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ABSTRACT 

 

Zinc-binding proteins represent approximately one tenth of the proteome and a good portion 

of them are zinc-dependent hydrolases. This thesis focuses on biochemical and structural 

characterization of glutamate carboxypeptidase II (GCPII) and histone deacetylase 6 

(HDAC6), two members of the zinc-dependent metallohydrolase superfamily. We describe 

here their interactions with natural substrates and inhibitors. 

GCPII is a homodimeric membrane protease catalyzing hydrolytic cleavage of glutamate 

from the neurotransmitter N-acetylaspartylglutamate (NAAG) and dietary folates in 

the central and peripheral nervous systems and small intestine, respectively. This enzyme is 

associated with several neurological disorders and also presents an ideal target for imaging 

and treatment of prostate cancer. GCPII inhibitors typically consist of a zinc-binding group 

(ZBG) linked to an S1’ docking moiety (a glutamate moiety or its isostere). As such, these 

compounds are highly hydrophilic molecules therefore unable to cross the blood-brain 

barrier and this hampers targeting GCPII to the central nervous system. Different approaches 

are adopted to alter the S1’ docking moiety of the existing inhibitors. As a part of this thesis, 

we present different strategies relying on replacement of the canonical P1’ glutamate residue 

with unbranched non-natural amino acids and glutamate bioisosteres. We also study 

the effect of introduction of an aminohexanoate linker on affinity and biological properties 

of phosphoramidate-based inhibitors. Analysis of crystal structures of GCPII in the complex 

with these novel inhibitors identified unprecedented plasticity of the S1’ site that enables 

GCPII to accommodate bulky residues. We have succeeded in identifying compounds with 

increased hydrophobicity. These molecules, although not strong inhibitors, represent 

promising scaffolds for further rational design of new inhibitors. 

Acetylation of Lys40 of α-tubulin protects the microtubules from mechanical ageing and 

plays role in cell motility, axonal branching, and growth and maintenance of neuronal 

processes. HDAC6 is the major tubulin deacetylase and it is emerging as a possible treatment 

target in cancer and neurodegenerative diseases. A better understanding of its interaction 

with the tubulin substrate is therefore needed. We show here that HDAC6 deacetylates 

the tubulin dimers at a rate 1500-fold higher than the microtubules. Our data indicates that 

amino acids beyond the P1 and P-1 within the Lys40 loop contribute minimally to 

the substrate recognition and that efficient deacetylation requires complex longitudinal and 

lateral interactions with tubulin dimer. 



ABSTRAKT 

 

Proteiny vázající zinek představují přibližně desetinu proteomu a významnou část z nich 

tvoří hydrolasy závislé na zinku. Tato disertační práce se zaměřuje na biochemickou 

a strukturní charakterizaci glutamátkarboxypeptidasy II (GCPII) a histondeacetylasy 6 

(HDAC6), které jsou členy rodiny metalohydrolas závislých na zinku, a popisuje interakce 

s jejich přirozenými substráty a inhibitory. 

GCPII je homodimerní membránová proteasa, která v centrální a periferní nervové soustavě 

katalyzuje odštěpení glutamátu z neuropřenašeče N-acetyl-aspartyl glutamátu (NAAG) 

a v tenkém střevě z folátů přijatých v potravě. Tento enzym je spojován s několika 

neurologickými poruchami a představuje také ideální cíl pro diagnostiku a léčbu rakoviny 

prostaty. Inhibitory GCPII obvykle nesou skupinu vázající zinek a dále obsahují funkční 

skupinu specificky rozpoznávanou v S1’ místě enzymu (tvořenou glutamátovým zbytkem 

nebo jeho isosterem). Tyto sloučeniny jsou přirozeně hydrofilní molekuly, což brání jejich 

průniku přes hematoencefalickou bariéru a znemožňuje inhibici GCPII v centrální nervové 

soustavě. V této disertační práci představujeme různé strategie zaměřené na záměnu 

tradičního P1’ glutamátového zbytku nevětvenými neproteinogenními aminokyselinami 

a bioisostery glutamátu. Dále pak sledujeme vliv zavedení aminohexanového linkeru na 

afinitu a biologické vlastnosti inhibitorů na bázi fosforamidátů. Analýza krystalových 

struktur komplexů GCPII s těmito novými inhibitory odhalila dosud nepopsanou flexibilitu 

S1’ místa, která umožňuje proteinu GCPII vázat objemné zbytky. Identifikovali jsme nové 

inhibitory se zvýšenou lipofilicitou, které i když nejsou silnými inhibitory, mohou složit jako 

prekursory pro následní racionální návrh nových léčiv. 

Acetylace lysinu 40 v α-tubulinu chrání mikrotubuly před následky mechanického stárnutí 

a hraje i roli v pohybu buněk, větvení axonů a růstu a udržováni výběžků neuronů. HDAC6 

je hlavní deacetylasou tubulinu a jeho význam jakožto možného cíle pro léčbu rakoviny 

a neurodegenerativních onemocnění stále roste. Tím pádem vzrůstá i potřeba hlubšího 

pochopení jeho interakce s tubulinovým substrátem. V této práci ukazujeme, že HDAC6 

deacetyluje dimery tubulinu 1500 krát vyšší rychlostí než mikrotubuly. Naše data naznačují, 

že s výjimkou aminokyselin na pozicích P1 a P-1 přispívají aminokyseliny obklopující Lys40 

k rozpoznávání substrátu minimálně, a že účinná deacetylace vyžaduje komplexní interakce 

s tubulinovým dimerem. 
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1. INTRODUCTION 

 

1.1.  ZINC-DEPENDENT HYDROLASES 

 

Zinc, either catalytic or structural, is found in approximately 10% of the proteome. Zinc 

metalloproteins belong to each of the six enzyme classes but hydrolases are prevailing [1]. 

Zinc-dependent hydrolases are a class of metalloenzymes, where zinc ions catalyze 

hydrolytic reactions. In them, the zinc ions are usually coordinated by the side chains of His, 

Glu, Asp, and Cys, and water. The family encompasses peptidases, lipases, phosphatases, 

carbonic anhydrases, β-lactamases, and deacetylases.  

The physiological function of zinc was recognized in 1940 when it was identified as 

an element crucial for activity of carbonic anhydrase. This bluish-white diamagnetic metal 

exists, within the organism, in both free and bound form. Cellular levels of free zinc need to 

be strictly regulated as decreased concentrations result in cell growth arrest and higher 

concentrations lead to zinc toxicity. Zinc is exported from cytosol by zinc transporters, 

imported into the cell by ZRT/IRT-like proteins (Zips), and stored by metallothioneins. 

A mutation in the gene for the zinc transporter ZIP4 causes zinc deficiency that could 

manifest as acrodermatitis enteropathica [2]. This disease illustrates the importance of zinc 

for human organism as it was lethal before the era of zinc supplements. 

Based on the number of zinc ions required for their catalytic activity, the zinc 

metalloenzymes can be either mononuclear or binuclear. In zinc-dependent hydrolases both 

types of metal center were described. Interestingly, the mononuclear enzymes often have 

another zinc binding site but binding of an additional zinc into this site usually results in 

an inhibition of enzymatic activity [3]. In proteins, there are four types of zinc-binding site: 

catalytic, co-catalytic, protein interface, and structural. In the catalytic site the zinc ion is 

usually bound to at least one water molecule and three to four additional amino acid ligands. 

The metal ion is required for water activation that in turn is necessary for the nucleophilic 

attack, polarization of the scissile bond carbonyl, and stabilization of the negative charge in 

the transition state. Co-catalytic site contains additional one or two zincs or other transition 

metals bridged by water or an amino acid. These metals lie in close proximity to one another, 

act synchronously as a catalytic unit and are important for proper folding as well. Protein 

interface site zincs lie on the interaction interface of subunits of a protein or two adjacent 
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proteins and are important for quaternary structure. The structural site zinc stabilizes 

tertiary structure of the protein [4]. 

Zinc is an ideal enzyme cofactor for three reasons. Firstly, while a strong Lewis acid, it lacks 

redox properties. It does not cause oxidative damage because its d-orbital is full. Secondly, 

the full d orbital also means that ligand binding does not have stabilizing effects. Therefore, 

zinc enzymes can easily bind ligands as zinc can be, without preference, four-, five-, or 

six-coordinated (see Figure 1). The coordination number is determined by bonding between 

metal and donor and repulsion between ligands. To transition between tetrahedral, trigonal 

bipyramidal and octahedral coordinations, the zinc complexes need to overcome just a minor 

energy barrier. Lastly, in zinc enzymes the coordinated water is easily exchangeable due to 

kinetic instability of zinc complexes. Also the pKa of coordinated water is lower than that 

of free water, thus adding to the reactivity of zinc enzymes [5]. 

 

Understanding of the exact mechanisms and specific roles of the individual zinc-dependent 

hydrolases might lead to identification of new highly specific inhibitors. Summarizing data 

collected on different hydrolases might help in rational design of inhibitors for hydrolases 

with yet unsolved crystal structures. In our laboratory we study histone deacetylases and 

carboxypeptidases. This thesis presents a detailed study of two of the zinc hydrolases: GCPII 

and HDAC6. We addressed structure-assisted design of new GCPII inhibitors and elucidated 

interactions between HDAC6 and tubulin, its natural substrate. We believe our work brings 

new data that adds to the understanding of the zinc hydrolase superfamily.  

  

Figure 1: Zinc enzyme coordination 

Zinc can exist in four-, five-, and six-coordinate state without any preference and assume A) slightly 

distorted tetrahedral, B) trigonal bipyramidal, or C) octahedral coordination. 



 

3 
 

1.2. GCPII 

 

Human glutamate carboxypeptidase II (GCPII; E.C. 3.4.17.21) was independently identified 

by several research groups. As a result, it has different names based on either its 

physiological role or localization. It is the reason why it is also known as 

N-acetylated-α-linked acidic dipeptidase (NAALADase), prostate-specific membrane 

antigen (PSMA), and folate hydrolase (FOLH1). GCPII is now the name officially 

recognized by International Union of Biochemistry and Molecular Biology (IUBMB). It is 

a membrane bound zinc-dependent C-terminal exopeptidase that belongs to the M28 

peptidase family [6,7]. 

The gene encoding human GCPII lies at the 11p11.2 locus. It consists of 19 exons and 18 

introns [8] and translates into a 750 amino acids containing protein with molecular weight 

of 84 kDa. However, GCPII exists as a homodimer which undergoes posttranslational 

modifications and its actual molecular weight can therefore be up to 200 kDa.  

GCPII was found to exist as a transmembrane protein localized to the apical plasma 

membrane of epithelial cells. It is expressed mainly in kidneys and brain, where its activity 

was reported to be the highest in cerebellum, midbrain, and at the boundary of medulla and 

pons [9]. High expression was also found in prostate cancer and neovasculature of majority 

of solid tumors [10,11].  

 

1.2.1. GCPII DOMAINS 

 

GCPII can be formally divided into 3 parts: a short intracellular N-terminal cytoplasmic tail 

(amino acids 1-18), a transmembrane helix (amino acids 19-43), and a large extracellular 

part (amino acids 44-750)[12,13].  

The N-terminal tail mediates interaction with scaffold proteins such as clathrin, filamin A, 

or caveolin-1. It probably does not have any defined folds [14,15]. The transmembrane 

domain is predicted to have a canonical α-helical conformation and anchors the protein in 

the plasma membrane. The extracellular part is further subdivided into the protease-like 

domain (amino acids 57-116 and 352-590), the apical domain (amino acids 117-351), and 

the C-terminal domain (amino acids 591-750) (see Figure 2, page 4). The substrate binding 

cavity is formed by amino acid residues from all three of these domains. The protease-like 
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domain consists of the seven-stranded mixed β-sheet surrounded by 10 α-helices. The apical 

domain is formed by the central (3+4) stranded β-sheet sandwich flanked by 4 α-helices. It 

is wedged between the first and the second β-sheet of the protease-like domain. Helixes α15, 

α17, α18- α19, α20, organized in an Up-Down-Up-Down four helix bundle, form the C-

terminal/helical domain [16,17]. 

 

1.2.1.1. ACTIVE SITE 

 

The active site is shaped as a 20 Å deep substrate binding funnel with two active site Zn2+ 

ions at the bottom and this makes it a co-catalytic active site. The zinc cations are coordinated 

by water and Asp387. Zn1 is additionally coordinated by His377 and Asp453 dietaryZn2 by 

Glu425, and His553. The structure harbors two other inorganic ions. The Cl- anion is 

responsible for orienting positively charged residues responsible for substrate or inhibitor 

binding. It is coordinated by the side chains of Arg534, Arg536, Asn451, and the main chains 

NH of Asp453 and lies in proximity of a P1 arginine patch. GCPII also contains Ca2+, which 

although not a part of active site, is critical for activity. It is coordinated by Glu433, Glu436, 

Thr269, and Tyr272. The cation lies at the interface of the two monomers, 20 Å from 

Figure 2: Extracellular part of GCPII 

GCPII forms a dimer. Each of the monomers are consist of the N-terminal cytoplasmic tail, the 

transmembrane helix and the large extracellular part. The extracellular domain is further divided into the 

protease domain (blue), the apical domain (orange), and the C-terminal domain (green). Both monomers 

also contain two zinc ions (magenta), one calcium ion (red) and chloride ion (yellow). Pavlicek et al., 

2012 [212] modified 
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the active site and is thought to stabilize the loop Tyr272-Tyr279 involved in dimerization 

[16,18].  

The pharmacophore (S1’) pocket (Figure 3E, page 6) is a cavity occupying space of 8 x 8 x 

8 Å and is delineated by Phe209, Arg210, Asn257, Glu424, Glu425, Gly427, Leu428, 

Gly518, Lys699, and Tyr700 [19]. The S1’ site strongly favors L-amino acids and (S)-

stereoisomeres of inhibitors [6,20]. The substrates bind into the S1’ pharmacophore pocket 

via their C-termini. Generally, Gly518, Phe209, and Leu428 are engaged in Van der Waals 

interactions with a substrate/inhibitor functionality. The S1’ pocket is optimized for binding 

of glutamate moiety (of a substrate or an inhibitor), and the GCPII specificity for glutamate-

like groups is defined by a hydrogen-bonding pattern within this pocket. Here, the 

guanidinium group of Arg210 and the hydroxyl of Tyr552 engage the α-carboxylate of 

substrate, while the side chains of Asn257 and Lys699 form hydrogen bonds with its γ-

carboxylate [21]. 

Several additional structural/functional features critical for the recognition of 

substrates/ligands by GCPII exist within the substrate-binding cavity. Residues Trp541–

Gly548 form the so-called entrance lid (Figure 3, page 6). In its closed conformation it 

shields ligands in the active site from the exterior. On the other hand, in its open 

conformation, the lid can accommodate distal moieties of various inhibitors. A study using 

molecules containing dinitrophenyl with a long linker noted that the entrance lid remains 

open if needed. This led to identification of an arene binding site (Figure 3B, page 6) formed 

by three amino acids (Trp541, Arg511, and Arg463). Here, the arene ring is in the close 

contact with the indole group of Trp541 (3.1 Å) and the guanidinium group of Arg511 (3.9 

Å) and the Arg463 side chain forms the bottom of the cleft. These interactions position the 

phenyl ring virtually parallel to both indole and guanidinium functional groups resulting in 

simultaneous π-cation (dinitrophenyl - Arg511) and π-stacking (dinitrophenyl - Trp541) 

interactions. It had been determined in a mutation study that only interaction with Trp541 is 

responsible for the affinity enhancement [22,23].  

The GCPII active site contains flexible segments that allow the binding of ligands both 

similar and different from its natural substrates with high affinity. The S1 site contains so 

called arginine patch (Figure 3C, page 6) formed by Arg463, Arg534, and Arg536. This 

patch renders the S1 site more prone to bind substrates with acidic residues at the P1 position 

and its interaction with negatively charged moieties increases the enzyme’s affinity towards  

 



 

6 
 

 

Figure 3: GCPII internal cavity 

Central scheme represents glutarate sensor (yellow), arene binding site (red), arginine patch and 

S1/accessory hydrophobic patch (blue), S1’/pharmacophore pocket (gray), and active site (green). 

Alternative positions of the flexible elements (entrance lid, arginine patch, and glutarate sensor) are 

depicted by dashed lines. Zinc atoms are depicted as circles. A) Glutarate sensor position with 

pharmacophore pocket empty (yellow) or occupies by inhibitor or substrate (red) B) Arene binding site 

(orange) occupied by dinitrophenyl group of ARM-P2 (PDB code 2XEI C) Arginine patch (cyan) in the 

“stacking” position D) S1 accessory hydrophobic pocket (cyan) with DCIBzL (PDB code 3D7H). The S1 

site is opened by simultaneous repositioning of the side chains of Arg463 and Arg536. E) hydrogen-

bonding interactions between the S1’ (pharmacophore) pocket-bound substrate and interacting GCPII 

residues. F) Interactions with phosphinate ZBG (top), urea ZBG (middle), and NAAG (bottom) in the 

vicinity of the active-site zinc ions. Zinc ions and water molecules are shown as purple and red spheres, 

respectively. Inhibitors/substrates bound are in stick representation with carbon atoms colored green, 

while GCPII residues are shown as lines with carbon atoms colored gray (panels E and F). Remaining 

atoms are colored blue (nitrogen), red (oxygen), and orange (phosphorus). Hydrogen-bonding interactions 

are shown as dashed lines. Pavlicek et al., 2012  [212] 
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them. The position of Arg534 is invariant mainly thanks to the chloride anion bound to the 

S1 site which serves  

as an anchor. The other two arginines are more flexible. Arg463 can alter between “up” and 

“down” positions and this transition allows the Arg536 side chain to alter between “stacking” 

and “binding” conformations. In the ‘stacking’ conformation Arg536 has its guanidinium 

group blocked between the guanidinium groups of Arg534 and Arg463 and is unable to bind 

a substrate. The transition into the ‘binding’ conformation requires a 4.5-Å shift of 

the guanidinium group [17].  

Another important structural feature associated with the S1 site is an accessory 

hydrophobic pocket (Figure 3D, page 6) defined by Glu457, Arg463, Asp465, Arg534, and 

Arg536. Its bottom is formed in part by β-sheets of Arg463-Arg465 (β13) and Arg534-

Arg536 (β14). Interaction of the long aliphatic chain of DCIBzL with this, relatively hard to 

reach, accessory hydrophobic binding site is believed to be behind the inhibitor’s unique 

potency [21]. A glutarate sensing hairpin (Figure 3A, page 6) is an important structural 

feature formed by residues Lys699 and Tyr700 and wedged between helixes α18 and α19 

along with the Leu679-Val690 loop. The glutarate sensor loop is directly involved in the 

specific binding of the glutarate. It is the only part of the S1’ pharmacophore pocket that is 

not rigid as it can shift by 4 Å which results in the site’s enlargement [16].  

 

1.2.2. POSTTRANSLATIONAL MODIFICATIONS OF GCPII 

 

Glycosylation of proteins is one of the most important posttranslational modifications that 

take place in the endoplasmic reticulum and the Golgi apparatus. There are 10 N-

glycosylation sites in GCPII and N-glycosylation is a prerequisite for correct folding and 

secretion of human GCPII. Only glycosylation of residues distant from the putative catalytic 

domain are needed for GCPII activity. Among them the glycosylation of Asn638 is the only 

one considered indispensable. In all GCPII crystal structures four saccharide units at on 

the Asn638 are visible. However, only two saccharide units can be seen at the other 

glycosylation sites. This glycosylation has been identified as imperative for dimerization 

which in turn is essential for enzymatic activity of GCPII. It is unclear, however, if 

expression of the differently glycosylated variants is tissue specific nor what exactly is their 

role [24,25]. 
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The only other reported posttranslational modification described for GCPII is acetylation. It 

has been shown that treatment of GCPII with the pan-HDAC inhibitor valproic acid (VPA) 

leads to 2-fold increase in acetylation. This posttranslational modification reportedly 

stabilizes the metallopeptidase by blocking its ubiquitination and thus degradation. 

Inhibition by selective HDAC6 inhibitor has the same effect as VPA treatment. Use of both 

inhibitors has cumulative inhibitory effects. Therefore, it stands to consider that 

the deacetylase involved in GCPII destabilization is HDAC6. Since the proof is indirect and 

the observation has not been confirmed by other groups the topic would require further 

examination [26]. 

  

1.2.3. REACTION MECHANISM 

 

Reactant 

Transition 

state 

Intermediate structure 

                

Products 

Figure 4: Reaction mechanism of NAAG hydrolysis by GCPII 

Mechanism of NAAG hydrolysis catalyzed by GCPII. Substrate/products are depicted in bold lines. 

Catalytic (Zn1) and co-catalytic (Zn2) zinc ions are in circles. Small arrows indicate electron shifts. Klusak 

et al., 2009 [27], modified 
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GCPII substrates recognition employs the induced fit mechanism. The substrate processing 

is exemplified here by the hydrolysis of N-acetyl-aspartyl-glutamate (NAAG), the natural 

GCPII substrate. Upon entering the substrate binding cavity the substrate Asp (via its β-

carboxylate) forms an ionic bond with the guanidinium groups of Arg534 (2.9 Å) and 

Arg536 (3.1 Å) of the arginine patch, a hydrogen bond with Asn519 (Nδ2, 3.0 Å), and 

equidistant bonds with two water molecules (2.7 Å). The carbonyl oxygen of the acetyl 

group engages the side chains of Arg536 (Nη2, 2.7 Å), Asp453 (Oδ2, 3.0 Å), and Asn519 

(Nδ2, 3.1 Å), while the methyl group extends into a pocket delineated by the side chains of 

Ile386, Asp387, Ser454, Glu457, and Tyr549. The carbonyl oxygen of the peptide bond 

forms a hydrogen bond with the hydroxyl group of Tyr552 and another weak bond with 

Zn1
2+ (both 2.6 Å). Additionally, the nitrogen atom of the secondary amide forms a hydrogen 

bond with the Gly518 carbonyl oxygen (2.9 Å). In the active site the catalytic Zn2+ ions are 

at 3.3 Å distance from each other bridged by equidistant interactions (2 Å) with oxygen of 

the hydroxide anion.  

Formation of the tetrahedral reaction intermediate causes elongation of the distance between 

the two zinc ions to 3.5 Å. The oxygen of the hydroxide anion forms a C-O bond with 

the substrate’s peptide bond carbon atom and the carbonyl oxygen of substrate is stabilized 

by interaction with Tyr552 and Zn1
2+. The formation of the reaction intermediate is 

accompanied by a shift of the protonated hydroxyl group of Glu424 so that it can form 

a hydrogen bond with NAAG nitrogen thus stabilizing its pyramidal conformation. 

The reaction mechanism is completed when a proton is transferred from the Glu424 

hydroxyl to the peptide bond nitrogen, and another proton is transferred from the OH- moiety 

to Glu424 and this culminates in the scissile bond cleavage. Resulting N-Ac-Asp dissociates 

and is released from the active site when the hydroxyl used in reaction is replaced by water 

while the glutamate part of the substrate remains tightly bound [27]. In the catalytic 

mechanism of GCPII, Glu424 plays a dual role as catalytic acid and base when it shuttles 

the proton from the zinc-bound catalytic water and transfers it to the amino moiety of 

the substrate. The activated water performs nucleophilic attack on the carbonyl group of 

the substrate (for example the aspartyl residue of NAAG) [16,27]. The summary of the 

reaction mechanism can be seen in Figure 4 on page 8. 
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1.2.4. ROLES OF GCPII  

 

1.2.4.1. PHYSIOLOGICAL ROLE 

 

Ideally a lot of information about the role of a protein can be gained from phenotype (if 

detectable) of model organisms with the relevant gene inactivated or deleted altogether. Four 

different studies had been published, describing the effects of GCPII knock out in mice. 

Bacich et al., 2002, were the first to publish a study of GCPII KO mouse. Their strategy 

relied on deletion of exons 1 and 2. They were able to obtain GCPII-/- homozygotes who 

similarly to GCPII+/- heterozygotes bred and developed normally without any detectable 

phenotype [28]. A year later Tsai et al., 2003 published a rather contradictory report. They 

chose an approach in which GCPII knock out was accomplished by deletion of exons 9 and 

10 that lead to embryonic death of homozygous null mutants. The heterozygous mice 

developed apparently normally, but GCPII expression levels in wild type and heterozygous 

mutants indicated that GCPII expression was upregulated in the latter to compensate for 

the null allele [29]. Han et al., 2009 obtained mice with deleted exons 1 and 2. In GCPII+/- 

heterozygous mice expression was reduced to 50%. The mice developed normally but 

the adults showed deficits in working memory, hyperactivity, and subnormal social skills. 

With this approach they were unable to breed the homozygous GCPII-/- mice, indicating that 

this approach to GCPII inactivation results in embryonic lethality suggesting that the enzyme 

plays a key role in embryogenesis [30]. Finally, Gao et al., 2015 succeeded in preparing 

GCPII KO mice by removal of exons 3–5. The crossing of the GCPII+/- heterozygotes 

resulted in standard 25 % of homozygous GCPII null progeny and embryonic lethality was 

not observed. Western blots confirmed 50% decrease in GCPII expression in 

the heterozygous mice and no detectable GCPII in GCPII KO mice. The only difference 

observed was that the GCPII KO mice were more resistant to moderate traumatic brain injury 

[31]. These differing results are hard to reconcile at present and additional studies are 

warranted. 

As mentioned before, GCPII has three major expression sites in the human organism. In 

healthy prostate GCPII exists as PSM’, an N-terminally truncated form missing the first 56 

amino acids of the intracellular and transmembrane domains, that is believed to be a product 

of posttranslational processing. This form is hydrolytically active on the NAAG substrate 

yet its function is unclear. It is localized to cytoplasm and apical side of the epithelium 
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surrounding prostatic ducts [32].While the exact role of the carboxypeptidase in the prostate 

is yet to be identified, the substrates in the brain and the gut are identified and studied in 

depth. In the nervous system, GCPII is localized to the plasma membrane of astrocytes and 

Schwann cells [33,34]. There, the enzyme functions as NAALADase and hydrolyzes 

the neuropeptide N-acetyl-L-aspartyl-L-glutamate (NAAG). It is synthetized by the NAAG 

synthetase from NAA and glutamic acid which makes it different from other neuropeptides 

which arise from translation. This most abundant of mammalian neurotransmitters activates 

the group II metabotropic glutamate receptors. In particular, it is an mGluR3 agonist. GCPII 

inactivates NAAG by hydrolyzing it, resulting in N-acetyl-L-aspartate (NAA) and glutamic 

acid release (Figure 5A) [9,28]. In the small intestine the enzyme cleaves the γ-linked 

glutamates from dietary folyl-poly-γ-glutamates, allowing thus their absorption into the 

blood stream (Figure 5B) [35]. GCPII also seems to play a role in vasculogenesis as 

the process is impaired in GCPII-null mice. The depletion of GCPII affects endothelial cell 

invasion through the extracellular matrix barrier and this is due to disturbance in a regulatory 

loop employing laminin-specific integrin and p21-activated kinase 1 [36].  
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1.2.4.2. PATHOLOGICAL ROLE 

 

One of the highest expression levels observed for GCPII is in prostate cancer. In fact, 

GCPII/PSMA was found in more than 95% of prostate cancers. The exact role in 

oncogenesis is unknown but the vast difference in the expression levels between healthy and 

cancerous prostate tissue makes GCPII a great prostate cancer marker. As GCPII has been 

identified as a protein detected by the 7E11C-5 antibody, that was used for prostate cancer 

diagnostics, it was named prostate specific membrane antigen (PSMA) [37]. As prostate 

cancer is considered the second most common type of cancer in men worldwide, a plethora 

of molecules is being studied as possible tools for prostate cancer imaging. So far, the only 

FDA approved imaging molecule is 111In-labeled capromab pendetide (also known as 

ProstaScint), a mouse monoclonal antibody against GCPII. This imaging agent was 

approved in 1996 by the US FDA for use in both newly diagnosed patients, potential or high 

risk patients, and patients suspected of having recurrent disease. It had been derived from 

7E11-C5.3 antibody raised against the cytoplasmic portion of the enzyme and is currently 

used in diagnostics of prostate cancer. However, it has slow distribution and clearance and 

developing new imaging agents with better qualities would improve the diagnostics. The use 

of radiotracers brings along the usual dangers connected with introduction of radioactive 

matter into human organism so the research is aimed at minimizing the patients’ exposure 

to them. Therefore, a lot of effort has been invested in generation of new diagnostic tools 

profiting of high levels of GCPII in prostate tumors and metastatic tissue derived from it yet 

with faster distribution and clearance [38]. 

Prostate cancer, however, is not the only malignancy with high GCPII expression. High 

levels of GCPII were observed in neovascular endothelium of lung, bladder, pancreas, skin, 

kidney, testes, brain, colon, skeletal muscle, and mesenchymal tissue (sarcoma) cancer. 

The expression was exclusively confined to the cancer tissue and did not occur in 

neovasculature of healthy organs and benign tumors [10,11,39]. These findings indicate that 

GCPII might be implicated in vasculogenesis and might be a valid target for cancer treatment 

by vasculogenesis inhibition. 

Glutamate is the most potent excitatory neurotransmitter. Upregulation of GCPII activity 

leads to release of high amounts of glutamate into the synaptic space. This is considered 

neurotoxic and is associated with neurological disorders such as stroke, amyotrophic lateral 
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sclerosis, and Alzheimer’s disease [40–43]. Administration of a potent GCPII inhibitor 2-

MPPA shows a promise in treatment of schizophrenia [44]. Inhibition of GPII has 

a prophylactic effect against hyperalgesia, myelinated fiber degeneration and promotes 

nerve fiber regeneration in diabetic rats with longstanding diabetes, without affecting blood 

glucose levels. It alleviates hyperalgesia in rat models with preexisting neuropathy, improves 

nerve conduction velocity and myelinated fiber morphology and promotes nerve fiber 

regeneration and has neuroprotective effect in models of ischemic or traumatic brain injury 

and alleviates neuralgias. Inhibition of GCPII has a neuroprotective effect in rat model of 

middle cerebral artery occlusion potentially resulting in faciobrachial paralysis and damage 

to the dominant and/or non-dominant hemisphere [45–49]. These findings make inhibition 

of GCPII an intriguing approach for treatment of neurological diseases.  

 

1.2.5. GCPII INHIBITORS 

 

The role of GCPII in the CNS and prostate and its expression in neovasculature of almost 

exclusively malignant tissues makes it an interesting target of study. A lot of effort is 

nowadays invested into the design of new GCPII-specific inhibitors in order to find new 

compounds to block known functions of the enzyme. Therefore, use of new inhibitors as 

drugs in treatment of neurological disorders is conditioned by their ability to cross the blood-

brain barrier. In case of prostate targeted inhibitors, they need to exhibit high specificity for 

the truncated PSM’ form predominant in prostatic tumors. This is necessary for their use as 

scaffolds for imaging molecules for diagnostics and subsequently successful treatment. 

Potent specific inhibitors of prostate form of GCPII can also be used to generate highly 

selective PSMA binders that can serve as carriers of targeted cancerotoxic molecules.  

In general, the GCPII inhibitors consist of a zinc-binding group (ZBG) and an S1’ binding 

group (usually a glutamate moiety or glutamate isostere). Most of GCPII inhibitors are based 

on the NAAG molecule. The S1’ pocket has evolved as a glutamate sensor and therefore 

GCPII has a high affinity for substrates and inhibitors bearing a glutamate moiety. The 

inhibitor’s potency is affected by modifications at the P1’ site such as shortening or 

lengthening of the aliphatic chain or removal of the carboxylic moiety. Analogously the S1 

site has preference for negatively charged moieties and the loss of inhibitor potency after 

removal of α-carboxyl group indicates requirement of a third carboxylic acid for effective 

binding [22,50]. Crystal structures show that inhibitors derived from or similar to glutamic 
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acid bind exclusively to the pharmacophore S1’ site, while dipeptide analogs with a non-

hydrolysable peptide bond surrogate (such as the ureido linkage) or the tetrahedral transition 

state mimetics (phosphoramidates) occupy both S1’ and S1 sites [21]. 

Inhibitors of GCPII can be divided into four groups based on the nature of the zinc-binding 

group present in their structure. These are: 1) phosphorous based inhibitors (phosphonate-, 

phosphate-, and phosphoramide-based), 2) urea based compounds, 3) thiols, and 4) 

hydroxamates. 2-phosphonomethylpentanedioic acid (2-PMPA) (Figure 6C, page 15) is an 

example of a potent phosphonate based GCPII inhibitor with the inhibition constant of 0.3 

nM. Interestingly, the (S)-enantiomer of 2-PMPA inhibits GCPII with 300-fold higher 

affinity compared to the (R)-enantiomer. The high inhibitory potency results from the 

chelating effect of the phosphonate group combined with interaction of the glutarate 

(pentanedioic) part of inhibitor with the glutarate sensing site of the enzyme [51,52]. In 

phosphinate analogs of GCPII substrates, the planar peptide bond is replaced by the 

phosphinate functional group. These molecules resemble the unstable gem-diolate 

tetrahedral transition state formed during the course of substrate hydrolysis and are efficient 

inhibitors of the carboxypeptidase [17]. Among other potent GCPII inhibitors are 

phosphonate monoester derivatives of 2-PMPA and reverse phosphonate monoesters, with 

additional interactions with the S1 pocket, and phosphoramidates. The main problem with 

the phosphorous based inhibitors is the lack of oral bioavailability that limits their potential 

as therapeutic agents. This problem seems to have been resolved by the discovery of orally 

applicable fosinopril, a prodrug of fosinoprilat - a drug with disadvantageously poor 

absorption and distribution [53].  

Urea based inhibitors have been widely used for prostate cancer imaging. They are easy to 

synthesize and modify. High potency of urea based inhibitors arises from the similarity in 

binding between these inhibitors and natural substrates. The binding of the C-terminal 

glutamate of the inhibitors into the S1’ pocket is nearly indistinguishable from that of free 

glutamate and high similarity can be seen in binding mode of the urea group and the scissile 

peptide bond of NAAG. The ureido linkage of urea derived inhibitors mimics the planar 

peptide bond but the enzyme is unable to process it. Instead it binds via its carbonyl oxygen 

to Tyr552 (OH, 2.7 Å), His553 (Nε2, 3.2 Å), water molecule (2.8 Å), and the catalytic Zn2+ 

(2.6 Å). One of its nitrogens (N2) forms a hydrogen bond with γ-carboxylate of Glu424 

(3 Å), carbonyl oxygen of Gly518 (2.9 Å), and activated water (3.1 Å) while the other (N1) 

binds solely to carbonyl group of Gly518 (3 Å) [21]. Additionally, interactions between 
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the P1 carboxylate of the urea-based inhibitors and the side chains of Asn519, Arg534, and 

Arg536, mimic similar interaction pattern between GCPII and NAAG. Many urea based 

inhibitors are DCIBzL (IC50 = 0.06 nM) [54] (Figure 6a) derivatives, profiting from the 

unique interactions of its phenyl ring with the accessory hydrophobic pocket within the S1 

site. A drawback of the urea-based inhibitors is their limited ability to cross the blood-brain 

barrier and therefore poor efficacy in the treatment of neurological disorders.  

Thiol-based inhibitors stand out for their exceptional pharmacokinetic profiles. One of 

the most potent thiol inhibitors is 2-MPPA (2-(3-mercaptopropyl)pentanedioic acid, 

IC50 = 90 nM) (Figure 6B). This inhibitor is highly selective for GCPII and has 71% oral 

bioavailability in rats and is efficient in rat models of neuropathic pain [46]. Unfortunately, 

the thiol group is relatively nucleophilic and prone to oxidation that negatively affects its 

A
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Figure 6: GCPII inhibitors 

Urea based inhibitors I-DCIBzL and ZJ-43 B) thiol based inhibitor 2-MPPA C) Phosphonate based 

inhibitor 2-PMPA D) Hydroxamate inhibitor (R)-1-hydroxamate 
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metabolic stability and propensity to form immunogenic complexes with endogenous 

proteins. 

Hydroxamates (Figure 6D, page 15) are inhibitors with nanomolar potency towards GCPII. 

These inhibitors have a unique binding mode in the internal cavity of GCPII. The 

hydroxamate head group a binds the active-site zinc ions with a distorted trigonal–

bipyramidal geometry. The two zincs are bound asymmetrically, with Zn1 bound in bidentate 

and Zn2 in monodentate fashion. Unlike all other inhibitors that interact with the S1’ site of 

GCPII, hydroxamate-based inhibitors bind selectively into the S1 site of the spacious 

entrance funnel. This conveys tolerance for bulky or hydrophobic groups as substituents of 

the canonical glutarate moiety and the absence of stereochemical preferences. 

Hydroxamates are effective in animal model of neuropathic pain and possess favorable 

pharmacokinetic properties [55]. It is interesting to note that hydroxamate-based compounds 

are also the major inhibitor class targeting HDAC6, the second hydrolase that is the focus of 

the thesis. 

1.3. HDAC6 

 

HDAC6 belongs to the histone deacetylase family (EC 3.5.1.98, HDAC). HDACs are 

enzymes catalyzing removal of the acetyl group from the ε-amino group of lysine. The name, 

histone deacetylases, is historical and based on the ability to cause condensation of histones 

by removal the of acetyl group from their N-terminal tails resulting in transformation of 

the transcriptionally active euchromatin into heterochromatin and consequent decrease of 

transcription. Nowadays they are more accurately referred to as lysine deacetylases 

(KDACs) as they are active on many non-histone substrates. The HDAC family can be 

divided according to cofactor requirements into NAD+-dependent Sirtuins and zinc-

dependent histone deacetylases. The human histone deacetylase family consists of 

18 members (Figure 7, page 17) which are further divided into four classes based on 

homology to their yeast counterparts. Class I, where HDACs 1, 2, 3, and 8 belong, is 

homologous to RPD3. Class II HDACs are homologous to HDA1 and are subdivided into 2 

subclasses based on their domain organization. Class IIa consists of HDACs 4, 5, 7, and 9. 

Class IIb contains HDAC6 and HDAC10. In the sequence of these two deacetylases a 

duplication of the deacetylase domain occurred during the evolution. However, in the case 

of HDAC10 the second catalytic domain is incomplete and inactive. The NAD+-dependent 

deacetylases encompassing Sirtuins 1-7 are grouped in class III and their yeast counterpart 
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is Sir2. Class IV has just one member HDAC11. This is the smallest histone deacetylase and 

it does not share homology with either RPD3 or Hda1 [56–58]. 

The coding sequence of human HDAC6 is mapped on the X-chromosome p11.22-23 locus. 

The HDAC6 gene is a single copy gene coded by 28 exons and spanning over nearly 

22 000 bp and is translated into 1215 amino acid protein [59,60]. HDAC6 was identified in 

1999 by two independent groups as a result of search for Hda1 homologues. The protein is 

expressed in high levels in testis, lower amounts were found in brain, heart, liver, kidneys, 

mammary gland, spleen, and pancreas. Although primarily localized in the cytoplasm, upon 

acetylation by CBP, HDAC6 translocates into the nucleus [61,62]. 

Figure 7: Zn-dependent histone deacetylases. 

Zinc-dependent HDACs are divided into four classes according to homology with their yeast counterparts. 

Numbers following the domain scheme correspond to the size (number of amino acids) of the particular 

HDAC. Histone deacetylase inhibitors specificities indicated by brackets encompassing the classes they 

effectively inhibit.  
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1.3.1. HDAC6 DOMAINS 

 

The domain organization (Figure 8) of HDAC6 makes it unique among zinc-dependent 

deacetylases as it is the only member to have a fully duplicated catalytically active 

deacetylase domains. The catalytic domains are highly structurally conserved and their 

amino acid sequences share 47% identity and 64% similarity. They are separated by a 

glutamate rich linker. Two sequences situated at the N-terminus regulate cellular localization 

of HDAC6. The first of them is nuclear localization sequence (NLS, 14-59 amino acids) 

regulating HDAC6 import into the nucleus. The transport is mediated by importin-α and its 

interaction with HDAC6 is regulated by p300-mediated acetylation within the NLS 

sequence. Acetylation of a cluster of lysines in this domain results in the retention of HDAC6 

in cytoplasm [63,64]. The shuttling of HDAC6 between the cytoplasm and the nucleus 

requires presence of the nuclear exclusion sequence (NES). Three short leucine rich NES-

like sequences have been identified but only the N-terminal NES1 is critical for 

CRM1/exportin1 mediated transport [62].  

The existence of two deacetylase domains (DD1, 84-440 amino acids and DD2, 479-835 

amino acids) raises several questions. One of them is: How are the two domains organized 

within the protein? Recently solved structure of zebrafish DD1/DD2 tandem domains shows 

that they are closely attached in an ellipsoid-shaped complex in which the linker forms 

a symmetry axis and serves as a seal between the two catalytic domains with arginase-

deacetylase fold [65,66]. The two active sites are located 50 Å apart. The importance of 

the linker region has been demonstrated by experiments in which addition or removal of as 

Figure 8: HDAC6 domain organization 

Domain organization listed from the N-terminus: NLS (Nuclear Localization Sequence) by association 

to importin-α enables translocation to nucleus, NES (Nuclear Export Signal) targets HDAC6 for export 

from nucleus to the cytoplasm, DD1/DD2 (Deacetylase Domains) catalytic deacetylase domains, SE14 

(Serine-Glutamate containing tetradecapeptide) cytoplasm retention signal, and BUZ (Binding of 

Ubiquitin Zinc finger) permits binding to ubiquitinated proteins. Numbers indicate positions of the 

individual domains within the amino acid sequence. 
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little as 5 amino acids resulted in decrease of histone deacetylase activity and near complete 

abolishment of tubulin deacetylase activity [67]. 

Another question is: Are both of the domains catalytically active and if they are, do they 

have distinct roles? It seems that the activity of the domains differs depending on 

the substrate and origin of the particular HDAC6. Human and murine HDAC6 requires both 

domains for its histone and tubulin deacetylase activity [67,68] but only DD2 of human 

HDAC6 was necessary for survivin deacetylation [61,69]. A recently published report shows 

that human DD1 is highly active on C-terminally acetylated substrate only and exclusively 

in tandem domain assembly with both the linker and the DD2. This is thought to be due to 

the stabilizing effect of DD2 on the DD1 structure. The catalytic domains of Danio rerio 

Hdac6 share ~ 60% amino acid sequence identity and ~75% similarity with human HDAC6. 

Unlike in human however, both catalytic domains are active on peptide substrates even if 

tested as individual domains [70]. 

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

characteristic for the human isoform and not present in mouse Hdac6. The SE14 domain is 

dispensable for both the deacetylase and ubiquitin binding activity of HDAC6 and functions 

as cytoplasm retention signal [71]. 

BUZ (binding of ubiquitin zinc finger, 1131-1192 amino acids) domain bears homology to 

deubiquitinating enzymes. Thanks to the 11 conserved cysteine and 10 histidine residues 

the domain binds three molecules of zinc. The C-terminal domain binds equimolar amounts 

of ubiquitin and enables HDAC6 to bind to ubiquitinated proteins. This ability of HDAC6 

is prerequisite for its pivotal role in polyubiquitin-positive aggresome formation. The BUZ 

domain is also necessary for recognition/binding of a subset of HDAC6 substrates such as 

Hsp90 and Tat [72–74]. 
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1.3.2. POSTTRANSLATIONAL MODIFICATIONS OF HDAC6 

 

As HDAC6 plays a role in so many processes it is understandable that its activity has to be 

finely regulated. Posttranslational modifications are a logical tool for the cell to achieve 

instantaneous change in HDAC6 enzymatic activity without affecting the overall amount of 

the protein. HDAC6 undergoes acetylation, phosphorylation, S-nitrosylation, and 

autoubiquitination (Table 1 on page 21 offers a detailed overview). 

Phosphorylation is probably the most studied of HDAC6 modifications. It is highly 

diversified with different residues being phosphorylated by different kinases (Table 1). In 

mouse model, exposure to cigarette smoke leads to oxidative stress. As a result 

GSK-3β-mediated phosphorylation of Ser22 of HDAC6 causes increase in HDAC6 

activity [75]. Phosphorylation of Ser458, localized outside DD1, by protein kinase CK2 is 

vital for dynein binding and formation of aggresome [76].  

Phosphorylation of HDAC6 in response to EGF is an example of the already mentioned 

diversification. Binding of EGF into the EGFR receptor is a signal for phosphorylation of 

HDAC6 on Tyr570. The modification has inhibitory effects on its tubulin deacetylase 

activity. It leads to microtubule hyperacetylation and causes an increase in EGFR 

degradation. The active unphosphorylated form of HDAC6 deacetylates microtubules and 

slows down EGFR endosomal trafficking and degradation [77]. However, when EGF is a 

part of the EGFR-Ras-Raf-MEK-ERK signaling cascade, it mediates phosphorylation of 

Ser1035 by ERK1. This leads to upregulation of HDAC6 tubulin deacetylase activity. The 

resulting tubulin hypoacetylation induces cell migration [78]. So one signaling molecule 

activates two different kinases with two different results. Yet another kinase is utilized in 

regulation of cell motility by phosphorylation of HDAC6 as phosphorylation of HDAC6 by 

GRK2 at Ser1060, Ser1062, and Ser1069 enhances its tubulin deacetylase activity and 

promotes cell motility [79]. Lastly, phosphorylation of yet unknown residues by PKCζ and 

Aurora A resulting in upregulation of HDAC6 tubulin deacetylase activity have been 

reported. In the case of Aurora A, the phosphorylation negatively affects ciliary axoneme  
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Modification Residue 

modified 

Function Enzyme 

involved 

Source 

Acetylation Lys51, Lys52, 

Lys53,Lys 55, 

Lys 57, Lys 58 

Decreases TDAC 

activity, decreases 

HDAC6 mediated cell 

motility, anchors 

HDAC6 within 

cytoplasm 

p300 Liu et al., 2012  

[63] 

phosphorylation Ser22 Increase of TDAC 

activity 

Depolymerization of MT 

GSK-3β Borgas et al., 

2015 [75] 

 Ser458 Necessary for interaction 

with dynein and 

aggresome formation 

CK2 Watabe and 

Nakaki 2011 

[76] 

 Tyr570 Inhibits TDAC activity EGFR Deribe et al., 

2009 [77] 

 Thr1031 NA ERK1 Williams, 

Zhang et al., 

2013 [78] 

 Ser1035 Increases TDAC activity 

Stimulates cell migration 

ERK1 Williams, 

Zhang et al., 

2013 [78] 

 Ser1060 

Ser1062 

Ser1069 

Increase in TDAC 

activity 

Promotes cell motility 

GRK 2 Lafarga et al., 

2012 [79] 

S-nitrosylation Ala549 Suppresses TDAC 

activity 

NA Okuda, Ito 

et al., 2015 

[82] 

Ubiquitination NA  HDAC6 Riolo et al., 

2012 [61] 

 

Table 1: Overview of HDAC6 posttranslational modifications 

The type, location, effect and modifying enzyme are listed, along with the publications describing the given 

modification. HDAC (histone deacetylase)/TDAC(tubulin deacetylase) activity 
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stability and leads to ciliary resorption during cell cycle [80,81]. Interestingly, the only 

inhibitory phosphorylation, the Tyr570 phosphorylation by EGFR, also happens to be the 

only phosphorylation within deacetylase domains.  

Acetylation of HDAC6 regulates its activity and localization. Acetylation of HDAC6 by 

CBP on a yet unidentified lysine residue results in its transport into nucleus [61]. On the 

other hand, acetylation of a cluster of lysines (K51, 52, 53, 55, 57, and 58) within the N-

terminal NLS by p300 acetyl transferase anchors HDAC6 in the cytoplasm by blocking its 

interaction with importin-α. This acetylation also causes a decrease of tubulin deacetylase 

activity, and results in decrease of cell motility [63,64].  

Very little is known about HDAC6 S-nitrosylation and ubiquitination. The S-nitrosylation 

causes suppression of α-tubulin deacetylation. It can be induced by treatment with 

inflammatory cytokines TNF-α, IL-1β, and IFN-γ. This supports the presumed role of 

HDAC6 in immune system management. Nevertheless, the role of this modification needs 

to be studied further [82]. In accord with HDAC6 being an E3 ubiquitin ligase the enzyme 

undergoes autoubiquitination. It has been shown that ubiquitination of HDAC6 does not 

markedly affect its stability [73,83]. 

 

1.3.3. REACTION MECHANISM OF HDAC6 

 

The current HDAC6 catalytic mechanism scheme is based on crystal structure of DD2 

catalytic domain from D. rerio co-crystalized with trichostatin A. There is minimal structural 

difference between human and zebrafish DD2. This difference lies at the outer rim of the 

active site distant from bound inhibitors and all the amino acids critical for catalysis are 

strictly conserved across the species so this scheme should accurately represent the catalytic 

mechanism of human DD2 as well. In the absence of a substrate, the active site Zn2+ is 

coordinated by Asp612, His614, Asp705, and a water molecule thus assuming distorted 

tetrahedral coordination with the seemingly vacant coordination site (Figure 8a). Upon the 

substrate entering the catalytic pocket a precatalytic intermediate is formed. Here the 

substrate carbonyl of the Nε-acetyl-L-lysine is coordinated to the previously vacant site on 

Zn2+ which then becomes a pentacoordinate metal ion as the substrate fails to displace the 

water molecule (Figure 8b). The nucleophilic attack of the metal-coordinated water molecule 

on the carbonyl group of Nε-acetyl-L-lysine is initiated by the Zn2+ ion and H573 which 

serves as a general base. A tetrahedral intermediate forms and is stabilized by the coordinate  
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Figure 9: Reaction mechanism of deacetylation of tubulin derived substrate by DrHDAC6 

(a) The active site of HDAC6 is empty. In the absence of a substrate, Zn2+ is coordinated by 

Asp612, His614, Asp705, and a water molecule and assumes distorted tetrahedral coordination. 

(b) Substrate binds to the active site. Upon substrate binding, Zn2+ becomes a pentacoordinate 

metal ion. (c) Nucleophilic attack of the metal coordinated water on the carbonyl group of 

Nε-acetyl-L-lysine results in tetrahedral intermediate. (d) Collapse of the tetrahedral intermediate 

yields products (lysine and acetate). (Hai & Christianson, 2016, [70]) 
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bond with the Zn2+ ion and hydrogen bonds with Gly582, Tyr745, His573 and His574. In 

this HDAC6 differs from generally accepted HDAC8 catalytic mechanism where Zn2+ 

geometry is 5-coordinate square pyramidal and includes two water molecules, one of which 

is then replaced by the substrate carbonyl group [66]. The oxyanion atom of the tetrahedral 

intermediate is stabilized by coordination to Zn2+ and a hydrogen bond with Tyr745. 

Protonated His574 probably serves as a general acid and enables the collapse of the 

tetrahedral complex giving rise to acetate and L-lysine (Figure 9 Fc-d, page 23) [70].  

The fact that the backbone amide group C-terminal to the acetyllysine is hydrogen-bonded 

to only a water molecule and makes no direct contacts with active site residues of HDAC6 

means that there can be any amino acid at the P+1 position. The Ser531 and Ser538 of 

zebrafish and human DD2 domains, respectively, are conserved across all species as they 

are crucial for substrate recognition and acetyllysine positioning in the active site. The 

selectivity of DD1 for carboxy-terminal lysine acetylation is caused by restriction within its 

active site. The protruding Lys330 and in human HDAC6 also Tyr225 make the active site 

narrower and seem to function as gatekeepers [70]. 

 

1.3.4. ROLES OF HDAC6 

 

1.3.4.1. PHYSIOLOGICAL ROLE 

 

To date, at least twenty HDAC6 substrates have been identified. They are involved in various 

cellular processes and through them HDAC6 is implicated in apoptosis, cell signaling, cell 

motility, protein degradation, immune response and DNA repair. Role of HDAC6 in 

apoptosis is mediated via survivin and Ku70. Survivin, also called BIRC5 (baculoviral 

inhibitor of apoptosis repeat-containing 5), belongs to the IAP (Inhibitor of apoptosis 

protein) family. Its presence in the cytosol prevents caspases from inducing apoptosis. 

Opposing effects of histone acetyl transferase CBP and histone deacetylase HDAC6 regulate 

the acetylation state of survivin. The reversible acetylation of Lys129 serves as a mechanism 

for regulation of survivin localization. The deacetylation leads to its depletion from the 

nucleus. Estrogen induces CBP-mediated acetylation of HDAC6 and triggers its relocation 

from the cytoplasm to the nucleus. There HDAC6 binds directly to survivin and deacetylates 

it at Lys129. Acetylation of this amino acid marks it for export from the nucleus [61]. Ku-70 
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prevents the cell from entering apoptosis by inhibition of the pro-apoptotic Bax protein. The 

C-terminal tail of Ku70 contains Lys542 and Lys553. The deacetylation of these amino acids 

is critical for Ku70 to impede Bax induced apoptosis by sequestering Bax in the cytosol [84].  

The role of reactive oxygen species and ensuing DNA damage in development is well 

studied. HDAC6 deacetylates peroxiredoxin I (PrxI; Lys197) and peroxiredoxin II (PrxII; 

Lys196). Acetylation of PrxI renders it more resistant to overoxidation caused by hydrogen 

peroxide. As a result, the hydrogen peroxide reducing activity, mediated by the thioredoxin 

system is rescued. Inhibition of HDAC6 and subsequent increase in PrxI and PrxII 

acetylation can save cells from ROS induced apoptosis [85]. 

HDAC6 in involved in DNA repair via the MutS protein homologue 2 (MSH2). In 

eukaryotic cells MSH2 and MSH6 form a heterodimer MutSα which scans DNA for 

mismatched pairs and short insertion deletion loops. When DNA damage is recognized, the 

MutSα repairs it in ATP-dependent manner or leads to cell cycle arrest and triggers 

apoptosis. HDAC6 first deacetylates MSH2 and then marks it for proteasomal degradation 

by functioning as the E3 ubiquitin ligase [83,86,87]. 

Via regulation of acetylation state of β-catenin, HDAC6 influences cell signaling. β-catenin 

is an important regulator of the Wnt signaling pathway that controls cellular differentiation 

and embryonic development. It also plays role in cell adhesion and gene transcription. In 

the absence of the Wnt ligand, β-catenin is phosphorylated, ubiquitinated, and finally it 

undergoes proteasomal degradation. β-catenin can be deacetylated by HDAC6 on Lys49. 

This deacetylation is under control of EGF and leads to inhibition of β-catenin 

phosphorylation on Ser45 by CK1. The phosphorylation otherwise serves as a signal for β-

catenin degradation. The deacetylation results in c-Myc induction and is required for cell 

proliferation and nuclear localization of β-catenin [88,89]. HDAC6 has also been described 

as a MAPK activator as its overexpression activated ERK, JNK, and p38 MAP kinase in a 

dose-dependent manner [87,90].  

HDAC6 mediated deacetylation of cortactin is critical for translocation of cortactin to cell 

periphery and cell migration. Eleven lysines within cortactin repeat regions are deacetylated, 

forming two distinct positively charged patches necessary for its interaction with F-actin 

[69]. Deacetylation of ciliary microtubules and cortactin by HDAC6 is an important step of 

ciliary disassembly. Ran et al., [91], reported that HDAC6 regulates ciliary disassembly by 

a process independent of known ciliary regulators. Deacetylation of microtubules of ciliary 

axoneme causes their destabilization. That causes ciliary disassembly, a mechanism that also 
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requires deacetylation of cortactin. This in turn stimulates interaction of cortactin with F-

actin leading to resorption of cilia due to actin polymerization. This regulation process has 

implication in ciliopathies such as polycystic kidney disease, retinitis pigmentosa, Usher, 

Alstrom, and Bardet-Biedl syndromes. Myosin heavy chain 9 (MYH9 / myosin-9/ myosin 

IIA) is a cellular non-muscle myosin and a substrate of HDAC6. Opposing activities of 

MYH9 and MYH10 regulate lamellipodia extension at the leading edge and subsequent cell 

spreading. These two isoforms of myosin are also involved in focal adhesion of cells. Both 

lamellipodia extension and focal contact formation require reorganization of actin bundles. 

MYH9 associates with actin and the interaction decreases after MYH9 is deacetylated by 

HDAC6 [92–94]. 

There are three major pathways in which a cell can get rid of damaged or misfolded proteins: 

either lysosome mediated autophagy or the non-lysosomal pathways ending in proteasome 

or aggresome. HDAC6 binds misfolded proteins, marked for degradation by ubiquitination, 

via its C-terminal ubiquitin binding BUZ domain, HDAC6 is necessary for the formation of 

ubiquitin positive aggresome and mediates binding of misfolded polyubiquitinated proteins 

to dynein motor proteins. Along with the p97/VCP chaperone, HDAC6 determines the 

destiny of ubiquitinated proteins. In complex with HSF1 and HSP90 the deacetylase prevents 

a potentially cytotoxic accumulation of aggregated proteins [74,95,96]. If the 

ubiquitin-proteasome system is disabled, HDAC6 expression triggers autophagy and rescues 

degenerative phenotype in D. melanogaster model [97]. 

 

1.3.4.2. PATHOLOGICAL ROLE 

 

HDAC6 is implicated in carcinogenic processes through several of its substrates. p53 is a 

tumor suppressor protein and tumors with mutated p53 tend to be more malignant and 

resistant to treatment by chemotherapeutics [98,99]. HDAC6 deacetylation of Lys 381/382 

of p53 results in stabilization of the wild type protein and destabilization of the mutant p53 

which accumulates in tumors. It has been shown that inhibition of HDAC6 results in 

disruption of the p53/Hsp90 complex. Thus a combinatorial treatment targeting p53 and 

HDAC6 might constitute a new anticancer strategy [100]. Hsp90 possibly implicates 

HDAC6 in tumor angiogenesis. Hyperacetylation of Hsp90, as a result of HDAC6 inhibition, 

triggers proteasomal degradation of VEGFR1 and VEGFR2 in cancer cells [101]. In 

neuroblastoma cell line, the inhibition of HDAC6 results in apoptosis. It leads to Ku70 
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hyperacetylation and renders the protein unable to sequester pro-apoptotic Bax, thus 

cancelling anti-apoptotic effect of Ku70 [102]. Blocking tumor angiogenesis and triggering 

apoptosis by inhibition of HDAC6 might present new cancer treatment strategy. Rocilinostat 

is currently the only selective inhibitor of HDAC6 considered for tumor treatment. 

Therefore, a lot of effort is invested in the development of new HDAC6-specific inhibitors. 

The role of HDAC6 in regulation of immune system response was brought up for the first 

time during analysis of HDAC6 KO mice. Their phenotype showed that apart from a mild 

change in bone density the only detectable defect was mild impact of the immune system. 

Results indicate that HDAC6 regulates IgG-mediated immune response to viral, bacterial, 

and fungal infections [103]. HDAC6 inhibits the ability of HIV1 virus to infect cells and can 

seriously hamper HIV1 amplification via deacetylation of Tat (transactivation protein). 

Deacetylation of Lys28 by HDAC6 decreases interaction between Tat and CDK9/P-TEFb 

kinase. The process reduces Tat transactivation activity and leads to reduction in HIV1 gene 

expression [104–106]. 

HDAC6 is necessary for branching and maintenance of neuronal processes and axon 

elongation. Therefore, deregulation of HDAC6 plays important role in neurodegeneration  

[107]. It is involved in neuronal diseases with plaque formation such as Alzheimer’s, 

Huntington, Parkinson’s, and prion disease but also plaque unrelated illnesses such as 

Charcot-Marie-Tooth disease. HDAC6 is involved in these pathologies mainly as tubulin 

deacetylase and regulator of misfolded protein degradation. In Alzheimer’s disease a 

decrease in tubulin acetylation in brain was reported. The remaining acetylated tubulin 

resists degradation by an unknown mechanism [108]. Decrease in tubulin acetylation was 

also observed in patients with Huntington disease. Inhibition by pan-HDAC inhibitors TSA 

and SAHA, results in restoration of BDNF (Brain-derived neurotrophic factor) vesicle 

trafficking compromised in Huntington disease. Inhibition by HDAC6 selective inhibitor 

tubacin further increases the velocity of the renewed vesicle transport [109]. While the role 

in Parkinson’s disease is not completely clear, HDAC6 has been found in aggresome-related 

Lewi bodies in brain samples of patients with Parkinson’s and dementia [74]. In prion 

disease HDAC6 functions as an apoptosis regulator. Expression of HDAC6 alleviates effects 

of PrP106-126 (neurotoxic fragment of prion protein) induced cell death by engaging 

autophagy via Akt/mTor pathway [110]. In Charcot-Marie-Tooth (CMT), a peripheral 

nervous system disorder, inhibition of HDAC6 results in increase of αAcK40 levels in 
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peripheral nerves. Consequently the impaired microtubule transport along the dorsal root 

ganglion nerves is restored [111]. 

 

1.3.4.3. HDAC6 AS TUBULIN DEACETYLASE 

 

1.3.4.3.1. TUBULIN 

 

Tubulin stands out as the most abundant and the most important HDAC6 substrate although 

the exact role of tubulin acetylation is not completely understood. The tubulin family 

comprises of tubulin α, β, γ, δ, ε, ζ, and η. Only α-, β-, and γ- tubulin can be found in all 

eukaryotes and they are essential for tubulin polymerization [112].  

There are 5 α- and 6 β- tubulin isoforms in mammals and they are highly conserved 

[113,114]. α- and β-tubulins are globular 55 000-Mw proteins that form a heterodimer. The 

dimer serves as the building block of tubulin polymers. Both tubulins have a single 

nucleotide binding site. The α-tubulin site binds strongly both GTP and GDP. This site is 

called GTPn because the nucleotide binding is non-exchangeable and GTP is restored by 

transphosphorylation. The β-subunit site is termed GTPe (exchangeable). Its lower binding 

affinity for GTP permits rapid nucleotide exchange. During polymerization, GTP is 

hydrolyzed [115,116]. Tubulin γ shares 33% amino-acid sequence identity with β-tubulin. It 

is necessary for timely progress through the cell cycle and it is a part of the microtubule-

organizing center (MTOC), where along with other proteins it forms the γ- tubulin ring 

complex. The complex is involved in microtubule nucleation and functions as the minus-end 

cap [117–119]. δ-tubulin along with the ε-tubulin are a part of the centrosome and ε-tubulin 

is paramount for centriole duplication [120]. The roles of ζ- and η-tubulin are yet unknown 

although both were mapped to the basal body [121–123]. 

 

1.3.4.3.2. TUBULIN POLYMERS 

 

Under specific conditions tubulin can polymerize into macromolecules of different 

conformations. These include single or two walled rings, sheets, coiled-coils, ribbons, 

corkscrews, macrotubes, and the most common and the most important polymers - 

microtubules. α/β-subunits bind head to tail to form protofilaments. They then join side by 

side to form macrotubes, sheets, and microtubules. The different polymers are maintained 
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by lateral and longitudinal interactions between the subunits. Longitudinal are the bonds 

between two adjoining subunits, linking them into a linear protofilament. Lateral interactions 

unite protofilaments side by side to format a sheet or a microtubule. 

During depolymerization of microtubules, the lateral interactions between the protofilaments 

weaken and they start to curve outwardly. These curvatures either disassemble or close and 

form tubulin rings [124]. Addition of certain chemicals or proteins can cause the formation 

of single walled tubulin rings, mimicking these depolymerization products. In our work we 

used dolastatin-10 induced rings. Dolastatin-10 is a cytotoxic peptide isolated from 

Dolabella auricularia and inhibits formation of microtubules. Addition of dolastatin-10 to 

tubulin results in formation of single walled rings consisting of 13-15 tubulin heterodimers. 

The 14 dimer rings are the predominant species in the population [125,126]. These rings are 

formed so that the side of protofilament originally facing microtubule lumen becomes the 

outer side of the ring (Fig. 10C, page 30). Similar rings form in presence of kinesins or the 

HIV1-REV protein [125,127–129].  

Zinc at concentrations higher than 50 µM and at pH 5.5-5.8 induces formation of zinc-sheets. 

These polymers are unlike microtubules resistant to cold and colchicine [130]. The 

macromolecules can have up to 2 µm in width. They consist, similarly to microtubules, of 

protofilaments but in an antiparallel orientation with twofold screw axis symmetry [131] (see 

Figure 10B, page 30).  

Microtubules are the most common and the most important tubulin polymers. They are 

critical for cell division and intracellular transport, define the cell shape, organize the 

cytoplasm, play a role in touch sensing and reproduction, and enable cell movement. Inner 

and outer diameter of these hollow tubes is 15 and 25 nm, respectively (Figure 10A, page 

30) [132]. Tubulin dimers polymerize into microtubules in a bidirectional head-to-tail 

manner. Microtubules are formed of 11-15 protofilaments of the same orientation, arranged 

side by side. As a result, microtubules are polarized with (+) and (-) ends. The polymers are 

dynamic structures. At physiological conditions, unless stabilized, microtubules undergo a 

treadmill addition of dimers at one end with a faster simultaneous dissociation of subunits at 

the other. The phenomenon is called dynamic instability and it is an intrinsic feature of 

microtubules. In the cell context, microtubules are associated to MTOC by their (-) termini. 

The (+) end can be protected from depolymerization by capping proteins and corresponds to 

the β-tubulin end. Thanks to the interchangeable GTPe site, it is characterized by a higher 
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polymerization rate. This is because the GTP hydrolysis on the β-subunit helps overcome 

the energetically unfavorable step of α/β-dimer addition [133].  

Microtubules are not randomly distributed within the cell, but are organized in MTOCs 

(microtubule organizing centers) which coordinate microtubule nucleation, stabilization, and 

anchoring. The centrosome is the primary MTOC of most animal cells and serves to evenly 

distribute genetic material into daughter cells during cell division. Inside the centrosome 

microtubule triplets are organized radially around a central hub in two centrioles surrounded 

by pericentriolar material (PCM). Organizing microtubules along the length of axons in 

neurons and dendrites is the key element of transport, regeneration, and development. Higher 

plants and budding yeast lack the centrosome. The role of centrosome is in yeast taken over 

by the spindle pole body embedded into the nuclear envelope. In cilia and flagella, basal 

bodies play the role of MTOCs and they serve as the nucleation site for axoneme core 

structures. These structures are responsible for flagellar or ciliary beating permitting 

movement of sperms, bacteria, or bronchial cilia beating. Axonemes are formed by 9 doublet 

microtubules surrounding a central pair of singlet microtubules. This 9+2 arrangement 

Figure 10: Tubulin polymers 

Addition of various substances results in tubulin polymerization. Schemes supplemented with electron 

micrographs. (A) Addition of GTP induces formation of microtubules. (B) In high concentrations of zinc ions, 

tubulin polymerizes into zinc-sheets with protofilaments in antiparallel orientation. (C) Dolastatin-10 forces 

tubulin filaments to curve, resulting in rings formed of 13 - 15 tubulin dimers. Bars in (a) and (b) = 200 nm in 

(c) = 40 nm. α- and β- tubulin depicted as pink and green circle, respectively, acetylation as red curved line, 

black arrows indicate orientation of protofilaments. Scheme by LS, electron micrograph of dolastatin-10 ring 

by Moores & Milligan, 2008 [126]. 

A B C 
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typical for axonemes is crosslinked together by proteins of inner sheath, nexin, and dynein 

[134,135]. 

While working with microtubules one has to keep in mind that dynamic microtubules 

depolymerize at low temperatures and low concentration. However, particular proteins and 

chemicals affecting the dynamic instability can be used as tools to study microtubules. 

Microtubule associated proteins (MAPs) are a group of proteins that bind to and regulate 

assembly and stability of microtubules. They also mediate microtubule interactions with cell 

structures. Their effect is either to stabilize (tau, MAP1, 2, 4) or to destabilize (katanin, 

stathmin, kinesin XKCM1) microtubules [136–141]. Drugs that are used to stabilize or 

destabilize microtubules or prevent their polymerization are used in treatment of cancer as 

they have anti-mitotic effect. Microtubules are most commonly stabilized by taxol 

(paclitaxel) or guanosine-5’-[(α,β)-methyleno]triphosphate (GMPCPP). Taxol is a 

triterpenoid isolated from yew tree. It stabilizes microtubules for days and makes them 

resistant to temperature changes [142]. GMPCPP is a non-hydrolysable GTP analog [143]. 

Drugs such as colchicine, its analog colcemid, or vinblastine are used as destabilizing agents. 

Colchicine is extracted from meadow saffron. It binds to β-tubulin at the α/β- tubulin 

interface and it inhibits tubulin polymerization. This compound is an example of an anti-

mitotic drug [144]. 

 

1.3.4.3.3. POSTTRANSLATIONAL MODIFICATIONS (PTMS) OF 

TUBULIN 

 

Microtubules play a role in diverse processes, assuring function and morphology of cells, 

but α- and β-tubulin variants exhibit high sequence homology. Therefore, PTMs are required 

to bestow different properties to the polymers. This enables them to fulfill their divergent 

roles. Collectively, tubulin PTMs are referred to as the tubulin code and comprise of 

palmitoylation, phosphorylation, (de)tyrosination, polyamination, polyglycylation, 

deglutamylation or polyglutamylation, and acetylation [114,145]. In microtubules the 

majority of the PTMs lay on the surface and they are freely accessible to the modifying 

enzymes – the writers and the readers – the MAPs. The sole exception is (de)acetylation as 

the loop containing αK40 lies inside microtubule lumen and harder to access. 

Tyrosination and detyrosination are enzymatic attachment and removal of a tyrosine residue 

to α-tubulin. Detyrosination is a hallmark of stable long lived microtubules. It protects them 
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from depolymerizing activity of kinesin motor proteins and is catalyzed by a recently 

identified detyrosinase complex consisting of vasohibins [146]. Tubulin tyrosine ligase is 

known to prefer dimers as substrate [147–150]. Polyglutamylation is a progressive addition 

of glutamate residues onto γ-carboxyl group of Glu445 α- tubulin or Glu435 of β- tubulin. It 

is a reversible process and deglutamylation can lead to formation of Δ2-tubulin which 

accumulates in long lived microtubules of differentiated neurons and in axonemes. 

Polyglutamylation occurs during differentiation of neurons and in axonemes and centrioles. 

It serves to regulate ciliary beating [151–155]. Polyglycylation is an addition of polyglycine 

chains and it is believed to be restricted to cilia and flagella of mammals [156,157]. 

Polyamination decreases solubility of tubulin, it is irreversible and seems to contribute to 

microtubule stabilization [158]. Phosphorylation, palmitoylation, ubiquitination, 

methylation, sumoylation, arginylation, and glycosylation have also been reported, but very 

little is known about these alterations and their role [159–167]. 

The PTM studied in our manuscript [168] is acetylation of α-tubulin and as mentioned above, 

it stands out by its localization to the microtubule lumen. This makes it an intriguing research 

subject because it is unclear how it is accessed by modifying enzymes. Another unknown is 

how it can be sensed from the outer side by the proteins that it regulates. Acetylation of 

tubulin was first observed by L’Hernault and Rosenbaum in 1983 in flagella of 

Chlamydomonas reinhardtii. The acetylation site was later identified as the ε-amino group 

of lysine 40. Even nowadays it remains the best studied tubulin acetylation thanks to the 

discovery of an αAcK40-antibody by Piperno and Fuller. This antibody does not cross-react 

with the non-acetylated α-tubulin or β-tubulin [169–172]. Acetylated tubulin is present in 

stable and ordered microtubules such as sperm axoneme, primary cilia, kinetochores, 

spindles, and midbodies of mitotic cells. It does not influence morphology of microtubules. 

The increase in the K40 acetylation in the stable microtubules is considered to be the result 

of an accumulation of acetylated tubulin. Data indicates that the accumulation of tubulin 

acetylation is not directly responsible for microtubule stabilization. This is supported by the 

fact that although the addition of taxol does not increase acetylation or polymerization rates, 

it leads to increase in acetylation. Also, further experiments with soluble (dimeric) and 

insoluble (polymerized) tubulin show that acetylated tubulin exists in cells treated by taxol 

only in the form of microtubules [103,172–175].  

Several enzymes have been found to be able to alter the acetylation state of lysine 40. These 

are: acetylases GCN5, ARD1-NAT1, ELP complex, MEC17/αTAT1 and deacetylases 
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HDAC6, SIRT2, HDAC5 [176–184]. However, αTAT1 (α-tubulin N-acetyltransferase) and 

HDAC6 are considered to be the major tubulin modifying enzymes in mammalian cells 

[103,179,180,185]. αTAT1, despite being identified 8 years later than HDAC6, is the better 

characterized of the two enzymes. In C. elegans, the αTAT1 homologue MEC-17 is 

responsible for touch reception and neuron maintenance. The tubulin acetyltransferase 

acetylates microtubules 4-6 times faster than tubulin dimers. The Km for the acetylation of 

microtubules and free tubulin by αTAT1 was determined to be 1.6 ± 0.36 μM and 2.0 ± 0.16 

μM respectively. The acetylation rate (defined by kcat) was determined to be 615 ± 34 x 10-

6 s-1 and 98 ± 1.8x10-6 s-1 for microtubules and free tubulin respectively. It has been shown 

that lateral lattice interactions are required for optimal transferase activity. αTAT1 scans 

microtubules bidirectionally via surface diffusion and enters the microtubule lumen in order 

to acetylate Lys40. Interestingly, a mutation of the conserved residues within the helix α2 of 

αTAT1 influences deacetylation of dimers and microtubules differently. This indicates that 

there exists a microtubule sensing structural element within αTAT1 [179,180,186,187].  

HDAC6 is considered to be the major tubulin deacetylase because in HDAC6 KO mice all 

tubulin is acetylated [103]. Tubulin was identified as HDAC6 substrate in 2002 by two 

groups independently. Unfortunately, contradicting results in these two seminal works gave 

birth to a polemic about the preferred substrate. According to work of Matsuyama et al., 

2002, murine HDAC6 failed to deacetylate microtubules. Contrarily, Hubbert et al., show 

that HDAC6 has no tubulin deacetylase activity on tubulin dimers [181,182]. There have 

been further attempts at elucidating the situation, but the data quantifying the substrate 

preference of the purified full length human HDAC6 is missing. Our report aims to fill this 

gap. 

Tubulin acetylation serves as signal for MAPs. Microtubule severing, catalyzed by proteins 

like katanin and spastin, results in increase of microtubule number and generates new ends. 

This is important for processes such as cell motility, axonal branching, and growth and 

maintenance of neuronal processes [188,189]. It has been shown that tubulin acetylation 

regulates sensitivity of microtubules to katanin and breaks catalyzed by katanin coincide 

with acetylated regions of microtubules [190]. Deacetylation of αAcK40 results in decrease 

in kinesin-1 binding to microtubules, implying the role of tubulin acetylation in trafficking 
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within the cell [150]. In vivo acetylation enhances recruitment of dynein and kinesin-1 and 

promotes transport of their cargo vesicles [109,191,192].  

HDAC6 localizes to the leading edge region and is implicated in cell motility regulation 

through its tubulin deacetylase activity. Its overexpression increases chemotaxis by 3.5-fold 

and tubulin hyperacetylation resulting from loss of HDAC6 activity leads to inhibition of 

cell motility by altering dynamics of focal adhesion. The adhesions area increases and 

adhesion turnover slows down. For a long time it was believed that acetylation does not 

affect the stability of microtubules directly, but that the acetylation might serve as a signal 

for microtubule associated proteins [182,193]. In 2017 two independent studies have shown 

that acetylation is involved in mechanical stabilization of microtubules and protects the 

microtubules from mechanical ageing [194,195]. 

Acetylation of αK40 also serves as a regulatory step for protofilament numbers in C. elegans 

touch sensor neurons. Mutation of acetyltransferase MEC-17 results in complete 

deacetylation of αK40, decrease in microtubule number and length, and increase in 

protofilament number variability in said neurons. Instead of 15 protofilaments, microtubules 

with 10-16 protofilaments can be seen upon MEC-17 depletion. αAcK40 might stabilize MT 

by promoting formation of salt bridges between adjacent protofilaments. In mec-17 KO 

nematodes microtubules exhibit lattice defects not detectable in MT from WT specimen 

[196]. 

Tubulin dimer might harbor more acetylation sites. A whole proteome study of lysine 

acetylations identified several new acetylation sites within the α-tubulins: TUBA1C (Lys60, 

Lys112, Lys326), TUBA4A (Lys163, Lys164, Lys311, Lys394, Lys370, and Lys401) as 

well as Lys58 in β-tubulins TUBB3, TUBB2C, and TUBB5 [197]. Only the acetylations 

Lys394 of α-tubulin and Lys58 of β-tubulin from this study were confirmed by further 

research. Additional acetylations of Lys154, Lys174, and Lys252 of β-tubulin were 

identified. San acetyl transferase is responsible for acetylation of β-tubulin at K252. The 

K252 acetylation appears only on dimers and inhibits microtubule polymerization probably 

due to destabilization of tubulin dimers [198,199]. Study of acetylation/deacetylation of 

these sites is hampered by the lack of a specific antibody. 
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1.3.5. HDAC6 INHIBITORS 

 

Generally, HDAC inhibitors mimic acetyllysine and contain a peptoid-derived cap group. 

This group is connected by a linker to a zinc binding group, usually a hydroxamic acid 

moiety. The cap group, however, is not necessary for effective inhibition. HDAC6 is 

inhibited by the pan-HDAC inhibitors such as SAHA, trichostatin A, and valproic acid, but 

is resistant to trapoxin B and Na-butyrate (Figure 7, page 17) [200–202]. 

Until recently the design of HDAC6 specific inhibitors was hampered by a lack of structural 

information. Tubacin is a hydroxamate-based HDAC6 inhibitor with 4-fold selectivity over 

HDAC1 and HDAC4. It binds to DD2 only and affects HDAC6 ability to deacetylate α-

tubulin in vivo at low micromolar concentration and causes decrease in cell motility without 

affecting microtubule stability. It has no effect on histone deacetylation [203,204]. 

Tubastatin A is a carbazole derivative of hydroxamic acid with IC50 = 15 nM. It has high 

selectivity for HDAC6 with 57-fold preference over HDAC8 and more than 1000-fold 

selectivity over the rest of HDACs and induces tubulin hyperacetylation [205]. 

The Food and Drug Administration (FDA) so far approved four HDAC inhibitors for cancer 

treatment: vorinostat (SAHA), romidepsin, belinostat (PXD101) and panobinostat. All of the 

inhibitors that passed clinical testing are nonselective and inhibit multiple HDAC isoforms. 

Rocilinostat (ACY-1215), also a hydroxamic acid derivative, is the only inhibitor selective 

for HDAC6 tested in phase II clinical trials. It is considered for the treatment of multiple 

myeloma and lymphoid malignancies. With IC50 = 5nM it is at least 10-fold less active 

against HDAC1-3 and 20-fold and 200-fold more selective over HDAC8 and the remaining 

HDACs respectively [206]. 
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2. RESEARCH AIMS 

 

• Structure-assisted design of new lipophilic compounds binding to GCPII 

• Purification of full length HDAC6, characterization of HDAC6 as tubulin 

deacetylase, and quantification of its substrate preference   
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Publication I: Novel substrate-based inhibitors of human 

glutamate carboxypeptidase II with enhanced lipophilicity. 

 

BACKGROUND: 

Glutamate carboxypeptidase II (GCPII) is exploited as an experimental target for treatment 

of several neuropathologies, including schizophrenia, traumatic brain injury, and peripheral 

neuropathy. However, currently used GCPII-specific inhibitors are highly polar and unable 

to effectively cross the blood-brain barrier, limiting thus their efficacy for the treatment of 

the nervous system related disorders. Our prior biochemical studies revealed that the charged 

glutamate at the P1’ position of a GCPII substrate can be substituted by a less polar 

methionine residue and still being recognized and processed by the enzyme. We thus 

hypothesized that such substrates can be further modified by incorporating non-natural 

hydrophobic amino acids and these can be in turn used as a template for the design of GCPII-

specific inhibitors with enhanced lipophilicity. 

 

METHODS: 

Human GCPII was heterologously expressed using Schneider’s S2 cells and purified by the 

combination of affinity and size-exclusion chromatography. Kinetic constants on novel 

substrates were determined using the high-pressure liquid chromatography upon pre-column 

fluorescence derivatization and released products. The inactive mutant of GCPII was co-

crystallized with the NAAM substrate and the X-ray structure of the complex solved by 

molecular replacement. A panel of substrate-based inhibitors was synthesized by the 

collaborating laboratory and their inhibition constants determined using 3H-NAAG as a 

substrate. Quantum mechanics/molecular mechanics calculations were used to quantify 

interaction energies between the enzyme and inhibitors. 

 

RESULTS: 

We designed and synthesized a panel of eight GCPII substrates bearing an unbranched, 

aliphatic side chain at the C-terminal moiety of 0 – 7 methyl groups. The kinetic analysis 

revealed the positive correlation between the length of the C-terminal side chain and catalytic 
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efficacy of hydrolysis by GCPII, with the kcat and KM values 0.62 s-1 and 10 µM, 

respectively, for the “best” dipeptidic substrate featuring aminononanoic acid at the C-

terminus. The X-ray structure of the GCPII(E424A) inactive mutant in the complex with 

selected dipeptides revealed the importance of nonpolar interactions governing GCPII 

affinity toward novel substrates as well as formerly unnoticed plasticity of the S1’ specificity 

pocket. The structural data were complemented with quantum mechanics/molecular 

mechanics calculations. On the basis of those results, we designed, synthesized, and 

evaluated a series of novel GCPII inhibitors with enhanced lipophilicity, with the best 

candidates having low nanomolar inhibition constants and ClogD > 0.3. 

 

CONCLUSION: 

Our findings offer new insights into the design of more lipophilic inhibitors targeting GCPII. 

 

MY CONTRIBUTION: 

I determined, refined and analyzed the structure of the GCPII(E242A) inactive mutant in 

complex with the N-acetylaspartylmethionine (NAAM) substrate and submitted it to 

the RCSB database under PDB code 3SJX.
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Publication II: Structural characterization of P1'-diversified 

urea-based inhibitors of glutamate carboxypeptidase II. 

 

BACKGROUND: 

Targeting GCPII to treat neuropathologies has been hindered by a lack of drugs capable of 

crossing the blood brain barrier. DCIBzL is to date the most potent urea based GCPII 

inhibitor [54]. However, it is too hydrophilic to be used as a CNS drug. Wang et al., 2010, 

[207] synthesized and tested 20 DCIBzL derivatives. They preserved the 4-iodobenzoyl-ε-

lysine moiety of the parental DCIBzL as its interactions with the hydrophobic patch 

accessory to the S1 binding site contribute substantially to DCIBzL inhibitory potency. To 

increase lipophilicity of the parent molecule, they replaced the P1’ glutamate with 

bioisosteric functions. While new compounds were somewhat less potent inhibitors than 

DCIBzL, several of them still retained Ki in the low nanomolar range. Moreover, the new 

inhibitors were more lipophilic, indicating the modifications were a step in the right 

direction. Our follow-up publication consists of structure–activity relationship study of 6 of 

these compounds in complex with GCPII. Our goal is to analyze the interactions of 

bioisosteric moieties at the P1’ position in the S1’ pocket of GCPII. 

 

METHODS: 

Extracellular portion of hGCPII (amino acids 44-750) was expressed in S2 cells. The protein 

was purified to homogeneity by a combination of affinity and size exclusion 

chromatography. Hanging drop method was used to co-crystallize GCPII with the tested 

inhibitors. X-ray diffraction data were collected at a synchrotron beamline and processed 

using the HKL2000 software. The crystal structures of GCPII with the inhibitors studied 

were determined by difference Fourier methods using the ligand free GCPII structure (PDB 

code 2OOT) as a starting model. All of the structures were refined in REFMAC5.5 with 

manual changes performed in Coot 0.6. The restrains library and the coordinate files for the 

inhibitors were generated by the PRODRUG server. Finally, quantum mechanics 

calculations were performed to determine contribution of the individual parts of the 

inhibitors to GCPII binding. 
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RESULTS: 

We characterized in detail interaction patterns of glutamate bioisosteres with the residues 

forming the S1’ pocket of GCPII and described for the first time the structural plasticity of 

the S1’. Flexibility and repositioning of several structural elements within the S1’ pocket, 

including the Lys699 of the glutarate sensor, the Leu259 – Gly263 loop (forming the bottom 

of the pocket) and the side chain of Asn256 enable the enzyme to accommodate bioisosteres 

with diverse physicochemical properties that can be used in the design of the future 

generation of GCPII inhibitors. 

 

CONCLUSION: 

Our analysis of the interactions of GCPII and inhibitors with the P1’ glutamate replaced by 

bioisosteric moieties revealed unexplored plasticity of the S1’ pocket. This information is 

potentially valuable for rational design of new hydrophobic GCPII inhibitors in which the 

glutamate moiety at the P1’ position would be replaced. 

 

MY CONTRIBUTION: 

I determined, refined and analyzed the structure of two of the six compounds tested in 

complex with the GCPII. GCPII/CCIBzL was submitted in the RCSB database as PDB 

4OC0 and GCPII/CPIBzL as 4OC4. 
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Publication III: Structure-Activity Relationship of 

(18)F-Labeled Phosphoramidate Peptidomimetic Prostate-

Specific Membrane Antigen (PSMA)-Targeted Inhibitor 

Analogues for PET Imaging of Prostate Cancer. 

 

BACKGROUND: 

Imaging methods play an important role in diagnostics and establishment of treatment for 

cancer patients. GCPII is considered an ideal target for prostate cancer imaging because of 

its membrane localization, high level of expression, and restricted expression pattern 

in the prostate cancer tissue. The only antibody-based radiotracer targeting 

GCPII - ProstaScint - recognizes an epitope within the cytoplasmic part of GCPII which 

means that it can only serve to visualize necrotic tumor cells. Consequently, small-molecule 

imaging probes are being developed to target GCPII expressed at the surface of living cancer 

cells. Previously, we have synthesized a PET imaging agent CTT1057 (compound 5) that 

features the aminohexanoate linker (AH) between the GCPII-targeting P1’ module and the 

distal fluorobenzamido (FB) radiotracer. By X-ray crystallography we identified -stacking 

and π-cationic interactions of the distal FB ring with amino acids forming the arene-binding 

site (ABS) of the enzyme that can contribute substantially to the overall inhibitor affinity for 

GCPII. In this report, we modified CTT1057 by removing (4) or extending (6) the AH linker. 

Our goal was to study how the length/absence of the linker influences (i) the interaction of 

the distal FB ring with the ABS of GCPII; and (ii) in vivo imaging properties. 

 

METHODS: 

The compounds and their radioactive analogues (4, 5, and 6) were synthesized by coupling 

phosphoramidate precursors with 4-fluorobenzoate (SFB/[18F]SFB). The extracellular 

portion of human GCPII (amino acids 44-750) was heterologously expressed in S2 cells and 

purified by the combination of affinity and size-exclusion chromatography. IC50 values were 

determined using N-[4-(phenylazo)benzoyl]-glutamyl-γ-glutamic acid as a substrate in 

presence of the inhibitors and the reactions were quantified using HPLC. To determine the 

crystal structure of complexes of GCPII and the individual compounds, they were co-
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crystalized and the X-ray structure solved by difference Fourier methods. Tumor growth in 

mice was induced by injection of CWR22Rv1 PSMA (+) cells and 4 weeks after 

implantation the [18F]4, [18F]5, and [18F]6 were administered and the PET imaging was 

performed. For the biodistribution and internalization studies the mice were euthanized, 

organs and blood harvested and counted using a γ counter. 

 

RESULTS:  

The crystal structures of the inhibitors in complex with GCPII reveal their distinct interaction 

patterns with GCPII, the most notably differences in interactions between the distal FB ring 

and the ABS site of GCPII. In the GCPII/4 complex the fluorobenzoyl ring is parallel to the 

guanidinium group of Arg463 with ensuing weak π-cationic interaction in the ABS, but in 

compound 5 the FB ring is parallel to indole and guanidinium groups of Trp541 and Arg511 

of the ABS, respectively. The density for the distal part of 6 is missing. We have determined 

the compounds tested to be irreversible inhibitors of GCPII with IC50 values of 1.3 nM (4), 

0.4 nM (5), and 0.9 nM (6). While the inhibitory potency does not show a trend related to 

the AH linker, the tumor uptake and internalization studies indicate that these characteristics 

positively correlate with the AH linker length as the compound 6 (with the longest linker) 

has exceptionally high uptake with 4.23 % ID/g after 2 hrs. 

 

CONCLUSION: 

We have synthesized and characterized a radiotracer (compound 6) exhibiting, similarly to 

the parental molecule 5 (CTT1057), exceptional binding, tumor uptake and retention, and 

blood- to-tumor ratios and characterized its binding to GCPII. We have also determined that 

the presence of the AH linker positively influences affinity towards GCPII and the tumor 

uptake in direct proportion to its length. 

 

MY CONTRIBUTION: 

I determined, refined and analyzed the structure of the extracellular portion of human GCPII 

in complex with phosphoramidate inhibitor CTT1056 (4) and submitted it to the RCSB 

database under PDB code 4LQG. 
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Publication IV: Human histone deacetylase 6 shows strong 

preference for tubulin dimers over assembled microtubules. 

 

BACKGROUND: 

Acetylation of the side chain of α-tubulin Lys40 is a part the so-called tubulin code 

encompassing all tubulin PTMs. This code regulates polymerization/depolymerization of 

tubulin, binding of microtubule associated proteins, and as a consequence a myriad of 

cellular processes. The acetylation of the Lys40 itself seems to play role in sperm motility, 

fertility, cell signaling, cell cycle progression, intracellular transport, neurodegenerative 

diseases, and serves to protect long-lived microtubules against mechanical ageing. Relying 

on combination of microscopy and quantification of in vitro deacetylation assays using 

purified components (human full length HDAC6 and porcine tubulin) our publication 

provides the missing quantitative and qualitative data on HDAC6 preferences for different 

tubulin forms as well as direct visualization of HDAC6/tubulin interaction. 

 

METHODS: 

Human HDAC6 (amino acids 2-1215) was heterologously expressed in HEK-293-T17 cells 

and purified to homogeneity by a combination of affinity and size exclusion 

chromatography. LC-MS/MS was used to determine possible PTMs of HDAC6 and 

acetylation levels of tubulin isolated from porcine brains. Activity and sensitivity to 

inhibitors was assessed using fluorometric in vitro deacetylation assays with AMC labeled 

peptide substrates. Deacetylation rates of free tubulin dimers and tubulin polymers were 

determined by Western blot quantification. Tubulin polymers were prepared by incubation 

of tubulin with GMP/GMPCPP (MT), Zn2+ (zinc sheets), or Dolastatin-10 (dolastatin rings) 

and stabilized by taxol. Deacetylation rates of fluorophore tubulin peptides derived from 

αAcK40 loop were determined by HPLC-based quantification of in vitro deacetylation 

assays. Visualization of HDAC6 binding and deacetylation of MTs was done by TIRF and 

indirect immunofluorescence microscopy using fluorescently labeled HDAC6 and MTs. 
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RESULTS: 

We have purified full length human HDAC6 without tags and PTMs. We have determined 

that the turnover rate for free tubulin dimers is 0.6 s-1 and that HDAC6 has strong (1500-

fold) preference for the unpolymerized tubulin over the MTs. Deacetylation assays with 

other tubulin polymers indicate that HDAC6 requires additional interactions outside the 

αAcK40 loop for efficient deacetylation of tubulin. Availability of particular surface regions 

of tubulin dimers is necessary for effective deacetylation. These regions are in polymers 

blocked by the lateral and longitudinal interactions. This is further supported by experiments 

in which we used a series of peptides derived from the α-tubulin sequence as HDAC6 

substrate. These peptides are of varying length (3-19 amino acids) with acetylated Lys40 as 

the central amino acid. A lack of increase in affinity with the growing length of the peptide 

substrates was observed. This indicates a limited contribution of residues beyond the P1 and 

P−1 positions to the substrate binding/recognition. Using a combination of TIRF microscopy 

and indirect immunofluorescence microscopy we have shown that the deacetylation is 

carried out uniformly along the MT length without preference for the MT tips. 

 

CONCLUSION: 

Our results represent quantitative proof of the hypothesis of opposing substrate preferences 

of the tubulin acetyl transferase and deacetylase originally formulated by Skoge et al., 2014. 

 

MY CONTRIBUTION: 

I cloned human HDAC6 variants, performed pilot experiments identifying the optimal 

expression system, heterologously expressed and purified HDAC6 variants, and established 

experimental protocols for HDAC6 activity measurements on tubulin-derived substrates. I 

also contributed substantially to writing of the article.  
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5. DISCUSSION 

 

Inhibitors with enhanced lipophilicity 

Ability to cross the blood brain barrier is the basic requirement for the drugs targeting the 

central nervous system (CNS). For drug delivery the cut-off for passage is: molecular weight 

<350 and lipophilicity with the partition coefficient ClogP < 4 [208]. Involvement of GCPII 

in several CNS disorders makes it an attractive target for synthesis of highly lipophilic 

inhibitors. Majority of the most potent inhibitors has either glutamate or its mimetic at the 

P1’ position [21,51] as the S1’ pharmacophore pocket is optimized for glutamate binding 

[25,45,209] and its use at the P1’ position markedly increases inhibitory potency of a given 

compound. However, it is the presence of glutamate/glutarate at the P1’ position that 

negatively affects lipophilicity of GCPII inhibitors.  

In Plechanovova et al., 2011 [210] we presented a study of substrates where the canonical 

P1’ glutamate moiety of NAAG was substituted by unbranched non-natural amino acids 

(aliphatic chains of 0-7 carbon atoms – see Figure 11). We observed that the catalytic 

efficiency increased in direct proportion to the increasing length of the aliphatic chain, 

starting from alanine. The observed inability of GCPII to recognize Ac-Asp-Gly as a 

substrate, indicated the necessity of a side chain at the P1’ position. To study the binding of 

the substrates at the active site of enzyme, the rhGCPII E424A inactive mutant was 

complexed with substrates Ac-Asp-Met (NAAM), Ac-Asp-Aoc, and Ac-Asp-Ano. The use 

of the inactive mutant permitted us to observe unprocessed substrates. We concluded that 

the overall fold of the enzyme was unchanged (compared to structure of GCPII E424A with 

Figure 11 Compounds studied in Plechanovova et al., 2011 [210] 
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NAAG). There also was no difference in the polar enzyme-substrate interactions within the 

S1′ site, considered crucial for the selectivity of a GCPII inhibitor [19,211]. We observed, 

however, a loss of two hydrogen bonds, originally existing between the glutamate γ-

carboxylate and the side chains of Asn257 and Lys699. The substrates with the non-polar 

side chains were stabilized within the active site by non-polar contacts with the side chains 

of Phe209, Asn257, Leu428, Lys699, and the main chains of Gly427 and Gly517. The use 

of substrates with the very long aliphatic chains (with 7 and 8 carbon atoms) forced the S1’ 

site to display a previously unseen plasticity. The Nζ of Lys699 within the glutarate sensing 

hairpin was forced to shift by 3.9 Å in order to avoid clashing with the C-terminal side chain 

of the 8S inhibitor. This lead to a stretching of the S1’ pocket. As a consequence, to fully 

occupy the S1’ pocket, the bulky C-terminal side-chains was forced to adopt a bow-shaped 

conformation. Based on the biochemical/structural data on the substrates with aliphatic 

chains, new inhibitors were synthetized. Here, the Ac-Asp moiety and the peptide bond were 

replaced by (4-iodo-benzoylamino)hexanoyl group and a non-hydrolysable ureido linker, 

respectively, as this approach was successfully used in the most potent urea based inhibitor 

DCIBzL [54]. At the P1’ position aliphatic unbranched side chains and methionine were 

used. Inhibitory constants decreased with the increasing chain length, yet the inhibitory 

potency of the best of the inhibitors (8I, Ki=29 nM and NAAM, Ki= 23 nM) was still three 

orders of magnitude lower than the DCIBzL molecule [21]. However, the experiment 

yielded the desired results, as the elongation of the aliphatic chain also lead to an increase in 

lipophilicity and the inhibitor with the longest chained had distribution coefficient ClogD = 

- 0.23. For comparison the ClogD of DCIBzL is -5.16. Analysis of crystallographic data 

shows that the substrates and inhibitors of the corresponding chain length bind into the 

pharmacophore pocket in the same manner. Our work also presents additional data 

supporting the hypothesis that GCPII prefers the (S)-enantiomers. In our experiments we 

used racemates of the substrates and inhibitors and we observed that the (R)-enantiomers 

were not processed by GCPII [20]. 

 

We have returned to the design of inhibitors with improved lipophilicity again in Pavlicek 

et al., 2014, [212]. This article is a follow-up study to Wang et al., [207] who have previously 

synthetized and tested a set of 20 urea based inhibitors derived from DCIBzL. This 
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compound, to date the most potent of all urea-based inhibitors, is unfortunately, too 

hydrophilic to reach CNS [54]. Wang et al., used its scaffold and, adopting a structure-

assisted drug design approach, prepared a series of new inhibitors with yet untested moieties 

replacing the canonical P1’ glutamate. The resulting compounds were less potent inhibitors 

than DCIBzL, however, some of them still had Ki values in the low nanomolar range and 

could be used in imaging. Additionally, the new inhibitors were more lipophilic. Our goal 

was to understand how these inhibitors interact with GCPII and to identify what modification 

would allow to improve their properties. To achieve this, we solved the structure of several 

of these compounds in complex with GCPII. Out of the 20 isosteres of DCIBzL we ruled out 

4 with the lowest affinity (Ki between 3.43 and 0.79 µM) and 1 due to hydrophilicity. 

Inhibitors without the P1’ side chain or the P1’ α-carboxylate were also excluded because 

(1) CFIBzL 

Ki = 5.3 nM 

clogD = -2.4 

(2) CHIBzL 

Ki = 85.1 nM 

clogD = -2.5 

 

(3) CCIBzL 

Ki = 318 nM 

clogD = -3.9 

 

(4) CPIBzL 

Ki = 105 nM 

clogD = -2.8 

 

(5) COIBzL 

Ki = 254 nM 

clogD = -2.9 

 

(6) CEIBzL 

Ki = 5.3 nM 

clogD = -2.8 

 

DCIBzL     

Ki = 0.01 

nM clogD = 

-5.2 

  

Quisqualate 

Ki = 9.5 nM 

clogD = -3.9 

Figure 12: Compounds studied in Pavlicek et al., 2014 
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these are critical for GCPII affinity [207,210,211]. From the remaining set we selected the 

six to represent different groups of isosteres. Among the chosen are the most potent 

inhibitors (1) and (6) with a five membered heteroaromatic ring and an unsaturated linear 

chain, then six-membered aromatic ring containing inhibitors (2) and (4) and finally we 

wanted to visualize how the three-membered ring isosteres (3) and (5) bind to GCPII. The 

parental DCIBzL and quisqualate were included for comparison. The compounds tested are: 

(1) N-2-([(1S)-1-carboxy-2-(furan-2-yl)ethyl]carbamoyl)-N-6-(4-iodobenzoyl)-L-lysine 

(CFIBzL, in RCSB under accession number 4OC3), (2) N-2-([(S)-carboxy(4-

hydroxyphenyl)methyl]carbamoyl)-N~6-(4-iodobenzoyl)-L-lysine (CHIBzL, 4OC5), (3) N-

2-[(1-carboxycyclopropyl)carbamoyl]-N~6-(4-iodobenzoyl)-L-lysine (CCIBzL, 4OC0), (4) 

N-2-([(1S)-1-carboxy-2-(pyridin-4-yl)ethyl]carbamoyl)-N-6-(4-iodobenzoyl)-L-

lysine(CPIBzL, 4OC4), (5) (2S)-2-[(((1S)-1-carboxy-2-[(2S)-oxiran-2-

yl]ethyl)carbamoyl)amino]-6-[(4-iodobenzoyl)amino]hexanoic acid (COIBzL, 4OC1), and 

(6) N-2-([(1S)-1-carboxybut-3-yn-1-yl]carbamoyl)-N-6-(4-iodobenzoyl)-L-lysine 

(CEIBzL, 4OC2). Structures of individual inhibitors can be found in Figure 12 on page 117. 

The general structure arrangement of the protein remained virtually identical. Also, the 

binding of the 4-iodobenzoyl-ε-lysine into the S1 hydrophobic accessory pocket and of the 

ureido group is nearly identical to the previously reported structures [207]. Briefly, the plane 

of the iodobenzoyl moiety is parallel to the guanidinium groups of Arg463 and the Arg534. 

These arginines interact via their guanidinium groups with the benzene π-electrons. The 

carbonyl oxygen of the ureido linkage interacts with the activated water, the catalytic Zn1
2+

, 

and with side chains of Tyr552 and His553. The ureido nitrogen atom N1 forms hydrogen 

bond with Gly518, the N2 with Glu424, Gly518 and the activated water molecule. In 

between the iodobenzoyl moiety and the urea linker, the lysine linker is as flexible as these 

two restraining moieties permit. However, there is an additional restrain. The P1 carboxylate 

forms hydrogen bonds with Arg534 and Arg536 of the hydrophobic accessory pocket. The 

importance of this interaction has been shown before, as the lack of the P1 carboxylate results 

in weaker binding of inhibitors to GCPII [17,21,207]. The inhibitors studied here all lack the 

glutamate moiety at the P1’ position, yet they retain the P1’ α-carboxylate. While glutamate 

replacement is possible, in order to increase lipophilicity, the α-carboxylate replacement 

leads to a drastic decrease in inhibitor potency [21]. 
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The main difference from the previously characterized GCPII/urea based inhibitor 

complexes is the interaction pattern within the S1’ pocket. The most profound changes are 

observed in the GCPII/(6) complex. Binding of the propargylic moiety within the S1’ pocket 

elicits its compaction due to a 3.1 Å shift of the Leu259-Gly263 amino acid loop (the Cα of 

Leu261 as the reference point). Consequently, in order to not collide with the Leu261, the 

Lys699 is forced to shift by 7.3 Å (the Nζ atom), in a manner similar to the binding mode of 

the allylic isostere described by Wang et al., 2010 [207]. Taken together, these shifts indicate 

that the S1’ pocket possesses a plasticity never described before. 

Another new discovery was the variable orientation of the P1’ isosteres consisting of five or 

six membered rings. The plane of the pyridine ring of inhibitor (4) was rotated 70° in regard 

to the oxadiazolidine ring of the quisqualate, that lays practically perpendicular to the sides 

of the S1' pocket defined by side chains of Phe209 and Leu428. This rotation results in a 

widening of the S1' pocket by shifting the Phe209 and the Leu428 by 1 Å. The rings of the 

other two inhibitors (1) and (2) are rotated to a lesser degree and their orientations have no 

effect on the S1' pocket that remains as compact as with bound quisqualate. 

Of the six compounds studied in this report, two have identical inhibitory potency in low 

nanomolar range (1) and (5). These two inhibitors are weaker than the parental DCIBzL by 

two orders of magnitude, however, they are significantly more hydrophobic. 

Kozikowski et al., have synthetized and analyzed a series of 20 urea based inhibitors derived 

from 4,4’-phosphinicobis(butane-1,3-dicarboxylic acid. The best of these inhibitors was 6 

times more potent than (1) and (5), but they were also hydrophilic. However, they obtained 

a low nanomolar hydrophobic inhibitor with analgesic effects in the inflammatory pain 

model [209]. 

This work has contributed new information into the growing body of knowledge about urea 

inhibitors. We looked at how the selected P1’ glutamate isosteres bind into the active site. 

We have uncovered an ability of the S1’ site to adjust its size to bind bigger moieties without 

affecting the affinity for the inhibitor. This permits more flexibility in future structure-

assisted drug design. 

The structural data gathered in our publications will help with identifying new ways to 

modify molecules to achieve higher lipophilicity for GCPII targeted CNS drugs, improved 

uptake rate, better retention, and high specificity for prostate imaging molecules. 
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Modification of the hydrophilic glutamate/glutarate moiety is not the only approach to 

address the BBB-permeability issue and deliver drugs inhibiting GCPII to CNS. An injection 

of ZJ43 and 2-PMPA directly into the cerebrospinal fluid in cerebral ventricles, thus 

bypassing the BBB, had an analgesic effect on an animal model of inflammatory pain [213]. 

Another approach is the use of prodrugs - inactive compounds that are metabolized into an 

active form. Peritoneal injection of PGI-02776, a di-ester prodrug of ZJ43, had been 

effective in attenuating the damage in a murine model of traumatic brain injury. Upon 

injection ZJ43 had been detected in brain [214]. Analgesic effects of para-acetoxy-benzyl 

ester prodrug of the hydroxamate based inhibitor of GPII 4-carboxy-α-[3-(hydroxyamino)-

3-oxopropyl]-benzenepropanoic acid and δ-thiolactone prodrug of 2-MPPA exhibited 

analgesic effects in a rat model of neuropathic pain [215,216]. 

  

Phosphoramidate derivatives as PET biotracers 

For the growing numbers of men diagnosed with prostate cancer an early diagnosis is a true 

life saver. Increased efforts are now invested into development of diagnostic and therapeutic 

methods. Effective diagnostics requires highly sensitive and highly specific tools. GCPII is 

an ideal target due to the restricted expression pattern in prostate cancer tissue and also its 

expression in cancer neovasculature in general. PET (positron emission tomography) is 

replacing the previously used imaging methods but GCPII targeted imaging is lagging 

behind. The need to replace ProstaScint has been mentioned in the introduction. Small 

molecules arise as promising probes compared to radio-labeled antibodies, because of their 

drug-like pharmacokinetics and reduced production costs. Previous research by Lapi et al., 

2009 [217] of phosphoramidate derivatives yielded a promising GCPII-specific radiotracer 

4-18F-fluorobenzamido-phosphoramidate with the Ki = 0.68 nM [218]. When radioactive 

conjugate was used in mice with PSMA+ xenografts, the tumor accumulation was 1.24 ± 

0.17 % ID/g 2 h post-injection, with a tumor-to-blood ratio of 9:1 [217]. Modification of the 

P1 serine/P1’ glutamate phosphoramidate scaffold with 2-(3-hydroxypropyl)glycine, 

aminohexanoate, and fluorobenzoyl moieties yielded an irreversible inhibitor (5) (Figure 

13C, page 121). It exhibited similar potency, but a more rapid uptake (2.35 ± 0.91 % ID/g at 

1 h) and retention (2.33 ± 0.50 % ID/g at 4 h). Its tumor-to-blood ratio was 265:1 at 4 hours 

after injection.  
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The c13rystal structure of GCPII in complex with this inhibitor revealed that the P1 

carboxylate interacts with the arginine patch via a salt bridge with the guanidinium group of 

Arg536 and water-mediated contacts with the side chains of Arg536 and Arg534. The atoms 

of the 20 Å linker reached into the arene binding site. The main-chain carbonyl accepted 

hydrogen bond from the guanidinium group of Arg463. The hydrogen bonding results in 

positioning of the fluorobenzoyl ring plane virtually parallel to both indole and guanidinium 

groups of Trp541 and Arg511 of the arene-binding cleft, respectively. To investigate this 

interaction in depth, Dannoon et al., 2016 [219] modified the phosphoramidate scaffold by 

removing (4, CTT1056) or adding (6) an extra aminohexanoate (AH) linker to the previously 

identified inhibitor (5, CTT1057) (Figure 13C) [219]. The inhibitory potencies of the new 

compounds were three (4, IC50 = 1.3 nM) and two fold (6, IC50 = 0.9 nM) lower than that of 

the parental molecule (5, IC50 = 0.4 nM). The use of the AH linker has been successfully 

used in various histone deacetylases inhibitors derived of hydroxamic acid. This alteration 

yielded inhibitors with low nanomolar potencies [220,221]. Recently, Tykvart et al., have 

Figure 13: Phosphoramidate inhibitors 

A) Phosphoramidate (IC50=14 nM) B) 4-Fluorobenzamidophosphoramidate (IC50=1.4 nM)  

C) Compound (4) n=0 (IC50=1.3 nM); Compound (5) n=1 (IC50=0.4 nM), Compound (6) n=2 

(IC50=0.9 nM) 
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evaluated the use of a PEG linker of varying length in small molecule inhibitors considered 

as potential bioimaging agents. The addition of the PEG linker lead to a 7-fold increase in 

inhibitory activity compared to the parental molecule [222]. All three molecules inhibit 

GCPII irreversibly which is favorable for imaging tracers. Co-crystallization with the 

extracellular domain of GCPII (amino acids 44-750) was performed to assess the effect of 

the AH chain length on binding. The overall fold was nearly invariant for all three 

complexes. The biggest divergence was detected for amino acids between Ser501 and 

Pro510. While the Fo-Fc density for the whole of (4) and (5) is visible, the distal part of (6) 

with the P2 residue, the lipophilic linker and the fluorobenzoyl group cannot be seen, 

indicating these portions of inhibitor are flexible and do not interact with GCPII. Unlike (4) 

and (6), where the P1 carboxylate interacts directly with the arginine patch Arg534 and 

Arg536, the P1 carboxylate of (5) is shifted by 1.1 Å and interacts with Arg536 (NH1, 3.1 

Å) only. In all three cases the glutamate moiety occupies the S1’ pocket in the canonical 

manner [19,223]. The difference in the length of the linkers (13, 20, and 28 Å for (4), (5), 

and (6) respectively) is the main cause for the difference in the positioning of the distal parts 

of the inhibitors. The fluorobenzoyl ring of (4) forms weak π-cation interactions with the 

arene binding site and is parallel to the guanidinium group of Arg463 (4 Å). The atoms of 

the 20 Å linker in (5) reach into the arene binding site with the main-chain carbonyl accepting 

the hydrogen bond from the guanidinium group of Arg463. The fluorobenzoyl ring plane is 

virtually parallel to both indole and guanidinium groups of Trp541 and Arg511 of the arene-

binding cleft, respectively [223]. A very similar orientation towards Trp541 and Arg511 had 

previously been described for the pteridine ring of FolGlu2 [23]. There is no detectable 

electron density for the distal part of (6). All three tracers are specific and are detectable in 

PSMA+ cells only. A study in which the AH linker was inserted into another PET imaging 

agent (a DOTA-containing Affibody against HER2- a derivative of ZHER2-342) indicates that 

the aliphatic linker addition might have a potential in improving the biodistribution pattern 

[224]. Our results are in good agreement with this study, as the tumor to blood ratios and in 

vitro uptake were significantly higher for [18F](6) compared to those of [18F](4) and [18F](5). 

However, our results also indicate that elongation of the AH linker (as seen in [18F](6)) 

results in an increase in lipophilicity leading to a decrease in renal clearance and tumor 

uptake compared to [18F](5). This study has analyzed the difference in binding of this small 
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series of phosphoramidate derivatives with increasing lipophilicity, evaluated them as PET 

imaging agents and identified [18F](5) and [18F](6) as promising candidates. 

The use of small molecules targeting GCPII as prostate cancer radiotracers in PET imaging 

circumvents the problem of insufficient pharmacokinetics of antibodies. 64Cu-ABN-1 is 

another phosphoramidate based PET tracer, a derivative of the CTT-1297 inhibitor [225]. 

Urea based inhibitors have also been tested in PET imaging. 11C-DCMC is the first urea-

based radiotracer [226]. The urea-based [18F]DCFBC has successfully entered clinical 

studies and permits identification of primary prostate cancer, but is also suitable for 

identification of metastatic sites [227,228]. Recently, GCPII-binding aptamers 

(oligonucleotide or peptide molecules specifically binding GCPII) have been evaluated for 

PET imaging. The pioneering work of Lupold et al., identified two aptamers A9 and A10 

specifically binding to GCPII-positive cells [229]. The A10 aptamer has been labeled with 

64Cu and shown to bind GCPII-positive cells in vitro, yet no data from in vivo experiments 

have been published to date [230]. 

The 18F labeling used here is not the only possibility for PET imaging. Use of 111In is well 

documented thanks to its use in the ProstaScint [38]. However, this imaging agent was 

originally tested and even entered phase II clinical studies labelled with 90Y. This label 

caused serious bone marrow toxicity and was abandoned for the current 111In [231]. The use 

of 89Zr and 64Cu labeling had been reported for GCPII targeted antibodies and antibody 

fragments [232,233]. Labeling with 11C, 68Ga, and 64Cu had been reported for low molecular 

weight inhibitors of GCPII [226,234–236].  

 

Characterization of HDAC6 as tubulin deacetylase 

Dysregulation of HDAC6 is associated with neurodegeneration and cancer. For this 

deacetylase to become a drug target, a deeper understanding of its many different roles is 

necessary. In our manuscript we studied deacetylase activity of HDAC6 on tubulin, the most 

abundant physiological substrate of HDAC6. The tubulin acetylation belongs to a complex 

system of posttranslational modifications collectively referred to as the tubulin code. The 

individual modifications and their combinations regulate tubulin polymerization and 

interactions with other proteins. This in turn affects many cellular processes. As the 

information on HDAC6 preference for different tubulin forms is unsatisfactory, we decided 
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to perform a detailed kinetic analysis of tubulin deacetylation and a study of 

HDAC6/microtubule interactions. 

Our first step was cloning and purification of human HDAC6 in order to obtain sufficient 

amounts of the native protein. We cloned the full length HDAC6 construct into a Gateway 

donor plasmid. The advantage of the Gateway system is that once the donor plasmid is 

cloned and sequenced, recloning into the expression plasmids for any system available with 

as many tag combinations as needed takes less than a week. Since the gene is cloned into 

expression plasmids as a cassette by recombination, no further sequencing is required. 

Testing the expression in multiple expression systems warrants identification of the one with 

the highest yields, the availability of the PTMs required to achieve maximum activity, and 

the highest purity. We decided to avoid expression in E. coli as it is known to be suitable 

mainly for proteins up to 60 kDa [237]. At first we attempted to purify full length HDAC6 

from K. lactis since this system provides acetylation, amidation and to some extent 

phosphorylation. However, these preparations contained massive contamination by alcohol 

dehydrogenase that could not be completely removed by any affinity purification approaches 

tested. Purification in insect cells gave yields so low that the expression in this system was 

not cost effective. Expression in mammalian cells is ideal for mammalian proteins that might 

require posttranslational modifications to achieve full activity, nonetheless usually at a cost 

of low yields of protein. In this case though, the transient transfection of HDAC6-containing 

plasmid yielded 2 mg of protein per liter of HEK293T cells grown in suspension. HDAC6 

was then purified in 3 steps, producing mostly monomeric protein without tags with high 

purity. 

As it has been reported that HDAC6 activity and localization is regulated by acetylation, 

phosphorylation, and S-Nitrosylation, we wanted to see if the protein we purified is 

modified. For this purpose, the protein was submitted to analysis by LC-MS/MS. 

Interestingly, this preparation of HDAC6 displays no posttranslational modifications. Since 

the protein lacks any of the up- or down- regulating modification the activity observed with 

this purification batch was considered as the basal level of activity. To further characterize 

our preparation of human HDAC6, we determined the enzymatic activity of our purified 

HDAC6 without tags and compared it to that described in literature. Km values on previously 

described substrates were determined as 3.7 ± 0.2, 4 ± 0.5, 9.1 ± 0.8, and 11.3 ± 0.6 µM for 
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Fluor de Lys, Boc-K(Ac)-AMC, (Ac)GAK(Ac)-AMC, and Fluor de Lys SIR substrates, 

respectively. Zou et al., and Miyake et al., report Km values for Fluor de Lys substrate 

measured with full length HDAC6 to be 3.3 and 6.45 ± 1.57 µM and kcat 0.29 s-1 and 0.037± 

0.002 respectively [65,68]. Schultz et al., have determined Km for (Ac)GAK(Ac) to be 18 

µM and kcat to be 0.7±0.2 s-1 [238]. The Km values we have obtained are in good accord 

with the literature, however, the turnover numbers of our protein are 2.23 ± 0.02 and 0.94 ± 

0.01 with Fluor de Lys and (Ac)GAK(Ac) substrates, respectively. This is one order of 

magnitude higher than previously described. We surmise that our HDAC6 preparation 

therefore contains more catalytically active molecules of enzyme per mol than those 

characterized elsewhere. Next we determined the inhibition constants for three known 

inhibitors SAHA, trichostatin A (TSA) and Nexturastat A. The IC50 values reported are 5 ± 

0.4 nM, 1.2 ± 0.3, and 5.02 ± 0.06 nM, respectively. This again agrees with the values from 

our experiments which are 3.8 (SAHA), and 0.16 (TSA), and 2.9 nM (Nexturastat A) 

[200,239,240]. 

A lot of controversy exists concerning whether HDAC6 preferentially deacetylates free 

tubulin dimers or microtubules. Problem with the information available is that it is not 

quantitative and so far the enzyme used in the studies was either murine/zebrafish, 

tagged/truncated or with no information about its quality available. Given that acetylation is 

a reversible modification it would be logical that HDAC6 preferred the substrate disfavored 

by the major tubulin acetyltransferase αTAT1. The acetylase had been reported to 

preferentially deacetylate microtubules, albeit at a very slow rate. So far it has been shown 

that HDAC6 deacetylates only microtubules (Hubbert et al., 2002), only dimers 

(Matsuyama et al., 2002) or both (North et al., 2003). In our manuscript we have shown that 

the enzyme we are using is mostly monomeric. We have characterized it and compared it to 

preparations used by other groups. With this full length wild type HDAC6 we see that the 

enzyme prefers dimers over microtubules. The rate of deacetylation is approximately 1500-

fold higher with deacetylation rates 0.6 mol/mol*s and 0.0004 mol/mol*s for tubulin dimers 

and stabilized MTs, respectively. To exclude possible interference from the stabilization 

agent we tested both taxol and GMPCPP stabilized microtubules with the same result. Last 

year Miyake et al., used the catalytic core of zebrafish HDAC6 to quantify the difference 

between deacetylation of microtubules and tubulin dimers. The difference they observed was 
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2.5-fold in favor of dimers. If this was true for the full length human HDAC6, the 

deacetylation rate for microtubules would be 0.24 s-1 and since the acetylation rate of αTAT1 

has been determined to be 0.00044 s-1 this would mean that microtubules would exist in the 

deacetylated state only. The 1500-fold difference observed in our experiments for the full 

length protein compared to 2.5 fold observed by Miyake et al. for the catalytic core indicates 

that residues outside the DD1/DD2 core are required for recognition of dimers and 

microtubules as a substrate. For αTAT1, the binding of the dimeric and the polymeric (MT) 

substrates is not identical as demonstrated by an experiment where a mutation within the α2 

helix affects acetylation rates of these two substrates to a different extent [186]. It is highly 

possible such a microtubule sensing domain exists within the major deacetylase as well. The 

pronounced difference in the turnover rate between dimeric tubulin and microtubules 

supports the hypothesis (formed by Skoge et al., 2014 and Miyake et al., 2016), that 

acetylation and deacetylation of tubulin are a result of opposing substrate preferences 

between HDAC6 and αTAT1 [65,241]. The result also suggests that the free tubulin in the 

cytoplasm exists solely in the deacetylated form. This conclusion is further backed up by a 

report in which treatment of mice with colchicine leads to significant decrease in acetylation 

[242].  

Seeing that the deacetylation of microtubules is disfavored so strongly compared to dimers, 

we wanted to get a deeper understanding of substrate recognition mechanism by HDAC6. 

As the αAcK40 lies within the microtubule lumen, accessibility is a challenge for modifiers 

and readers. However, tubulin dimers integrated into microtubule also have a large portion 

of their surface inaccessible for interaction with MAPs. To see if the substrate preference 

stems from the limited accessibility of the αAcK40 loop or if it is a result of suboptimal 

binding to tubulin surface we looked at deacetylation rates of other polymers. Tubulin can 

polymerize into macromolecules with the αAcK40 loop exposed or hidden, with different 

tubulin curvature, and with different parts of surface exposed for binding. We have compared 

microtubules, zinc sheets, and dolastatin-10 rings to tubulin dimers. Zinc sheets form 

spontaneously in presence of at least 50 µM Zn2+. Unlike in microtubules, where 

protofilaments bind parallel side by side, zinc sheets are formed of protofilaments in 

antiparallel orientation with twofold screw axis symmetry (Figure 10B, page 30) and the 

K40 loop protrudes into space. Dolastatin-10 induces curvature of a protofilament followed 
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by formation of mostly tetradecameric single-walled rings and mimics the depolymerization 

process. In the resulting rings the previously luminal side of protofilament becomes exposed 

to the exterior and is easily accessible. In this polymeric form, the longitudinal surfaces are 

already engaged by head to tail binding of tubulin to dimers leaving only lateral interactions 

free for interaction. The deacetylation rates of Dolastatin-10 rings and Zn-sheets are 100- 

and 750-fold slower than free tubulin. Taken together with the 1500-fold slower rate of 

microtubules deacetylation our findings indicate that accessibility is not the rate limiting 

factor. Rather, the longitudinal and lateral interactions are important for optimal turnover of 

the substrate by HDAC6. The substrate preference is thus complementary to that of αTAT1 

for which dimers are the poorest substrates. The Zn2+ sheets and dolastatin-10 rings show 

statistically significant enhancement of acetylation, and microtubules are processed fastest 

[186].  

The Lys40 residue is located in a rather flexible loop formed by 20 amino acids from Gln31 

to Asn50, with residues 37 – 42 being highly conserved across tubulins from various species 

[186]. This raises the following questions: 1) is the sequence of the αK40 loop sufficient to 

be recognized as a substrate by HDAC6 2) If only 6 amino acids are conserved across the 

species how long a sequence is required for the optimal deacetylation by HDAC6 3) Is there 

a difference in the deacetylation rates between the αK40 loop in the form of a free peptide 

and within the context of αβ-tubulin dimer? We compared the deacetylation rates of 

α/β tubulin dimer and tri- to nonadecameric peptides derived of amino acids surrounding 

the central lysine of the αK40 loop. The deacetylation rates for peptides were determined 

using HPLC and for dimer by quantification from Western blots. Our results show that with 

the increasing length of the peptide the rate of conversion is decreasing. While the rate is 

2.03 ± 0.1 s-1 for the T3 (Abz-D[AcK]T-NH2) tubulin peptide, it gradually decreases to 

0.1 s-1 for peptides T17 (Abz-PDGQMPSD[AcK]TIGGGDDS-NH2) and T19 

(Abz-QPDGQMPSD[AcK]TIGGGDDSF-NH2). Although this makes the tripeptide the 

substrate with the highest deacetylation rate, the α/β tubulin substrate is still deacetylated 

12-fold faster. The difference in deacetylation rates indicates that interactions beyond the 

active site are necessary for optimal substrate turnover and recognition. This is further 

supported by Km values for the peptides which are in the high micromolar range (88 µM to 

328 µM for T9 and T15, respectively), and indicate relatively low affinity of HDAC6 for the 
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isolated αK40 sequences. We have determined Km value for tubulin dimer to be 0.23 ± 0.03 

µM and therefore the affinity towards free tubulin is nearly 400 x higher than for the best 

tubulin-derived peptide substrate. Recently published report by Miyake et al., backs up these 

results as it shows that mutations of Trp459 and Asp460 in His20-His21 loop and Asn530, 

and Ser531 in His25 are crucial for α-tubulin recognition while deacetylation of the short 

peptidic Fluor-de-Lys substrate is unaffected by these mutations [65]. The decrease in 

deacetylation rate reversely proportional to the length of the peptides and is probably due to 

steric constrains. Nevertheless, for the optimal activity the substrate needs to interact with 

the substrate recognizing loop H20-H21 and the H25 helix. In case of tubulin, interaction 

with lateral and/or longitudinal interfaces seems to be required for maximum activity as 

indicated by these experiments and the deacetylation of tubulin polymers, where these 

surfaces are buried within the polymeric lattices. Interestingly, SIRT2 deacetylates α-tubulin 

peptide (amino acids 36–44, corresponds to T9 peptide) and the kcat was determined to be 

0.144±0.005 s-1 [183]. We reported the HDAC6 deacetylation rate for the T9 peptide to be 

0.31±0.04 s-1. This 2-fold difference might indicate that although both enzymes serve as 

tubulin deacetylases, their mode of binding the tubulin substrate are not identical and hint at 

a difference in the active site. However, in the absence of crystallographic data this notion 

remains only a hypothesis and might be just a result of slightly different experimental setups. 

One of the big questions of tubulin de/acetylation is how the deacetylases and acetyl 

transferase access the αK40 in microtubules, if it is buried in the lumen. This has been 

studied in depth for αTAT1, but data concerning HDAC6 are missing. The possibilities 

considered are: entering the lumen from the tips, accessing the loop through breaks existing 

within the microtubule lattice, or accessing it from the outside. Bending of microtubules 

causes mechanical stress that leads to torsion and consecutively to defects in the microtubule 

lattice. These are believed to increase accessibility of the microtubule lumen [243]. Also, 

tubulin monomers are globular proteins so the junctions between two neighboring 

protofilaments are not tight like between Lego cubes, but a gap forms between two adjacent 

dimers. The αK40 loop lies beneath this opening and can be modified, but data suggests that 

a massive reorganization would have to take place in the microtubule for modifying enzymes 

to be able to access αK40 [244]. Szyk et al., have shown that in vitro acetylation of 

microtubules is evenly distributed without bias for ends or particular localizations that would 
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signal possible lattice defects. Their conclusion is that αTAT1 diffuses in the lumen and 

acetylates stochastically yet uniformly [186]. We have used TIRF microscopy with 

immobilized rhodamine labeled microtubules to study the kinetics of GFP or FITC-labeled 

HDAC6. This setup permits us to see that HDAC6 binds microtubules fast and without 

preference for ends. The analysis of the signal intensity at the tips and in the middle indicates 

synchronous increase at both microtubule tips and core. The dynamics of this interactions 

points towards HDAC6 binding the microtubule surface rather than entering from tips. In 

order to see if this binding pattern corresponds to deacetylation, fluorescent microscopy of 

HDAC6 mixed with microtubules at 2:1 molar ratio was performed. Our micrographs show 

uniform deacetylation of microtubules and subsequent analysis shows that the acetylation 

level of whole microtubule, the tips, and of the microtubule center decrease without showing 

preference for microtubule ends. The Western blots of these samples show this deacetylation 

that is linear in time. This result is in accord with recent findings about αTAT1 acetylation 

in vivo appearing at the extremities [245]. As the rates of acetylation and deacetylation of 

microtubules are rather similar if deacetylation had the same pattern this would be 

impossible to observe. 

Our data adds to the understanding of the HDAC6 mediated tubulin acetylation. Hereby, we 

present sufficient argument and supporting quantitative data concerning HDAC6 to back up 

the existing hypothesis of the opposing substrate preference of αTAT1 and HDAC6 as the 

main tubulin acetylase and deacetylase. We also believe that the strong preference of 

HDAC6 for dimers leads to accumulation of acetylation on microtubules which 

consequently functions as a marker of microtubule age. Our results indicate that 

deacetylation of tubulin by HDAC6 requires complex interactions with the substrates 

surpassing the acetylated Lys40 of the substrate. This complexity might in future form basis 

for the rational design of inhibitors targeting tubulin deacetylation. Full understanding of 

interaction between HDAC6 and tubulin will permit discovery of highly selective inhibitors 

of HDAC6 as tubulin deacetylase.  

 

6. CONCLUSION 
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We presented here an in-depth study-function study of two zinc-dependent hydrolases: 

GCPII and HDAC6. We have prepared new GCPII inhibitors and using X-ray 

crystallography studied their interaction with GCPII. The inhibitors exhibited properties 

better properties as clinically applicable agents than the parent molecules (lipophilicity and 

in some cases inhibitor potency too). Also the publications identified yet unknown properties 

of the enzyme’s active site. We reported that GCPII tolerates the replacement of the 

canonical glutamate moiety within a substrate/inhibitor by aliphatic side chains of varying 

length at the C-terminal amino acid well. The enzyme even adapts to bind them more 

effectively. Correspondingly, unfamiliar plasticity was observed for urea-based inhibitor 

derived from the DCIBzL inhibitor by replacement of glutamate by propargylic moiety. The 

last strategy presented here consisted in a modification of the aminohexanoic acid linker 

between fluorobenzamido ring and the core inhibitor, an approach resulting in higher 

lipophilicity of the new inhibitor. Although we have not succeeded in identifying inhibitors 

able to cross the BBB barrier all three approaches yielded molecules with low nanomolar 

inhibition constants sufficient to test them as imaging agents. We have identified new 

scaffolds leading to improved lipophilicity which can be exploited in future. 

As for HDAC6 we have successfully established expression in mammalian cells and purified 

the enzyme to near 100% purity. We have unequivocally identified tubulin dimers as its 

preferred substrate and quantified the preference. Using different tubulin polymers, we have 

shown that accessibility of the αAcK40 is not the rate determining factor. We have shown 

that efficiency of the tubulin deacetylation enzyme requires interactions additional to those 

with amino acids within the αAcK40. Lastly, using TIRF and indirect immunofluorescence 

microscopies, we have shown that HDAC6 does not exhibit preference for either binding or 

deacetylation of microtubule ends and deacetylates stochastically.   
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ABBREVIATIONS 

 

αAcK40 Acetylated lysine 40 of α-tubulin 

AH linker Aminohexanoate linker 

ARD1 Arrest-defective 1 protein 

ATP Adenosine triphosphate 

Bax Bcl-2-associated X protein 

BBB Blood–brain barrier 

BDNF Brain-derived neurotrophic factor 

BIRC5  Baculoviral inhibitor of apoptosis repeat-containing 5 

BUZ Binding of ubiquitin zinc finger  

CBP CREB-binding protein 

CDK9 Cyclin-dependent kinase 9 

CK1/CK2 Casein kinase 1/Casein kinase 2 

CNS Central nervous system 

CRM1 Chromosomal maintenance 1 

DCIBzL (S)-2-(3-((S)-1-Carboxy-(4-iodobenzamido)pentyl)ureido)pentanedioic 

acid 

DD1/DD2 Deacetylase domains 

DNA Deoxyribonucleic acid 

EGF Epidermal growth factor 

EGFR Epidermal growth factor receptor 

ELP Elongator acetyltransferase  

ERK1 Extracellular signal-regulated kinase 1 

FITC Fluorescein isothiocyanate  

FOLH1 Folate hydrolase 1 

GCN5 General control non-derepressible 5 

GCPII Glutamate carboxypeptidase II 

GCPII KO mice GCPII knock-out mice 

GMPCPP Guanosine-5’-[(α,β)-methyleno]triphosphate 

GRK2 G protein-coupled receptor kinase 2 
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GSK3β Glycogen synthase kinase 3β 

GTP/GDP Guanosine triphosphate/Guanosine diphosphate 

HDA1 Histone deacetylase 1 

HDAC6 Histone deacetylase 6  

HIV1 Human immunodeficiency virus 

HPLC High-performance liquid chromatography 

HSF1 Heat shock factor 1 

HSP90 Heat shock protein 90) 

IFN-γ Interferon gamma 

IgG Immunoglobulin G 

IL-1β Interleukin 1 beta 

IRT Iron-regulated transporter  

IUBMB International Union of Biochemistry and Molecular Biology 

JNK c-Jun N-terminal kinase 

kDa Kilodalton 

KDAC Lysine deacetylase 

MAPK Mitogen-activated protein kinase 

MAPs Microtubule-associated proteins 

MEC17 Mechanosensory abnormality family member 17 

2-MPPA  2-(3-mercaptopropyl)pentanedioic acid 

MSH2 MutS protein homologue 2  

MT Microtubule 

MTOC Microtubule-organizing center 

MYH9 Myosin heavy chain 9  

NAA N-acetyl-L-aspartate  

NAAG N-acetylaspartylglutamate 

NAALADase I N-acetyl-L-aspartyl-L-glutamate peptidase I  

NAAM N-acetylaspartylmethionine 

NAD+ Oxidized form of nicotinamide adenine dinucleotide 

NAT1 N-acetyltransferase 1 

NES Nuclear exclusion sequence  
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NLS Nuclear localization sequence 

PET Positron emission tomography 

pKa Negative logarithm of the acid dissociation constant  

PKCζ Protein kinase C zeta type 

2-PMPA 2-phosphonomethylpentanedioic acid 

Prx1/PrxII Peroxiredoxin I or II 

PSMA Prostate-specific membrane antigen 

P-TEFb  Positive transcription elongation factor b 

PTM Posttranslational modification 

RCSB PDB Research Collaboratory for Structural Bioinformatics Protein Data Bank  

ROS Reactive oxygen species 

RPD3 Reduced potassium dependency 3 

SAHA Suberoylanilide hydroxamic acid (vorinostat) 

SE14  Serine-Glutamate containing tetradecapeptide 

SIRT1 Silent mating type information regulation 2 homolog 1 

αTAT1 Alpha-tubulin N-acetyltransferase 

TDAC Tubulin deacetylase 

TIRF Total internal reflection fluorescence 

TNFα Tumor necrosis factor alpha 

TSA Trichostatin A 

US FDA United States Food and Drug Administration 

VCP Valosin-containing protein 

VEGFR1 Vascular endothelial growth factor receptor 1 

VPA Valproic acid  

ZBG Zinc-binding group 

ZIP4 Zrt- and Irt-related protein 

ZRT Zinc transporter proteins 
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