquitin C-terminal peptide RLRGG in 2009 

(PDB: 3GV4) and also, in complex with ubiquitin in 2010 (PDB: 3PHD). The domain contains 

conserved amino acids (11 cysteine and 10 histidine residues) that bind three zinc ions. Binding to the 

substrate elicits conformational changes in amino acids Arg-1155 and Tyr-1156. Therefore, these two 

amino acids are assumed to be gatekeepers that switch between “open” and “closed” conformation 

depending on ubiquitin binding (Figure 3) (39). 
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Figure 3. Structure of the HDAC6 BUZ-UBP domain and ubiquitin C-terminal peptide 

complex. A. The visualization of the hydrogen bond network in the complex structure of HDAC6 BUZ-UBP and 

RLRGG peptide. The peptide is colored by B-factors. Water molecules are shown in red. B. An overlay of 

the unoccupied (green) occupied with RLRGG peptide (cyan) ubiquitin-binding site of the HDAC6 BUZ-UBP 

domain. The RLRGG peptide is shown in gray. These are obvious differences in the Arg-1155 and Tyr-1156 

conformations. The image is taken from (39). 

 

A crystal structure of HDAC6 catalytic domains has been determined by Hai et al., in 2016. The 

crystal structure of DD1 and DD2 from Danio rerio (zebrafish) HDAC6 revealed domain organization, 

but in the absence of the HDAC6/substrate complex (40) molecular mechanisms of HDAC6 interactions 

with its substrates remain unknown (40). Further, Hai et al. have reported the crystal structure of 

the HDAC6 second catalytic domain DD2 from Homo sapiens (human) that has a high similarity of the 

active site to DD2 from D.rerio. Additionally, it has been shown that DD2 has broad enzymatic activity 

(endo- and exo-acetyllysine peptide substrates), while DD1 is more specific for exo-acetyllysine 

peptide substrates (40). 

Further structural studies are mainly focused on the design, synthesis, and structural 

characterization of HDAC6 specific inhibitors. More than 40 structures of HDAC6 catalytic 

domains with inhibitors have been solved and are deposited in the Protein Data Bank (PDB) nowadays. 

However, all these discovered inhibitors are mainly pan-inhibitors and highly selective 

HDAC6 inhibitors with good pharmacologic properties are still to be discovered. 
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1.2 HDAC6 function 

HDAC6 interacts with various proteins involved in cell migration, cell proliferation and death, 

sperm motility, intracellular trafficking, cell signaling, immune response, transcription, the degradation 

of misfolded proteins and aggregates, and stress response pathways.  

HDAC6 exerts deacetylase enzymatic activities mainly on non-histone substrates in cells 

such as tubulin, Hsp90, cortactin substrates, and many others (41). Furthermore, it can deacetylate 

histones in vitro. Recently, several novel HDAC6-interacting proteins were described – AAA-ATPase 

chaperone p97 (p97) (37), mDia2 (42), ubiquitin, survivin, nuclear factor-kB (NF-kB) and the 

p150 glued component of the dynein-dynactin protein complex (27). Even though HDAC6 has been 

discovered over 20 years ago, its major function and mechanism of action remain unclear. One 

main difficulty in unraveling physiological functions of HDAC6 is the fact that only several 

physiological substrates have been identified so far. Some well-studied functions of HDAC6 will be 

discussed in this chapter.  

 

1.2.1 Cellular function of HDAC6 

It has been found that HDAC6 influences aggresome formation and the aggregation of 

misfolded proteins via inducing the expression of heat shock proteins, as it participates in the control 

of cellular response pathways (43). HDAC6 deacetylase activity, as well as ubiquitin-binding activity, 

are crucial for the aggresome formation. The cells lacking HDAC6 are not able to form aggresomes 

and tend to accumulate misfolded proteins (33). Kawaguchi et al, have shown that HDAC6 serves as 

a link between ubiquitinated/misfolded proteins and dynein-motors. They have shown that HDAC6 can 

bind dynein motor proteins and can attach misfolded protein cargoes to dynein for transport 

to aggresomes (33). Another study has shown that the phosphorylation of HDAC6 at the serine-22 

by Leucine-rich repeat kinase 2 increases its interaction with dynein and also increases the recruitment 

of ubiquitinated proteins to aggresomes (44).  

HDAC6 assists in ubiquitinated misfolded protein clearance via stimulating their recruitment to 

aggresomes. This is a cellular protecting mechanism from apoptosis caused by misfolded protein-

induced stress. HDAC6 is implicated in the ubiquitin/proteasome system control. It is known 

that HDAC6 interacts with the chaperone p97 and its cofactor phospholipase A2-activating protein - 

proteins that are involved in the ubiquitin signaling pathway (37). The chaperone p97 interacts with 

HDAC6 and regulates the accumulation of polyubiquitinated proteins by the dissociation of 

the HDAC6/ubiquitin complex. Boyault et al. came up with the hypothesis that p97 and HDAC6 might 

have opposite effects: p97 increases the rate of protein degradation, while HDAC6 induces 

the aggregation of ubiquitinated proteins (35). Ubiquitous, nucleocytoplasmic protein Ran-binding 

protein M (RanBPM) serves as an activator of apoptotic pathways (45). RanBPM is an essential 

component required for the aggresome formation. The LisH/CTLH domain of RanBPM forms 
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a complex with HDAC6. This interaction leads to the inhibition of HDAC6 deacetylation activity and 

therefore serves as a regulator of the aggresome formation (46,47).  

Additionally, HDAC6 is a regulator of cell motility – invasive motility of fibroblasts (27) and 

carcinoma cells (22). Its overexpression in cancer cells promotes cell migration and metastasis. For 

this reason, HDAC6 inhibitors are promising anti-cancer drugs as they hinder invasive motility 

by inhibiting tubulin deacetylation and increasing the total focal adhesion area (48). HDAC6 activity 

is critical for the microtubule-dependent motility and promotes growth factor-induced motility of 

cells (27). HDAC6 is involved in modulation of sperm motility by alteration of α-tubulin acetylation 

status in sperm axoneme (49). Also, HDAC6 can influence cell motility through an actin-dependent 

manner – by regulating cortactin acetylation that consequently affects the F-actin binding affinity 

of cortactin (50).  

Moreover, HDAC6 regulates mitochondrial trafficking in neurons. Specific inhibition of 

HDAC6 increased the level of acetylated tubulin and increased mitochondrial transport. It could be 

explained by an increased affinity of motor proteins to acetylated microtubules (51). It has been recently 

discovered that HDAC6 can deacetylate Miro1 at lysine 105 – a protein that links mitochondria to 

motor proteins. This causes a decrease in axonal mitochondrial transport (52). Therefore, HDAC6 has 

a broad spectrum of functions and can influence cellular cytoskeleton that consequently causes changes 

in intracellular trafficking. 

Survivin belongs to an Inhibitor of apoptosis protein family of antiapoptotic proteins. It is 

conserved in its function across evolution in vertebrates and invertebrates. Survivin has increased 

expression in breast cancer cells. The acetylation of survivin is a regulatory mechanism of its stability, 

subcellular localization, and interaction with other proteins. In the cytoplasm, survivin inhibits caspase 

activation with further blocking of programmed cell death. In the nucleus, survivin promotes 

cell division by the regulation of cytokinesis. Acetylation of survivin at lysine 129 by CREB-binding 

protein promotes its migration from the cytoplasm to the nucleus. The deacetylation of survivin by 

HDAC6 causes its depletion from the nucleus (53). 

 

1.2.2 Acetylation of the cytoskeleton 

Posttranslational modifications represent an elegant mechanism of modulation protein functions 

and their enzymatic activity without changing protein levels in the cell. In the human proteome 

acetylation of lysines in proteins is one of the major post-translational modifications (PTMs) (54). 

The reversible acetylation of proteins plays a crucial role in diverse biological processes important 

for normal cell functioning. In the cell, the acetylation status of proteins is regulated by two enzyme 

families with opposite activities – HATs (writers) and HDACs (erasers). Most of HDACs localize to 

the nucleus, HDAC6 and HDAC10 are found in the cytoplasm, while some sirtuins are mitochondrial 

proteins. Altered acetylation/deacetylation dynamics leads to cellular disorders, including for example 

cancer.  
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All cytoskeletal components of the cell may be regulated by reversible acetylation:  

• actin filaments – three major actin isoforms can be acetylated. The acetylation of the 

lysine residue 61 in gamma actin increases the stability of actin stress fibers (55). Also, 

the Arp2/3 complex, crucial for the nucleation of actin, is acetylated in its 6 subunits (56). 

Being acetylated by p300, cortactin is translocated to the cell periphery. Consequently binding 

of cortactin to actin is reduced (50,57). The contraction of muscles, especially actomyosin 

filament activity, is also influenced by acetylation. The acetylation of the muscle LIM protein 

increases the calcium sensitivity of myofilaments (58); 

• microtubules – a tight connection between actin-network and microtubule-network is 

mediated by the RhoA effector Dia. Dia can affect microtubule orientation, stability, and 

acetylation level (59). Recently it has been discovered that Src homology region 2 (SH2)-

containing protein tyrosine phosphatase 2 downregulates RhoA-Dia signaling, triggering 

microtubule destabilization, and HDAC6-mediated deacetylation (60); 

• intermediate filaments – the most abundant protein in the third type of cytoskeletal 

element is vimentin. It is also affected by acetylation on its several lysine residues. It has been 

reported that the deacetylation of vimentin at lysine120 by SIRT5 is involved in 

metastasis (61). 

Lysine acetylation has been reported to regulate protein stability. It may be caused by the fact 

the acetylation of lysine competes with lysine ubiquitination. Smad7 stability is influenced by lysine 

acetylation, while HDAC1- or SIRT1-dependent deacetylation increases Smad7 ubiquitination and 

degradation (62,63). HDAC-mediated deacetylation influences the stability of the p53 tumor suppressor 

protein (p53), Runt-related transcription factor 3. The transcription factors Gata-1 and MYC are also 

more stable due to lysine acetylation (64). The acetylation of E3 ubiquitin ligase Mdm2 is an example 

of an indirect influence of lysine acetylation. Acetylation of Mdm2 causes is inactivation and 

consequently stabilizes p53 (65). 

Recently it has been discovered that the acetylation status of disordered protein regions can 

regulate liquid-liquid phase separation of these proteins. It was reported that acetylation serves as a 

switch of stress granules assembly. The phenomenon was described for HDAC6 deacetylation of 

a DEAD box ATP-dependent RNA helicase DDX3X, a component of stress granules (66).  

 

1.2.3 Posttranslational modifications of HDAC6 

Moreover, PTMs of HDAC6 such as acetylation/deacetylation, phosphorylation may affect its 

function. The phosphorylation of HDAC6 is well studied and is regulated by several kinases. Serine 22 

of HDAC6 is phosphorylated by glycogen synthase kinase 3 beta (GSK-3β) (67) that is linked to 

increased HDAC6 activity and microtubule depolymerization. Phosphorylation of Ser458 by casein 

kinase 2 has an impact on HDAC6 interaction with dynein as well as on aggresome formation (68). 

HDAC6 Tyr570 is phosphorylated by the epidermal growth factor receptor and it inhibits its tubulin 
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deacetylase activity (69). Extracellular signal-regulated kinase 1 is responsible for Thr1031 

phosphorylation (70) and Ser1035 (70) phosphorylation of HDAC6. G protein-coupled receptor 

kinase 2 phosphorylates HDAC6 at Ser1060, Ser1062, and Ser1069 (71). 

Recently, it has been discovered that HDAC6 acetylation has an impact on its activity and 

subcellular localization. Liu et al. have shown that p300 acetylates HDAC6 on five clusters of residues. 

Acetylation of HDAC6 lysines in the N-terminal nuclear localization signal region (patch B) 

(Lys51, Lys52, Lys53, Lys 55, Lys 57, Lys 58) significantly decreased tubulin deacetylase activity 

of HDAC6, decreased HDAC6 mediated cell motility, and anchored HDAC6 in the cytoplasm 

by blocking its interaction with importin-α (26). The role of lysine acetylation of HDAC6 in 

the mechanism of HDAC6 interaction with tubulin is detailed in the manuscript that is a part of this 

thesis (72). 

Although many acetylation sites have been discovered so far, there are likely more to be 

identified. All evidence mentioned above shows that lysine acetylation plays an important role in cellular 

functions, protein-protein interactions, and regulatory mechanisms. Identification of new acetylation 

sites can shed light on many regulatory mechanisms and cellular processes. 
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1.3 Substrate specificity of HDAC6 

HDAC6 exerts its deacetylase/enzymatic activity mainly on non-histone substrates such as 

tubulin, Hsp90, and cortactin (41). Furthermore, it can deacetylate histones in vitro. As tubulin is the 

main physiological substrate of HDAC6, the interaction of tubulin and HDAC6 will be detailed in this 

chapter.  

 

1.3.1 Tubulin as HDAC6 substrate 

Tubulin was the first non-histone substrate of HDAC6 identified by several research 

groups (27,28,73). The discovery of tubulin as a substrate has opened a room for testing either HDAC6 

activity or HDAC6 inhibition on tubulin as a substrate in biochemical assays (28,29). It has been 

reported that β-tubulin interacts with HDAC6 in vitro and in vivo (28). The tubulin dimers (α-tubulin 

and β-tubulin) polymerize into tubular filaments called microtubules and numerous microtubules 

assemble into a cellular network as a part of the cytoskeleton. Microtubule-based functions are diverse, 

including intracellular transport, spindle formation, shape maintenance, cell polarity, migration, and 

signal transduction (74). Individual tubulin subunits and microtubules undergo various post-

translational modifications that define the structure and stability of the cytoskeleton. The most conserved 

modification of microtubules, that is present from Chlamydomonas to mammals, is the acetylation of 

lysine 40 (K40) in the α-tubulin subunit (74), being a hallmark of stable microtubules (Figure 5) (75,76). 

K40 is located in the microtubule lumen as it was shown from the high-resolution structure 

of microtubule (77).  

Deacetylation at K40 of α-tubulin is mediated by HDAC6 and is supposed to be important for 

microtubule dynamics. Deacetylation of microtubules is often correlated with their depolymerization 

meaning that HDAC6 mainly deacetylates free tubulin. HDAC6 overexpression causes the 

hypoacetylation of α-tubulin in cells (27). Additionally, the acetylation of microtubules may influence 

the behavior of microtubule-associated proteins (MAPs). Microtubule acetylation state increases the 

transport of cellular cargo by molecular motors kinesin-1 and dynein (78,79). Microtubule-severing 

protein katanin preferentially cuts microtubules rich in acetylation and these breaks are mainly co-

localized with highly-acetylated regions of microtubules (80). In this way, HDAC6 is indirectly 

influencing crosstalk between various MAPs and microtubules and potentially is affecting different 

signaling pathways.  

The acetylation state of K40 is regulated by two types of enzymes: acetyltransferases MEC17/α-

tubulin N-acetyltransferase (α-TAT) (81,82), ARD1-NAT1 (83), and GCN5 (84) and deacetylases 

HDAC6 (27), SIRT2, and HDAC5. However, in mammalian cells, two main enzymes regulate the level 

of α-tubulin acetylation - α-TAT and HDAC6 (Figure 4).  

α-TAT acetylates microtubules more efficiently than tubulin dimers. Microtubules are 

acetylated 4-6 times faster by α-TAT compared to tubulin with the respective acetylation rate (kcat) 

615 ± 34 x 10-6 s-1 and 98 ± 1.8x10-6 s-1. α-TAT Km values are 1.6 ± 0.36 μM and 2.0 ± 0.16 μM for 
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microtubules and tubulin, respectively (85). Despite being identified 8 years earlier than α-TAT, 

HDAC6 is not well studied. It is known that HDAC6 is the major tubulin deacetylase as HDAC6 

knockout mice exert a hyperacetylated tubulin phenotype (86). On the contrary to α-TAT, HDAC6 has 

a preference for the deacetylation of tubulin dimers rather than microtubules as the deacetylation rate of 

tubulin is over 1,500-fold higher than that of microtubules. Km value for tubulin deacetylation is 

0.23 μM. α-TAT diffusively scans the lumen of microtubules with no preference to “+ / -” tips of 

microtubules and acetylates K40. In contrast, HDAC6 binds microtubules from the outer surface of 

microtubules without any preference to “+ / -” tips. Therefore, α-TAT and HDAC6 have opposing 

substrate preferences and different patterns of interaction with microtubules. 

 

 

Figure 4. Opposing substrate preferences of two main enzymes regulating the level of α-tubulin acetylation 

- α-TAT and HDAC6. HDAC6 shows a preference for the deacetylation of tubulin dimers rather than 

microtubules, while α-TAT shows opposite preference. Thus, it is likely that the pool of free tubulin in the cell is 

mostly in the non-acetylated state. Stable microtubules with long lifespans are highly acetylated by αTAT1. Both 

HDAC6 and αTAT1 thus serve as “timers” to set the clocks gauging microtubule age based on their acetylation 

status. 

 

Except for K40, there are many other lysine acetylation sites on α-tubulin identified by proteome 

studies - TUBA1C (K60, K112, K326), TUBA4A (K163, K164, K311, K394, K370, and K401), while 

K58 is acetylated in β-tubulin isoforms TUBB3, TUBB2C, and TUBB5 (56). Further, additional 

acetylation in β-tubulin was identified - K154, K174, and K252. The K252 acetylation has been 

observed only on free tubulin dimers but not on microtubules. It has been hypothesized that the K252 

acetylation may inhibit tubulin polymerization (87). 

Cells use PTMs as an elegant tool to manipulate the structure and functions of microtubules. 

The acetylation of K40 of α-tubulin is the main modification that localizes to the lumen of microtubules. 

The acetylation mark is added by αTAT1 and removed by HDAC6, however, structural insights into 

the effect of this modification on microtubule properties are not understood. In the manuscript, which 

is the part of the dissertation thesis, we partially elucidate the mechanism of HDAC6 – 

tubulin/microtubule interactions.   
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Figure 5. The major HDAC6 substrates. The role of cortactin and α-tubulin acetylation is shown in the upper 

part of the figure. The deacetylation of cortactin by HDAC6 leads to its association with F-actin (upper right panel), 

and the deacetylation of α-tubulin (upper left panel) causes an increase in microtubule dynamics, allowing mobility 

and cell division. The lower left panel is the schematic representation of HDAC6-mediated stabilization of β-
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catenin, the central regulator of canonical Wnt signaling. HDAC6 binds to membrane glycoprotein CD133 and 

stabilizes the β-catenin that in the nucleus promotes the activation of its target genes. Downregulation of CD133 

or HDAC6 results in increased β-catenin acetylation and its further degradation. The lower right panel - in the 

presence of HDAC6, Hsp90 binds multiple client proteins, including Hsf1. HDAC6 binding to ubiquitinated 

protein aggregates induces the release of Hsp90 and client proteins. Hsf1 undergoes nuclear translocation inducing 

of other heat shock proteins to serve as chaperones for client proteins. 

 

1.3.2 Other HDAC6 substrates 

Nowadays, several HDAC6 cytosolic substrates are known, although plenty of them is yet to be 

discovered. The second discovered substrate of HDAC6 is Hsp90 (88-90). Both HDAC6 deacetylase 

and ubiquitin-binding domains are essential for the interaction and efficient deacetylation of Hsp90 (88). 

The Hsp90 chaperone activity is regulated by the acetylation status of its lysines (91). It has been 

reported that the deacetylation of lysine 294 disrupts Hsp90 interaction with cochaperone p23 and 

a glucocorticoid receptor (88). HDAC6 inhibition causes Hsp90 hyperacetylation (88) and blocks 

Hsp90, AhR, p23, XAP-2 chaperone complex formation (92).  

Another well studied HDAC6 substrate is cortactin, an F-actin binding protein. HDAC6-

regulated acetylation of cortactin induces its binding to F-actin (Figure 5). HDAC6 deacetylates lysine 

patches in both repeat region of cortactin. The first patch is comprised of K124, K189, K198, and K272, 

while the second patch contains three lysines (K161, K309, and K319). Thereby the alteration of the 

“charge patch” enhances binding of cortactin to F-actin. Cortactin/F-actin interaction triggers F-actin 

polymerization and branching. Cortactin is mainly localized in the leading edge of migrating cells, where 

active actin assembly occurs (93). Cortactin hyperacetylation impairs cell motility via hindering its 

localization to membrane ruffles (50). Therefore, HDAC6 influences not only microtubule-based cell 

motility but additionally actin-based cell motility by changing the charge of cortactin and its F-actin 

binding ability (50).  

HDAC6 deacetylates β-catenin, a key player in the Wnt-signaling pathway in development and 

cancerogenesis (Figure 5) (94). Additionally, β-catenin interacts with E-cadherin and is involved in cell-

cell adherens junctions (95). HDAC6 deacetylates β-catenin at the position lysine 49 that is conserved 

in β-catenin from Drosophila to humans (94). Epidermal growth factor (EGF) induces 

HDAC6 translocation to the plasma membrane with subsequent deacetylation of β-catenin. The 

deacetylation of β-catenin at lysine 49 reduces phosphorylation of β-catenin at serine 45 by casein 

kinase 1, therefore, promoting its nuclear localization and accumulation (94). Serine 45 phosphorylation 

is crucial for β-catenin degradation, and its mutations are tightly connected with colon cancer (96). This 

evidence shows that HDAC6, being a link between EGF and Wnt-signaling pathway, is involved in 

tumor formation. 

HDAC6 is a regulator of the antioxidants Peroxiredoxin I (Prx I) and Peroxiredoxin II (Prx II), 

which are responsible for cellular protection from free radical accumulation. Hyperacetylation of Prx 

increases its reducing activity (H2O2) and increases the ability to form high-molecular-mass 
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complexes (97). At the same time, the deacetylation of these proteins initiates apoptosis, meaning that 

HDAC6 is involved in stress response regulation.  

Several major HDAC6 substrates are known and well-studied up to date, however, there 

are many more potential substrates to be discovered. The identification of new HDAC6 interacting 

partners, protein complexes, in which HDAC6 is involved, may help us to understand regulatory 

mechanisms in which HDAC6 is involved.  
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1.4 HDAC6 in pathologies 

HDAC6 is involved in various important cellular processes via interaction with proteins and 

protein deacetylation. Such broad functions of HDAC6 suggest its involvement in the main 

physiological and pathophysiological states. HDAC6 is often overexpressed or deregulated in cancer 

cells, neurodegenerative diseases, and inflammatory disorders. For this reason, HDAC6 became an 

attractive therapeutic target in the range of diseases. 

 

1.4.1 HDAC6 as a target for cancer therapy 

HDAC6 has become an attractive target for cancer therapy as it is involved in carcinogenic 

processes. Deregulation of HDAC6 correlates with tumorigenesis and HDAC6 serves as a marker 

for disease prognosis.  

The abnormal expression of HDAC6 has been reported in a variety of cancer cell lines 

and mouse tumor models. Expression profiling in MCF-7 cells showed the HDAC6 gene to be 

an estrogen-regulated gene (98). Estrogen receptors α (ERα) plays a critical role in the development 

of breast cancer (99). The estrogen-mediated up-regulation of HDAC6 indicates the correlation 

between HDAC6 expression levels and cancer cell metastasis. HDAC6 overexpression increases 

the motility of cancer cells. It has been shown that expression levels of HDAC6 mRNA in 

invasive breast cancer correlated with tumor size (tumors measuring < 2 cm), ERα protein, 

and progesterone receptor protein expression (100). It has been reported that ER-positive patients 

with high levels of HDAC6 expression showed improved survival during selective estrogen-

receptor modulating treatment with tamoxifen (22). HDAC6 up-regulation occurs in oral squamous cell 

lines correlating with primary tumor stage (101), in primary acute myeloid leukemia blasts, in 

some myeloblastic cell lines (102) and also can be caused by oncogenic Ras transformation (23). It 

has been reported that HDAC6 overexpression in colon cancer is associated with poor prognosis. 

HDAC6 inhibition may suppress colon cancer metastasis and invasion (103). 

HDAC6 can be considered as a hallmark of the malignant transformation. It has been found 

that HDAC6 inactivation by genetic ablation makes cells more resistant to oncogenic transformation 

as well as reduces tumor growth in vitro and in vivo. Anchorage-independent proliferation 

enables cancer cells to survive by escaping anoikis, a programmed cell death caused by the deficiency 

of cell adhesion to the surrounding basement membrane and extracellular matrix. HDAC6 

knockdown in cancer cell lines inhibited their anchorage-independent growth (23). Therefore, 

HDAC6 is suggested to be required for growth factor-induced activation of mitogen-activated 

protein kinase (MAPK) and phosphatidylinositol-3-kinase signaling cascades (23). As the 

RAS/MAPK signaling pathway is known to be required for tumorigenesis, HDAC6 pharmacological 

inhibition could potentially confer an anti-tumor effect. 

Cylindromatosis tumor suppressor protein (CYLD) is a deubiquitinating enzyme that regulates 

cell proliferation through inhibition of NF-κB signaling. It has been reported that CYLD-mediated 
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HDAC6 inhibition reduces the cytokinesis rate and causes the cell cycle delay. CYLD N-terminal CAP-

Gly domains interact with HDAC6 catalytic domains, inducing α-tubulin acetylation and CYLD 

translocation to the perinuclear region. Additionally, CYLD can interact with HDAC6 in the midbody, 

regulating the cytokinesis rate in a deubiquitinase-independent manner (104). The understanding of 

the HDAC6 role in this process is important as the abnormal cell-cycle progression through G1 phases 

and cytokinesis are both hallmarks of cancer cell proliferation.  

The TP53 gene is encoding the p53 transcription factor – the best known tumor-suppressor gene. 

Tumors having p53 mutated or deleted are less sensitive to chemotherapy (105). It has been reported 

that p53 expression is differentially regulated by HDAC6 depending on p53 mutations. P53 protein 

stability and its activity as a tumor suppressor are strongly dependent on the acetylation status of its 

lysine residues 381 and 382. It has been reported that HDAC6 can deacetylate p53 thus regulating its 

stability and its activity. It affected the complex Hsp90/p53 by inactivating Hsp90, disrupting the 

complex and p53 release (106).  

Additionally, HDAC6 regulates gene expression of tumor-associated antigens, programmed 

death receptor-1 (PD-1), and programmed death receptor ligand-1 (PD-L1), which are central targets in 

cancer immunotherapy. The inhibition of HDAC6 mimics anti-tumor effects: cell cycle arrest in the 

G1 phase and increased expression of tumor associated antigens and MHC class I, as well as the delay 

in tumor growth (107). These results suggest that HDAC6 inhibition has increased tumor‐specific 

immunogenic signals, which is a goal of many anti-cancer therapies. The immunoregulatory role of 

HDAC6 needs to be further investigated and new selective HDAC6 inhibitors are needed to improve 

antitumor immunity. 

All this evidence suggests HDAC6 is an important component of cancer cell invasion and 

metastasis. Consequently, HDAC6 inhibition with subsequent blocking of tumor angiogenesis and 

apoptosis triggering can be a promising cancer treatment strategy. 

 

1.4.2 HDAC6 in neurodegenerative disorders 

Neurodegenerative disorders such as Alzheimer’s, Parkinson’s, Huntington diseases, 

amyotrophic lateral sclerosis, and prion diseases are associated with the pathogenic aggregation of 

proteins. ‘Protein conformational diseases’ can be caused by HDAC6-mediated accumulation 

of misfolded and ubiquitinated proteins (35) as well as by pathogenic consequences of aggresome 

formation (33).  

Alzheimer’s disease is a chronic disease, the cause of 60-70% of dementia cases. One of 

the main brain areas affected by Alzheimer’s disease is the hippocampus, which is essential for memory 

formation and memory events (108). This disease is characterized by “tau tangles” (abnormal forms 

of the tau protein that stick/adhere to other tau proteins inside the neuron) and β-amyloid plaques. 

In comparison to a normal brain, HDAC6 expression in the brain suffering from Alzheimer’s disease 

increased by 52% in the cortex and by 91% in the hippocampus (109). The tau protein stabilizes 
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the cytoskeleton of neurons. HDAC6 has been shown to co-localize with tau tangles. Moreover, tau 

acted as an inhibitor of HDAC6 deacetylase activity, causing an increase in tubulin acetylation, and as 

well as an inhibitor of the aggresome pathway (110). Further, it has been reported that the excess of tau 

may prevent the induction of autophagy by inhibiting proteasome function (110). In a mouse model for 

Alzheimer’s disease, the reduction of endogenous HDAC6 protein levels led to learning ability and 

memory amelioration (111). Therefore, HDAC6 inhibition can be a promising strategy in the therapy of 

Alzheimer’s disease. 

Parkinson`s disease is another neurodegenerative disease in which HDAC6 is involved. 

A progressive degeneration together with the presence of Lewy bodies are the hallmarks of the disease. 

The Lewy bodies are insoluble inclusions made of α-synuclein. It has been found that HDAC6 

accumulates in the Lewy bodies inside nerve cells in Parkinson's disease suggesting its involvement 

in neurodegenerative disorders (33). HDAC6 deficiency hinders the formation of protein aggregates of 

α-synuclein, increases the level of α-synuclein in the nucleus, and consequently triggers apoptosis in 

various cell types (112). HDAC6 is playing a cytoprotective role while decreasing the amount of α-

synuclein oligomers in neurons (113). Parkin is a ubiquitin E3 ligase linked to Parkinson`s disease. 

HDAC6 controls the reversible recruitment of parkin to the centrosome in response to the reversal of 

proteasome inhibition. HDAC6 forms a complex with motor proteins to efficiently transport 

the HDAC6/parkin complex. Therefore, HDAC6 serves as a proteasome inhibition sensor and directs 

parkin trafficking in the cell (114). 

Huntington disease is the consequence of the expansion of CAG trinucleotide repeats that 

encode glutamine homopolymeric tracts. Typically, the huntingtin protein contains more than 

39 glutamines that are largely insoluble and accumulate in inclusion bodies. HDAC6 protein, as well as 

its enzymatic activity, are required for the autophagic clearance of mutant huntingtin aggregates (115). 

The inhibition of HDAC6 activity by  non-selective inhibitors Vorinostat (suberoylanilide hydroxamic 

acid (SAHA)) and trichostatin A (TSA) significantly increased intracellular transport of brain-derived 

neurotrophic factor (79). 

Mitochondrial transport is crucial for innate neuronal function. The abnormal mitochondrial 

transport, which is typical for Alzheimer's disease and Parkinson's disease, is associated with 

the misregulation of HDAC6 by GSK-3β (51). It has been discovered that HDAC6 regulates 

the transport of mitochondria in neurons, and its inhibition promoted mitochondrial transport in 

hippocampal neurons. The regulation of HDAC6 can affect cellular transport of proteins as well 

as organelles through the alteration of tubulin acetylation. Moreover, the HDAC6 

mediated deacetylation of Miro1 protein, which serves as a linker between motor proteins 

and mitochondria, decreases mitochondrial transport (52). The reduction of mitochondrial movement 

is consonant with HDAC6 increased activity in the hippocampus during Alzheimer's disease. 

Charcot–Marie–Tooth disease is the most common inherited disorder of the peripheral nervous 

system causing progressive degeneration of the motor and sensory nerves which leads to muscle 
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weakness, deformities of hands, and feet. As HDAC6 is connected with the regulation of mitochondrial 

axonal transport, it could serve as a potential target for the therapy. Three inhibitors (ACY-738, ACY-

775, and ACY-1215) being selective for HDAC6, increased innervation of neuromuscular junctions and 

amended the motor and sensory nerve conduction.   
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1.5 HDAC inhibitors 

Nowadays, HDAC inhibitors are considered to be promising drugs the treatment of 

inflammatory diseases, cancer, and neurodegenerative disorders such as Parkinson's and Alzheimer's 

disease. HDAC6 inhibitors were originally used in cancer treatment. Later, Hahnen et al have shown 

that HDAC inhibitors might be a promising strategy for the treatment of neurodegenerative disorders 

(116). Valproic acid, marketed under trade names Depakene, Depakote, and Divalproex, was used in 

psychiatry as a mood stabilizer and in neurology as anti-epileptics.   

 

1.5.1 Structure of HDAC active cavity 

Early efforts to develop HDAC inhibitors were not so successful as neither the isoform 

selectivity nor the mechanism of action of HDAC inhibitors was known. Solving a crystal structure of 

an HDAC homolog from the hyperthermophilic bacterium Aquifex aeolicus in complex with TSA and 

SAHA inhibitors in 1999 facilitated the design and comprehension of inhibitory mechanisms of HDAC 

inhibitors, forming a basis for the development of novel HDAC inhibitors.  

The HDAC homolog shares 35.2% identity with human HDAC1 having similar critical active 

site residues and has deacetylase activity for histones (117). The structure revealed that the active site 

contains: i) a zinc ion, positioned near the bottom of the pocket and a water molecule; ii) two charge-

relay systems - aspartate and histidine residues; iii) a tyrosine residue - coordinates the acetyl oxygen of 

the transition state. Chelation of the zinc ion blocks HDAC enzymatic activity. A hydrophobic pocket 

of HDACs is delineated by aromatic and glycine residues.  

The catalytic domains of HDACs from different species contain numerous conserved amino 

acids suggesting a common mechanism of deacetylation. The catalytic center is a tube-like hydrophobic 

pocket formed by an open alpha/beta fold with seven loops. Additionally, the catalytic domain contains 

variable loops that are responsible for the specific substrate recognition. They facilitate the insertion of 

the substrate to the catalytic site. These four loops (L1-4) are extremely variable in size and 

conformation between HDACs that may explain the importance of HDAC surface interactions with their 

substrates and subsequently their substrate selectivity. 

In class IIa HDACs two cysteine residues and a histidine residue in the loop L1 and a cysteine 

residue in the loop L2 coordinate the zinc ion, reducing the flexibility of these loops. (118). In the 

loop L2 common for HDACs of Class I and II, conserved residue D101 (in the case of HDAC8) is 

enhancing substrate specificity of the enzyme (119). It has been determined from crystal structures of 

HDACs class IIa that the aspartate residue (HDAC4 – D759, HDAC5 – D789, HDAC7 – D626, 

HDAC9 – D739) is at the entrance to the active tunnel similar to HDAC8. For HDACs class IIb HDAC6 

harbors aspartate in both catalytic domains (D172 and D567) and HDAC10 – D91 (120). The mutation 

in aspartate results in loss of the enzyme activity (121). Therefore, the diverse and flexible loops at 

the rim of the catalytic pocket create a changeable/diverse interface for the interaction with various 

substrates and interacting partners. 
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1.5.2 Classification of HDAC inhibitors 

According to the pharmacophore model of HDAC inhibitors proposed by Miller, inhibitors 

should contain a cap (binds at the edge of the active tunnel), a chelator (interacts with zinc ion at 

the bottom of the active tunnel), and a linker (between the cap and the chelator) (Figure 6) (122). 

The inhibitor caps can vary in the chemical nature, orientation and can interact with different flexible 

loops of the rim. Therefore, a small cap region of inhibitors (for example, SAHA) does not contribute 

to binding, while large caps can significantly improve binding to a target HDAC. 

 

 

 

Figure 6. Visualization of trichostatin A HDAC6 complex (PDB: 5WGI). Structural components of 

the HDAC6 inhibitor are marked – the cap region, the linker region, and the zinc-binding group (ZBG). The zinc 

ion is represented by an orange sphere. 

 

"Classical" HDAC inhibitors act exclusively on class I, II, and class IV HDACs by binding to 

the zinc-containing catalytic domain of the HDACs. These HDAC inhibitors can be divided into several 

classes depending on the chemical moiety that binds to the zinc ion (Figure 7): 

• hydroxamic acids (hydroxamates), such as trichostatin A (TSA), SAHA, Belinostat, 

Panobinostat, Dacinostat, Resminostat, Givinostat, and many others. Tubacin is a highly 

selective HDAC6 inhibitor (30). They inhibit class I and II HDACs. These inhibitors will 

be discussed in more detail in the following chapter. 

• cyclic tetrapeptides - such as trapoxin B, Apicidin, Depsipeptide FR901228, FK228, 

Romidepsin, Isostax – have nanomolar HDAC inhibitory activity. Depsipeptide FK228 is 

effective in models of lymphoma and leukemia (123,124). 

• benzamides, Mocetinostat, Tacedinaline (CI-994) (125) and Entinostat (MS-275) (126) are 

less active inhibitors having Ki in the micromolar range. These two inhibitors exert in vivo 



- 22 - 

 

activity against tumors in different models. MS-275 inhibited the tumor growth in mice 

using xenograft orthotopic models of undifferentiated sarcoma and Ewing's sarcoma (127). 

Moreover, MS-275 strongly inhibited the growth of human tumor cell lines through HDAC 

inhibition (128). This suggests that MS-275 exerts strong antitumor efficacy against human 

cancers. 

• electrophilic ketones (epoxyketones) – these inhibitors chemically modify a nucleophile 

in the active site with the epoxy group eliminating or reducing ketone.  

• short chain carboxylic acids such as phenylbutyrate, valproic acid, Pivanex, 

Phenylacetate. They mainly work as inhibitors of class I HDACs. 

• hybrid molecules – the class contains both a cyclic peptide and an aliphatic hydroxamate. 

Representatives - cyclic hydroxamic-acid-containing peptide (CHAP31) (129) and 

CHAP50 (130). These compounds inhibit HDACs in the nanomolar range. The optimal 

linker found contains 5 methylene units (131). Trapoxin A and B - the hybrid cyclic 

tetrapeptides with an epoxyketone-containing amino acid. 

 

Additionally, EnVivo Pharmaceuticals has discovered a class I HDAC inhibitor EVP-0334. It is 

CNS-penetrant, orally bioavailable, and is applied for the treatment of the cognitive deficits. EVP-0334 

has been used in phase I clinical trials for Alzheimer's disease treatment since 2010 (132). However, 

neither structure nor clinical trajectory for this inhibitor has been disclosed.  

Five HDAC inhibitors (2 non-hydroxamate molecules and 3 hydroxamate acid-based molecules) 

have recently been approved by the U.S. Food and Drug Administration (FDA) (Table 1) (133). 

Vorinostat (SAHA) exerts antineoplastic activity and was the first compound approved for the treatment 

of cutaneous T-cell lymphoma (CTCL) by the US FDA in 2006. Romidepsin was approved as an 

anticancer agent in CTCL in 2009 and peripheral T-cell lymphoma (PTCL) in 2011. Non-hydroxamate 

inhibitor valproic acid was used for acute myeloid leukemia (134) and now is used for the treatment of 

epilepsy and migraine prophylaxis. Belinostat (PXD101) is an antineoplastic agent that inhibits tumor 

cell proliferation by inducing apoptosis. It was approved in 2014 by the US FDA to treat peripheral T-

cell lymphoma. In 2015 Panobinostat is a non-selective HDAC inhibitor and antineoplastic agent. It is 

approved for usage with the anti-cancer drug bortezomib and the corticoid dexamethasone for 

the treatment of multiple myeloma. All three inhibitors are effectively used nowadays for cancer 

treatment, however, they inhibit the activity of several HDAC isoforms consequently causing adverse 

effects such as pancytopenia, thrombocytopenia, anemia, leucopenia, neutropenia, lymphopenia.  
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Figure 7. Chemical structure of four major classes of HDAC inhibitors: short chain carboxylic acids, 

benzamides, cyclic peptides, and hydroxamic acids. Different structural parts of the inhibitors are marked in 

color - the cap (blue), the linker (green), and the zinc-binding group (red).  
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Table 1. HDAC inhibitors approved by the United States Food and Drug Administration 

 Chemical 

name 

FDA 

approved 

indication 

Classification Structure IC50 Ref. 

Vorinostat 

SAHA 

Zolinza® 

 

CTCL* hydroxamate 
NH

O

NH
OH

O

 

HDAC1 – 33 nM 

HDAC2 – 96 nM 

HDAC3 – 20 nM 

HDAC6 – 33 nM 

HDAC8 – 540 nM 

(135) 

Panobinostat 

LBH-589 

Farydak® 

CTCL* hydroxamate 
CH3

NH

NH

O

NH

OH

 

HDACs – 5 nM (136) 

Belinostat 

PXD101 

Beleodaq® 

Multiple 

melanoma 

hydroxamate 
NHS

O

O

O

NH OH  

HDACs – 27 nM (137) 

Romidepsin 

FK228 

Istodax® 

CTCL* 

PTCL** 

Cyclicpeptide 

O

NH

O

O

O

NH

O

NH

S

S

O
NH

 
 

HDAC1 – 36 nM 

HDAC2 – 47 nM 

 

(138) 

Valproic 

acid 

Depacon® 

Seizures 

Bipolar 

disorder 

Epilepsy 

Migraine 

 

Carboxylate  

 

O

OH

 

HDAC1 – 0.7 mM 

HDAC2 – 0.8 mM 

HDAC3 – 1 mM 

HDAC4 – 1.5 mM 

HDAC5 – 1 mM 

HDAC7 – 1.3 mM 

HDAC6 – ˃ 20 

mM 

HDAC10 – ˃ 20 

mM 

(139) 

Entinostat 

MS-275 

 

 

On trial Benzamide 

NH2

NH

O

NH

O

O

N

 

HDAC1 – 510 nM 

HDAC3 – 1.7 μM 

(140) 

* CTCL - cutaneous T-cell lymphoma; ** PTCL - peripheral T-cell lymphoma. 

 

The development of isoform-specific HDAC inhibitor with CNS permeability and stability 

became an attainable goal nowadays. Available HDAC inhibitors have adverse side effects, the clinical 

toxicity, and affect gene expression and therefore cell-cycle progression. HDAC inhibitors have adverse 

drug reactions such as hepatotoxicity, teratogenicity, and pancreatitis in the case of VPA 

(Valproic acid) (133). Romidepsin bears adverse effects like thrombocytopenia, changes in cardiac 
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electrical conduction, and anemia (133). Hydroxamates cause bone marrow toxicity or 

thrombocytopenia. The common problem of these inhibitors is their poor pharmacokinetic properties 

such as fast clearance and off-target interactions.  

HDAC inhibitors block the activity of HDAC isoforms subsequently causing the alteration of 

the acetylation status of various transcription factors, transcriptional co-regulators, and nonhistone 

effector molecules. This can promote or decrease gene transcription (HSP90, Ku70, MKP-1, NF-κB, 

PCNA, p53, RB, Runx, SF1 Sp3, STAT, etc). Revealing exact mechanisms of gene expression regulation 

and transcriptional factors acetylation by HDACs could lead to the design of selective inhibitors that 

would regulate a defined pathway, rather than trigger a cascade of response reactions in the cell. It will 

provide a better understanding of drug combinations with HDAC inhibitors.  

Nowadays, new strategies are being applied for the development of new classes of HDAC 

inhibitors to improve their therapeutic effect and minimize adverse effects. The combination of 

HDAC inhibitors with proteasome inhibitors, hormonal therapy, tyrosine kinase inhibitors, DNA-

hypomethylating agents has shown preclinical promise. HDAC inhibitors exert synergistic or additive 

antitumor effects with various chemotherapeutic agents. Additionally, new drug delivery strategies such 

as liposome encapsulation of an HDAC inhibitor LAQ824 have been developed. Furthermore, 

the combination of immune checkpoint inhibitors with HDAC inhibitors is considered to be a 

breakthrough in cancer treatment (141). All these strategies hold much promise and the fate of HDAC 

inhibitors will be defined in years to come.  

 

1.5.3 Hydroxamic acid-based inhibitors 

Most HDAC inhibitors contain hydroxamic acid – a functional group chelating the active-site 

zinc ion (ZBG) (142). Hydroxamates exert the highest zinc binding affinity among all HDAC inhibitors 

and are found to be the most active inhibitors (131). Carbonyl and hydroxyl oxygen atoms coordinate 

the zinc ion in a bidentate manner, although a monodentate chelating mode is observed in HDAC6 

complexes with phenylhydroxamate-based inhibitors. 

The ZBG of these inhibitors is represented by a hydroxamic acid moiety – binds zinc ion at the 

bottom of the active-site cavity. The essential characteristic of hydroxamic acid-based molecules is 

a four–six carbon hydrophobic methylene spacer, which occupies the hydrophobic channel. They 

contain a hydrophobic cap that interacts with amino acids at the rim of the catalytic pocket and the linker 

between the spacer and the cap. The linker can contribute to inhibitor binding when it favorably occupies 

the active tunnel (143). While HDACs have a conserved structure of active tunnel, the width of the 

tunnel differs between HDAC isoforms. Via homology modeling, it has been discovered that compared 

to HDAC1, the second HDAC6 catalytic domain has a much wider active tunnel rim. This knowledge 

was used for the design of new inhibitors with bulky and/or branched cap groups (144). Recent studies 

have shown that the linker chirality can increase inhibitor selectivity toward HDAC6 (145). 
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Additionally, the development and modification of the spacer group – thiazole, oxazole influenced the 

selectivity of inhibitors (146).  

There were made attempts to increase the selectivity of inhibitors towards HDAC6 to reduce 

the dosage of inhibitors and consequently reduce adverse effects. For this reason, SAHA analogs 

with the modified linker have been synthesized and tested. Modification of SAHA to C5-benzyl 

SAHA increased inhibitor dual selectivity for HDAC6 / HDAC8 8- to 21- fold (135). The knowledge 

that linker modification can change isoform selectivity allows us to develop isoform-selective HDAC 

inhibitors. 

Recently, by the application of the strategy of linker modification, a new HDAC6-selective 

inhibitor SS-208 has been discovered. This novel HDAC6 inhibitor contains the isoxazole-3-

hydroxamate moiety as a hydrophobic linker and a zinc-binding group. It is shown that the introduction 

of isoxazole to inhibitor structure may increase its affinity as well as decrease the toxicity and generally 

improve the pharmacokinetic profile (147). The hydroxamate group of SS-208 coordinates the active-

site zinc ion in a bidentate manner while all phenylhydroxamate-based inhibitors in HDAC6 complexes 

have a monodentate coordination mode. SS-208 is an HDAC6-selective inhibitor with an IC50 of 12 nM, 

whereas it inhibits other HDAC isoforms with IC50 values in the low micromolar range. SS-208 has anti-

tumor activity in a mouse melanoma model. The results of this work are detailed in the manuscript that 

is a part of this thesis. These findings suggest that the design and development of isoform-selective 

HDAC6 inhibitors may become a successful way to overcome the limitations of inhibitors such as 

dosage and adverse effects.  
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2.2 Human histone deacetylase 6 shows strong preference for tubulin dimers 

over assembled microtubules 

 

Background and motivation of the study  

PTMs of tubulin are the mechanisms of regulation of tubulin/microtubule function and 

dynamics in the cell. Mainly, PMTs occur on polymerized microtubules affecting microtubule 

organization and interaction with other cellular components. Generally, PTMs occur at the unstructured 

C-terminal tails of tubulin, but lysine 40 of α-tubulin (K40) is in the flexible loop that is exposed to the 

microtubule lumen (74). Acetylation of K40 is one of the most conserved PTMs and is controlled by 

opposite activities of tubulin acetyltransferase and HDAC6. Acetylation of K40 is a hallmark of 

microtubule aging and prevents microtubules from the mechanical breakage (76). Moreover, the lysine 

acetylation of tubulin itself may influence sperm motility, fertility, cell signaling, cell cycle progression, 

intracellular transport, neurodegenerative diseases.  

Although HDAC6 was discovered more than 20 years ago, the information about HDAC6 

deacetylation of different tubulin isoforms is missing. The majority of prior studies used either only 

partially purified HDAC6 and orthologs and truncated variants of human HDAC6. Consequently, 

available information on HDAC6 substrate preferences was limited and quite often contradictory. In 

this work, we used highly purified human full-length HDAC6 and tubulin to biochemically characterize 

the deacetylation activity of HDAC6. Additionally, we investigated HDAC6s interaction with 

microtubules using Total internal reflection fluorescence (TIRF) microscopy. 

 

Summary of the work 

Using recombinant properly folded highly-active human full-length HDAC6 and tubulin 

isolated from pig brains, we conducted fluorescent microscopy measurements and biochemical 

deacetylation assays.  

By the TIRF-microscopy we were the first to directly visualize HDAC6/microtubule interaction 

(Figure 1A). Our data revealed fast kinetics of HDAC6 binding to microtubules and quantification of 

the HDAC6 signal on microtubules pointed towards the uniform distribution of HDAC6 along the whole 

microtubule length. HDAC6 likely binds to the outer surface of microtubules with no preference for the 

microtubule tips (Figure 1B), rather than diffusing into the microtubule lumen via open tips as reported 

for α-TAT. HDAC6 binding to microtubules in the presence of HDAC6 inhibitor Nexturastat A was not 

affected suggesting that HDAC6 deacetylation activity is not required for the efficient binding 

to microtubules.  
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Figure 1. Interaction of HDAC6 with microtubules. A. FITC-labeled HDAC6 (green) interacts directly with 

microtubules (red) immobilized on a coverslip surface. Fluorescent signals of microtubules and HDAC6 co-

localize along the whole length of microtubules (yellow). B, C. GFP-HDAC6 fusion binds uniformly along 

the whole length of the microtubules - a uniform increase in GFP fluorescence intensity was observed. The 

kymograph in Panel B depicts averaged (background subtracted) GFP fluorescence intensity of 4 microtubules of 

the same length (approximately 12 μm) after the addition of HDAC6-GFP in the timespan from 0 to 60 seconds. 

Panel C shows the averaged GFP signal (±s.d.) over time at the edge of the microtubules (orange line) and in 

the middle (blue line). 1.5 μm regions used for the averaging are indicated in the kymograph B) by orange and 

blue rectangles. 

 

We also provided the missing quantitative and qualitative data on HDAC6 enzymatic preferences 

for different tubulin forms. The comparison of the HDAC6 deacetylation efficiency of tubulin polymeric 

forms with distinctly different geometries (microtubules, Zn-sheets, and Dolastatin-10 rings) with free 

tubulin dimers points to the decrease in the deacetylation efficiency 1,500-fold, 750-fold, and 100-fold, 

respectively (Figure 2A). As the surface of the lumen and thus K40 is exposed in the case of Zn-sheets 

and Dolastatin-10 rings, and the deacetylation rates differ substantially, we concluded that residues 

forming both lateral and longitudinal contacts within the tubulin polymer lattices are critical for tubulin 

deacetylation by HDAC6. 

 

 

 

Figure 2. HDAC6 deacetylation of free tubulin dimers and tubulin polymeric forms. A. HDAC6 shows 

increased deacetylation activity on tubulin dimers over zinc sheets, Dolastatin-10 rings, and taxol/GMPCPP-

stabilized microtubules. The data were obtained using Western blot quantification. Free tubulin dimers are 

deacetylated 100- to 1,500-fold more efficiently than are tubulin polymeric forms. α-tubulin and β-tubulin are 
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shown as blue and pink spheres, respectively, and the acetyl group as a red ribbon. B. Steady-state kinetics of 

tubulin dimer deacetylation by HDAC6. Michaelis-Menten constants (Km and kcat) were calculated from non-linear 

regression fit using the GraphPad program. 

 

The αK40 loop derived peptides of different lengths were deacetylated by HDAC6 with a 

negative correlation between the peptide length and deacetylation rates. The peptides were deacetylated 

12- to 200-fold less efficiently compared to tubulin dimers. Our data show that amino acids of the αK40 

loop have a somewhat limited contribution to substrate binding and recognition. On the contrary, 

structural features outside the αK40 loop such as lateral and longitudinal interfaces contribute to 

substrate binding and recognition.  

Overall, this study offers a deeper understanding of HDAC6 mediated tubulin deacetylation in 

the cell. We provide a detailed kinetic analysis of tubulin deacetylation by HDAC6 (Figure 2B). 

Furthermore, we show that the deacetylation of tubulin by HDAC6 requires complex interactions with 

the substrate. Understanding this complex interaction might form a basis for the design and discovery 

of selective inhibitors targeting tubulin deacetylation. This knowledge further strengthens the theory of 

the correlation between tubulin acetylation and microtubule age and will help to understand the complex 

system of post-translational modifications in cells.  

 

My contribution 

I have designed microscopy-related experiments, collected, evaluated, and interpreted TIRF 

microscopy data, and participated in the manuscript preparation.  
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2.3 The disordered N-terminus of HDAC6 is a microtubule-binding domain 

critical for efficient tubulin deacetylation 

 

Background and motivation of the study 

Although tubulin is the main physiological substrate of HDAC6, it is still not known how 

exactly HDAC6 recognizes and interacts with it. Mapping HDAC6 interactions with tubulin offers an 

insight into the functionality of the enzyme and provides a mechanistic understanding of physiological 

processes that are based on tubulin acetylation.  

In the previous study, we have visualized the direct binding of human full-length HDAC6 to 

stabilized microtubules. HDAC6 is binding to microtubules uniformly with no preference for the tips 

and with fast kinetics. Furthermore, we have provided quantitative data on HDAC6 deacetylation of 

different tubulin forms showing the preference of HDAC6 for free tubulin compared to polymerized 

microtubules. We hypothesized that domains beyond the tandem catalytic domains may contribute 

to HDAC6 recognition, interaction, and deacetylation of tubulin. Therefore, we set up to map the 

molecular basis of the interactions between HDAC6 and different tubulin forms by a set of biophysical 

and biochemical methods. This knowledge can provide basic information on the recognition of tubulin 

and microtubules by HDAC6 and on the influence on microtubules polymerization. Furthermore, it 

can be useful in the design and development of inhibitors specifically targeting the HDAC6/tubulin 

system. 

 

Summary of the work 

By using heterologous protein expression, site-directed mutagenesis, biochemical and 

biophysical methods, we identified the N-terminal disordered domain of HDAC6 to be a microtubule-

binding domain and functionally characterized it to the single-molecule level.  

A set of truncated HDAC6 construct has been cloned, expressed, and purified and their correct 

fold and enzymatic activity were verified. Further, we have assayed these constructs for their binding to 

microtubules. The affinity of human full-length HDAC6 for microtubules is appKD = 135 ± 9 nM. 

Additionally, the interaction mode of HDAC6 with microtubules at the single-molecule level was 

estimated revealing two predominant interaction modes: static binding (binding/unbinding) and one-

dimensional diffusion.  

We have determined that catalytic domains of HDAC6 are not involved in HDAC6 binding to 

microtubules. Neither an inactive HDAC6 mutant nor HDAC6 in a complex with the Nexturastat A 

inhibitor showed any difference in the affinity to microtubules. Furthermore, observed interaction mode 

was similar to native HDAC6 suggesting a crucial role of other domain(s) of HDAC6 in binding to 

microtubules. Using TIRF microscopy we showed that catalytic domains of HDAC6 do not bind to 

microtubules, while constructs comprising the N-terminal domain interact with microtubules. The 
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determination of the affinity of the N-terminal domain revealed that it is primarily responsible 

for HDAC6 interactions with microtubules with an apparent dissociation constant of 98 ± 9 nM. The 

pelleting assay has supported our previous findings. 

 

 

Figure 1. Sequence alignment of HDAC6 N-terminal domains from different species. Microtubule-binding 

motifs of HDAC6 span positively charged patches comprising residues Lys-32 to Lys-37 (patch A) and Lys-51 to 

Lys-58 (patch B). 

 

The N-terminal domain, being an MBD, was functionally characterized to the single-molecule 

level. The exact amino acids involved in this interaction were identified - two positively charged patches 

comprising residues Lys-32 to Lys-58 (Figure 1). Acetylation mimicking Lys to Gln HDAC6 mutants 

(the patch A and B) showed a lower binding affinity for microtubules. The more pronounced effect was 

observed in the case of mutation in patch B (KQ PB). These findings were supported by studies using 

matching synthetic peptides. Peptides of the wild-type sequence (P-WT), a mutation in patch A (P KQ 

PA), patch B (P KQ PB), and in both sites (P KQ PAB) had the same affinity for microtubules as 

HDAC6 mutants (Figure 2A). Obtained data confirmed that this motif is responsible for the microtubule 

binding with no influence of other HDAC6 domains. It was shown that HDAC6 binding to microtubules 

is mediated by electrostatic interactions between the negatively charged microtubule surface and 

positively charged HDAC6 lysine patches.  

The MBD of HDAC6 is essential not only for interactions with microtubules but also for 

interactions with tubulin dimers. Using Microscale Thermophoresis (MST), the affinity of MBD to 

tubulin dimers was determined - appKD value of 577 ± 102 nM (Figure 2B). Furthermore, the 

deacetylation of tubulin dimers by truncated constructs of HDAC6 revealed a 50- to 120-fold lower 

deacetylation efficiency when MBD was missing (Figure 2C). These in vitro data were supported by 

in vivo studies where HDAC6 KO cells were transfected with HDAC6 truncated constructs and the 

acetylation levels of cellular tubulin quantified. In agreement with in vitro experiments, in vivo 

experiments showed the same activity pattern, suggesting that MBD (patch B) is a critical contributor 

to HDAC6 deacetylase activity. 
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Figure 2. The MBD domain patches are critical for binding and deacetylation of tubulin/microtubules. 

A. The apparent dissociation constants (appKD) for HDAC6 MBD-derived peptides (P WT, WT; KQ PA, patch A; 

KQ PB, patch B; KQ PAB, combined patch A/B) was calculated from binding isotherms of TIRF microscopy 

experiments. The apparent dissociation constant for the P WT was 131 ± 5 nM. Acetylation mimicking Lys to Gln 

peptides (the patch A and B) showed a lower binding affinity for microtubules. The more pronounced effect was 

observed in the case of peptide KQ PB. No binding was observed for the KQ PAB peptide. B. The binding affinity 

of HDAC6 MBD–derived peptides for free tubulin dimers was quantified using MST. Calculated apparent appKD 

values were 577 ± 102 nM, 665 ± 181 nM, and 5898 ± 800 nM for the WT (P WT), patch A mutant (P KQ PA), 

and patch B mutant (P KQ PB), respectively. No binding was observed for the double mutant (P KQ PAB). C. 

The deacetylation activity of HDAC6 variants on free tubulin dimers. Much higher (40- to150-fold) concentrations 

of variants with mutated/missing MBD (-MBD, blue) are required for efficient deacetylation of tubulin compared 

with variants with WT sequences (+MBD, red). D. In vivo deacetylase activity of HDAC6 variants in HEK293T 

HDAC6 KO cells. While the expression of all variants was similar, the tubulin deacetylation level significantly 

increased in the case of HDAC6 mutants with the native patch B and the K/R mutant. 
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Figure 3. Mechanism of substrate deacetylation by HDAC6. MBD of HDAC6 interacts with tubulin via ionic 

interactions thus increasing the local concentration of the binary HDAC6/tubulin complex, resulting in 100-fold 

faster tubulin deacetylation.  

 

In summary, a crosstalk between the MBD and the catalytic domains is critical for recognition 

and efficient deacetylation of free tubulin dimers both in vitro and in vivo (Figure 2D). The N-terminal 

domain increases HDAC6 deacetylase activity against free tubulin by more than 100-fold. These 

findings show the critical role of domains outside the catalytic core in the modulation of HDAC6 

deacetylase activity. It may lead to new strategies in the selective inhibition of substrate deacetylation 

by HDAC6. 

 

My contribution 

I planned experiments, performed site-directed mutagenesis, expressed, purified proteins and 

analyzed them by SEC, performed and analyzed MST measurements, performed and analyzed TIRF 

microscopy measurements, analyzed CD data, and wrote the draft of the manuscript. 
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2.4 Rational discovery of a new isoxazole-3-hydroxamate-based histone 

deacetylase 6 inhibitor SS-208 with antitumor activity in syngeneic 

melanoma mouse models 

 

Background and motivation of the study 

Selective HDAC6 inhibitors are considered as potential therapeutic agents for the treatment of 

various neurological disorders. Nowadays, partially selective HDAC6 inhibitors, ricolinostat (ACY-

1215), and citarinostat (ACY-241) are used in clinical trials as monotherapy or combinatorial therapy 

for multiple myeloma, lymphoma, breast cancer, and melanoma. The combination of a selective HDAC6 

inhibitor Nexturastat A and PD-1 immune blockade led to the marked improvement in an antitumor 

immune response inhibiting tumor growth (148). However, there are concerns that HDAC inhibition 

may evoke unwanted off-target effects and toxicity. Given the limited selectivity of current HDAC6-

specific compounds, it is required to find HDAC6-selective inhibitors with better selectivity and good 

pharmacologic properties to be used in the combination therapy of cancers or chronic neurological 

diseases. 

 

Summary of the work 

I. A series of HDAC6 inhibitors were designed, synthesized and their inhibitory activity 

evaluated. The inhibitor 1a harboring an isoxazole-3-hydroxamate zinc-binding group showed potent 

HDAC6 inhibitory activity, unlike its analogs 1b and 1c, harboring alkylhydroxamate and 

phenylhydroxamate zinc-binding groups, respectively. Structure-activity relationship approach was 

used to modify the cap moiety of 1a resulting in compound 7b, termed SS-208, with high potency and 

selectivity for HDAC6 that was used for further investigation. 

II. SS-208 was crystallized with the second catalytic domain of D.rerio HDAC6. We determined 

an X-ray structure of the HDAC6/inhibitor complex (Figure 1). Analysis of the HDAC6/SS-208 

complex revealed bidentate coordination of the zinc ion, in the form of a typical five-membered chelate 

complex. The hydroxamate C=O group accepts a hydrogen bond from the hydroxyl group of Y745, 

while the N-O- group interacts with the residues H573 and H574. It has been determined that interactions 

between the 3,4-dichlorophenyl cap and the L1 pocket, formed by the side chains of H463, P464, F583, 

and L712, are important for SS-208 selectivity for HDAC6. 
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Figure 1. Crystal structure of the HDAC6 catalytic domain (DD2) in the complex with the inhibitor SS-208. 

A. The visualization of interactions of HDAC6 residues within the active site tunnel with SS-208. 

HDAC6 residues, as well as the inhibitor, are represented as sticks with atoms of carbon (beige), oxygen (red), 

nitrogen (blue), and chlorine (green). The active-site zinc ion (grey sphere) and water molecules (red spheres), H-

bonds (dashed lines) are also displayed. B. Interactions between the capping moiety and the “L1-loop pocket” of 

HDAC6 formed by side chains of H463, P464, F583, and L712. The surface of HDAC6 is shown as a 

semitransparent surface. 

 

III. ADMET (absorption, distribution, metabolism, excretion, and toxicity) profiling of the SS-208 

inhibitor revealed the inhibitor to be Ames-negative, with no significant inhibition in the hERG (human 

Ether-à-go-go related gene) assay, and to be metabolically more stable than its precursor 1a. In 

melanoma cells, SS-208 causes minimal cell death, comparable to other HDAC6 inhibitors – 

Nexturastat A and Tubastatin A and elevates acetylation levels of α-tubulin. The SS-208 inhibitor also 

affects STAT3 Y705 phosphorylation, mediated by IL-6, and downregulates PD-L1 expression. 

Consequently, SS-208 attenuates tumor growth in a murine SM1 syngeneic melanoma mouse model. It 

also caused increased infiltration of CD8+ T cells and Natural Killer cells as well as the elevation of the 

M1 and M2 macrophage ratio in the tumor microenvironment. 

Therefore, the replacement of phenyl-hydroxamate for the isoxazole-3-hydroxamate improved 

HDAC6 selectivity and resulted in a 100-fold increase in HDAC6 selectivity. This is a promising feature 

regarding ongoing efforts in the development of HDAC6-selective inhibitors. 

 

My contribution 

I have determined, refined, and analyzed the X-ray structure of the D.rerio HDAC6 catalytic 

domain in complex with the SS-208 inhibitor (PDB: 6R0K) and participated in the manuscript 

preparation.  
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3 Discussion and conclusions 

Being connected to various disorders in humans, HDAC6 has drawn attention to 

the investigation of its functions and role in the cell. HDAC6 regulates a myriad of molecular processes 

through the deacetylase domains and the ubiquitin-binding domain. HDAC6 increases cell motility by 

α-tubulin and cortactin deacetylation. The functionality of the ubiquitin-binding domain is critical for 

the HDAC6-regulated cell responses to stress. Being a multidomain protein, it is likely that each domain 

of HDAC6 may fulfill its own function and be responsible for interaction with various partners. 

The knowledge of the exact function of each separate domain will broaden our understanding of 

the HDAC6 function and involvement in regulatory mechanisms.  

During the last two decades, HDAC6 has been studied by numerous research groups, however, 

the information about HDAC6 preference for different tubulin forms as well as kinetic analysis is 

missing. While the enzymatic properties of α-TAT, for a major tubulin acetylase, on tubulin 

and microtubule substrates have been elucidated in detail, the same information about HDAC6 is 

virtually absent. For this reason, the detailed kinetic study and the mechanism of HDAC6 interaction 

with tubulin and its polymer (microtubules) were addressed by our work and publications presented 

in the thesis.  

It was shown by Hubbert et al. in 2002 that mouse HDAC6 deacetylates assembled, but not free 

tubulin (27). However, several controversial studies reported HDAC6 preference for tubulin vs 

microtubules with no quantitative data presented to evaluate substrate preferences. Matsuyama et al., 

have shown the deacetylation of tubulin dimers by mouse HDAC6 (73). At the same time, North et al. 

reported that HDAC6 deacetylates tubulin dimers as well as microtubules (149). It is worth noticing that 

in these studies either partially purified HDAC6 or different truncated HDAC6 orthologs 

(murine/zebrafish) were typically used leading thus to inconsistencies in the published data (150). To 

avoid this issue, we have used untagged human wild type HDAC6 in our studies. The enzymatic activity 

of purified HDAC6 was tested and compared with the ones described in the literature. The Km values 

were in good accord with the literature (31,151,152). The IC50 values for HDAC6 inhibitors 

SAHA (153), trichostatin A (TSA), and Nexturastat A (154) were determined and also fitted well to 

ones already published.  

Furthermore, we have performed a detailed kinetic analysis of tubulin and tubulin polymers 

deacetylation by HDAC6. HDAC6 showed a preference for free tubulin dimers over microtubules with 

the deacetylation rate 1500-fold higher – 0.6 mol/mol*s and 0.0004 mol/mol*s, respectively. Miyake et 

al. observed a 2.5-fold difference in the deacetylation rate while using HDAC6 catalytic core in their 

assay (151). This difference in the deacetylation rate may suggest the importance of domains outside 

the catalytic core in the recognition of tubulin dimers and microtubules as a substrate. Additionally, this 

supports the hypothesis about opposing substrate preferences of HDAC6 and αTAT1. 

Several different tubulin polymers were prepared and tested to see whether the HDAC6 

preference for tubulin dimers is mainly caused by the accessibility of the acetylated αK40 loop. The 
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deacetylation rate of Dolastatin-10 rings and Zn-sheets was 100-fold and 750-fold slower than of free 

tubulin dimers. These findings suggest that both lateral and longitudinal interactions in the polymerized 

tubulin lattice are crucial for HDAC6 recognition and deacetylation.  

The K40 is located in the flexible loop comprised of 20 amino acids evolutionary conserved in 

tubulin from different species. The impact of neighboring amino acids of the αK40 loop on HDAC6 

substrate recognition has not been described. The HDAC6 deacetylation of the T3–T19 peptides, derived 

from conserved αK40 loop sequence, clearly shows that amino acids beyond positions P−1 and P+1 

around the central lysine are not critical for the recognition of the peptidic substrates by HDAC6. 

This finding indicates that the enzyme is rather promiscuous at the peptide level and such promiscuity 

has been also observed in experiments using human acetylome microarrays (155). Consequently, 

sequential and/or structural motifs away from the central lysine and their interactions with 

residues outside the active pocket of HDAC6 might be of critical importance to define substrate 

specificity at the protein level (156). This is supported by findings that H20-21 loops and the H25 helix 

of HDAC6 are important for the α-tubulin recognition (151). The unique position of H20-21 loops 

and the H25 helix in DD2 are critical for the substrate recognition, as the replacement of the loops 

impaired the HDAC6 deacetylation activity on α-tubulin (151). Moreover, due to the special 

conformation of the loop following the H25 helix, HDAC6 uniquely possesses a large open basis 

(∼14 Å wide) that provides the selectivity for Nexturastat A and TSA (151). Therefore, there is a clear 

difference between the recognition and deacetylation of peptidic substrates and tubulin dimers. 

The mechanism of microtubule deacetylation remains an unanswered question up-to-now. It 

has been reported that αTAT1 acetylates microtubules evenly via entering their lumen without tip 

preference or lattice breakage (157). Other studies have shown that αTAT1 can enter microtubule-lumen 

through bends and breaks of the microtubule-lattice, but does not move efficiently inside 

the microtubules (158). Furthermore, the mobility of αTAT1 in the microtubule lumen is controlled 

by the affinity of αTAT1 for its binding sites, which are highly concentrated there (158). The absence 

of such information about HDAC6 inspired us to shed light on this question. Using TIRF microscopy, 

we have visualized the direct interaction of HDAC6 and microtubules showing its fast kinetics and 

uniform binding without tip preferences suggesting its binding to microtubules' outer surface than 

entering the lumen of microtubules. We have shown that the binding pattern of HDAC6 corresponds 

with the deacetylation pattern. Further analysis has shown that the deacetylation of microtubules 

by HDAC6 is linear in time. At the same time, however, it is still not clear how microtubules 

are deacetylated by HDAC6 and if HDAC6 can enter microtubule lumen. These questions warrant 

further studies.  

Consequently, we assume that obtained data support the hypothesis of αTAT1 and HDAC6 

being the main tubulin acetylase and deacetylase, respectively. The preference of HDAC6 for 

free tubulin instead of assembled microtubules, leads to pronounced acetylation of stable long-living 

microtubules, supporting the idea of acetylation as an age marker for microtubules (157).  
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A desire to understand the mechanism of HDAC6 tubulin/microtubule interactions led us to the 

question “what is the interacting interface of both molecules?”.  

HDAC6, as well as the majority of eukaryotic proteins, contains both structured and disordered 

regions (159). Up-to-now, a lot of efforts have been invested in studying the role of DD2 and 

BUZ domains, which have a compact fold. However, much less is known about other domains, 

especially intrinsically disordered regions – the N-terminal domain and the SE14 domain. The 

investigations are mainly focused on catalytic core domains, although it is very likely that N- and C-

terminal regions play particularly important roles in substrate recognition. It was already shown that 

the acetylation of lysines outside the catalytic core of HDAC1 (K432, K438, K439, and K441) 

attenuates its deacetylation activity (160).  

In our study, we show that the N-terminal intrinsically disordered region of HDAC6 is 

mediating interactions with tubulin/microtubules. It is known that the N-terminus harbors NES and 

NLS as well as two lysine-rich clusters. We have discovered that the acetylation status of lysine 

clusters of the N-terminus of HDAC6 is critical for its interactions with tubulin/microtubules. By point-

mutations of each of these clusters, we have identified the second cluster to be crucial for HDAC6 

binding to tubulin. In total, HDAC6 harbors 5 lysine clusters located along its sequence which can 

be acetylated by p300 thus regulating its function (26). The remaining three lysine-rich sites are located 

in the DD2 domain and the SE14 domain and have no impact on HDAC6 interaction with tubulin. 

However, they may be critical in other HDAC6 physiological functions. For example, the 

SE14 domain has been reported to be responsible for the stable retention of human HDAC6 in the 

cytoplasm (25).  

The detailed analysis of the HDAC6 N-terminus revealed its high phylogenetic conservation 

and pronounced cationic character. We proved that HDAC6/tubulin interactions are based on ionic 

attraction forces and promoted by positively charged lysines of HDAC6 and negatively charged 

tubulin/microtubule surface. As the N-terminus is conserved among species, interactions of HDAC6 

orthologs (D.rerio and Mus musculus) with microtubules were shown as well. The role of positively 

charged lysines has been corroborated by suing the HDAC6 mutant with lysines replaced by arginines 

in the second cluster had similar to WT deacetylase activity in eukaryotic cells. This suggests, that 

HDAC6 tubulin/microtubules interactions are triggered not by a specific sequential motif, but rather by 

overall charge. This notion was supported by testing of a scrambled sequence of the MBD, which was 

bound to microtubules with the same affinity as the WT. The N-terminus of HDAC6 orthologs contains 

11 to 16 positively charged amino acids. However, species from D.rerio to H.sapiens have these amino 

acids organized into patches. It is interesting to note that some HDAC6 orthologs, such as 

Penaeus vannamei, Ascaris lumbricoides and Nephila clavipes do not show cationic character but rather 

neutral (pI = ∼6.0, calculated from the sequence). It remains an open question of whether patch 

organization of lysines is critical for the regulation of HDAC6 interaction with tubulin and possible with 

other substrates. The knowledge of exact mechanisms of HDAC6 interaction with certain substrates 
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might help us to design HDAC6-specific compounds that could selectively block the deacetylation of a 

certain chosen (defined) substrate.  

Generally, pan-inhibitors of HDACs show antitumor activity through inhibiting proliferation 

and improving immune responses (107). The HDAC protein family is a therapeutic target for cancer 

treatment and the FDA-approved nonselective inhibitors are used nowadays (vorinostat, romidepsin, 

panobinostat, belinostat, and chidamide) (161). HDACs affect multiple targets in the cell, thus it is 

important to understand the exact role of individual HDACs in pathological processes and to develop 

isoform-specific HDAC inhibitors. Off-targeting other HDAC proteins might cause organism 

dysfunctions – for example, HDAC1-null mice die before 10.5 days having severe proliferation 

defects (162), lethal defects appear after deletion of hdac1 in zebrafish (163). It has been shown that 

conditional HDAC1 deletion in the heart, brain, and the muscles was tolerated in mice most likely due 

to redundancy with HDAC2, but the global deletion of HDAC1 and HDAC2 resulted in lethal 

phenotypes (162). So, the main obstacle in the development of new HDAC6 inhibitors is to ensure 

their high selectivity together with good pharmacokinetic profile, low toxicity, and minimal adverse 

effects.  

Melanoma is the most dangerous type of skin cancer with high metastasis, rapid disease 

progression, and high mortality (164,165). Last five years, advanced-stage melanoma patients are 

treated using immunotherapy because this approach has shown longer overall survival. It has been 

shown that HDAC6 is highly expressed and required for melanoma cell proliferation and metastasis, 

therefore two partially selective HDAC6 inhibitors (ricolinostat and citarinostat) were used in clinical 

trials through monotherapy or combinatorial approach (166). In prior studies, it has been shown that 

anti-PD1 monoclonal antibodies appeared to be less toxic and more acceptable for melanoma treatment. 

Moreover, the selective pharmacological inhibition of HDAC6 downregulates the PD-L1 expression 

and is important for the immune checkpoint blockade (167,168). Recently it was discovered that the 

combination of selective HDAC6 inhibitor Nexturastat A and PD-1 immune blockade improved 

antitumor immune response and was much more effective than monotherapy (148). Being a promising 

melanoma therapy, we aimed to develop a highly selective HDAC6 inhibitor with a good 

pharmacologic profile.  

The novel highly selective inhibitor was discovered harboring isoxazole moiety as a zinc-

binding group – SS-208. This isoxazole-3-hydroxamate-based inhibitor has been selected based on the 

ligand efficiency evaluation and modest potency against HDAC1. Compared with the selective HDAC6 

inhibitor Nexturastat A, the SS-208 inhibitor exhibited similar nanomolar inhibitory activity. The 

advantage of the SS-208 inhibitor is in its higher selectivity over all other HDAC isoforms (minimum 

100-fold difference in IC50 values) associated with less adverse effects. 

SS-208 in a complex with the catalytic domain 2 of HDAC6 from D.rerio was crystallized and 

the structure was solved to an ultra-high resolution limit of 1.15 Å. It showed that the SS-208 inhibitor 

has bidentate coordination of the active-site zinc ion that differs from typical a monodentate coordination 
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observed for phenylhydroxamate-based inhibitors (169). The bidentate coordination is typically 

observed when the inhibitor contains either flexible aliphatic linkers or aromatic linkers lacking the 

cap (170). The bidentate coordination mode is more stable than the monodentate coordination 

mode (171). Moreover, the inhibitor did not cause major structural rearrangements of the active tunnel 

of HDAC6. Consequently, the SS-208 inhibitor showed the same HDAC inhibitory potency as 

Nexturastat A and Tubastatin A across human and murine cancer cell lines in vitro. It is worth 

mentioning that the M1 macrophage phenotype is associated with a better prognosis and the 

M2 macrophage infiltration is associated with a bad prognosis in cancer (172,173). Moreover, while 

treating mice with the SS-208 inhibitor, the increased ratio of M1 and M2 macrophages has been 

observed. Altogether these findings prove that SS-208 impairs tumor growth by mediating immune-

related antitumor activity having similar immunological properties as previously mentioned 

Nexturastat A (174).  

To summarize the thesis, I have demonstrated the importance of HDAC6 as the main tubulin 

deacetylase, regulating a myriad of cellular processes. It is apparent that HDAC6 recruits various 

proteins and can be regulated through the interaction with them. Therefore, the research may aim at 

the identification of HDAC6 interaction with its partners and at the rational design of inhibitors that 

interrupt protein-protein interactions, for example, the inhibitors targeting tubulin deacetylation. In 

the publications included in this thesis, we addressed several aspects of HDAC6 functioning - from 

HDAC6-mediated tubulin deacetylation to the development of HDAC6-specific inhibitors.  

We thoroughly analyzed the kinetics of tubulin deacetylation and visualized the interaction of 

HDAC6 with microtubules with their subsequent deacetylation. Next, we analyzed these interactions at 

the single-molecule level and determined the affinity of HDAC6 to tubulin and microtubules. 

Furthermore, we have designed a highly selective HDAC6 inhibitor with good pharmacological 

properties and the ability to mediate immune-related antitumor activity. Overall, the work presented 

here contributed to the growing pool of knowledge on HDAC6, its mechanism of interaction with 

tubulin, and its prominence as a therapeutic target. 
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