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ABSTRACT 
 

SUBSTRATE SPECIFICITY OF METAL-DEPENDENT LYSINE 
DEACETYLASES 

 
by 

 
Caleb G. Joseph 

 
 
 

Chair: Carol A. Fierke 
 
 

Lysine deacetylases (KDACs) catalyze the deacetylation of acetylated lysine residues 

on histones and other protein substrates. This modification plays a vital role in numerous 

cellular processes and inhibitors targeting KDAC are effective in a variety of diseases. 

Eleven members of the 18-member KDAC family require a divalent metal ion for activity. 

Previous studies have demonstrated that the reactivity of KDAC8 varies with the bound 

metal ion (Co2+> Fe2+ > Zn2+). Here I show that the bound metal ion also regulates the 

substrate specificity of KDAC8. Incubation of metal-substituted KDAC8 with an 

acetylated peptide library identified peptides that were deacetylated more rapidly by 

either Zn2+- or Fe2+-KDAC8 and peptide substrates that display similar reactivity with 

both enzymes. The steady-state kinetic parameters measured for peptides from each 

specificity profile showed that the kcat/KM values recapitulate the results observed in the 

library screen confirming the metal-dependent substrate selectivity.  These studies 

suggest the possibility that KDAC8 activity and specificity are regulated in vivo by Zn/Fe 

metal switching. 



 xii 

Furthermore, the reactivity of KDAC11, with peptide libraries demonstrates that the 

activity and specificity of this isozyme are also dependent on the bound metal ion. 

Furthermore, these selectivity screens led to the identification of a peptide sequence motif 

(GPK(ac)LGC) that corresponds to a sequence near the N-terminus of Cdt1 

(IIAPPKLACRTPS), a proposed in vivo substrate for KDAC11. The value of the kcat/KM 

for the Zn2+-bound KDAC11 on this sequence is increased by 1333-fold over the 

commercially available coumarin substrate to a value of 0.33 ± 0.04 µM-1s-1 and the 

reactivity with Fe2+-KDAC11 is even higher (>0.5 µM-1S-1). 

Finally I show that Arg37, a residue proposed to regulate the dissociation of acetate in 

KDAC8, is critical for the catalytic activity of KDAC8. Substitution of Arg37 with either 

alanine (R37A) or glutamate (R37E) decreases the value of kcat/KM by 528-fold and 4 x 

105-fold, respectively.  Furthermore, the R37A mutation decreases the affinity of KDAC8 

for acetate by at least 3 kcal/mol, only slightly less than the energetic destabilization of 

the transition state (3.5 kcal/mol).  The circular dichroism spectrum show that the 

secondary structure of KDAC8 is not affected by the R37A mutation but is altered by the 

R37E mutation. These results show that Arg37 is important for catalysis and acetate 

affinity, and could be exploited for preparing specific inhibitors of KDAC8. 

 

 
 



	
   1	
  

 
CHAPTER I 

 
 

INTRODUCTION 
 
 

LYSINE DEACETYLASES BACKGROUND 
  
 

Post-translational Protein Modification  
 

Post-translational modifications are enzyme-catalyzed chemical modifications 

that increase the functional capabilities of many proteins in eukaryotic cells.  Nascent or 

folded polypeptides are subject to numerous modifications including phosphorylation, 

prenylation, methylation, glycosylation, farnesylation, and acetylation. These 

modifications of protein sequence produce extraordinarily diverse functions in the 

proteome. Therefore it is not surprising that they are major regulatory mechanisms in 

many cellular processes like signaling, cellular localization, and protein association. 

Post-translational modifications can be irreversible or reversible. Reversible 

modifications frequently involve the addition and removal of a specific group by two 

functionally opposite enzyme reactions(1,2).  
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Protein Acetylation 

 

One type of post-translational modification involves the acetylation of lysine 

residues. Protein lysine deacetylases (KDACs) catalyze the hydrolysis of acetylated 

lysine residues on proteins. Protein lysine acetyl-transferases (KATs) catalyze the 

reaction of acetyl-CoA with lysines residues to form acetyl-lysine (Scheme 1.1)(3,4). 

KDACs were originally termed HDACs (Histone Deacetylases) because lysine 

acetylation was first discovered on the N-termini of histone proteins. Since DNA wraps 

around histone proteins (H2A, H2B, H3, H4) to form the chromatin structure, the 

dynamics of KATs and KDACs can dramatically alter interactions between the 

transcriptional machinery and the DNA, essentially linking these post-translational 

modifying enzymes to gene transcription(5,6). Generally, acetylation of lysines on 

histone proteins leads to a loosening of the chromatin structure, providing transcriptional 

activators greater access to the DNA and facilitating transcription. Overexpression of 

KDACs markedly decreases the global acetylation of the histone proteins, thereby 

hindering the binding of transcriptional activators and suppressing the expression of 

appropriate genes.  This pattern of gene expression is a hallmark of aberrant tumor cell 

division, growth and invasion(7). Expanded studies on the effect of KDACs on gene 

expression resulted in the identification more than 1000 eukaryotic proteins and non-

protein molecules, like polyamine, that are acetylated.  The acetylome, like the 

phosphoproteome, is now composed of more than 3000 protein substrates. However, a 

relatively small number of enzymes catalyze these post-translational modifications(8-11). 
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Scheme 1.1. KDACs and KATs Reactions in Diverse Cellular Processes. A protein modified by reversible acetylation represents 
each process. 
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The Human KDAC Superfamily 

 

The eukaryotic genome encodes 18 KDACs that are divided into 4 classes based 

on sequence homology, cellular localization and function(12). The metal-dependent 

KDACs include Class I, II, and IV (Figure 1.1). Class I consists of KDAC (1-3, 8). Class 

I KDACs are ubiquitously expressed and reside primarily in the nucleus(13).  KDAC1 

and KDAC2 share high sequence homology and they interact with nucleosome 

remodeling complexes Sin3, NuRD, and Co-REST, while KDAC3 is part of the co-

repressor complexes SMRT and N-CoR(14). KDAC8 is the only KDACI isozyme not 

commonly observed in large protein complexes(15,16). The deacetylase activities of 

KDAC isozymes 1-3 have only been observed in multi-protein complexes and these 

enzymes are inactive when expressed recombinantly(17).  KDAC8 has been extensively 

characterized and is the model system for studying mammalian KDACs.  KDAC 

isozymes 4,5,6,7,9, and 10 are class II enzymes(16). Class II is further subdivided into 

class IIa (KDAC4, 5, 7, 9) and Class IIb (KDAC 6, 10).  Class IIa KDACs contain a 

distinct large N-terminal domain and expression pattern. KDAC4 is highly expressed in 

the brain and growth plates of the skeleton. KDAC5 and 9 are mostly found in the 

muscles and heart and KDAC7 is enriched in endothelial cells and thymocytes(18,19). 

Class IIb isozymes (KDAC6 and KDAC10) feature an extra deacetylase domain and 

shuttle frequently between the cytoplasm and the nucleus. KDAC6 is a cytoplasmic 

regulator of HSP90 that features two deacetylase domains and a zinc-finger 

domain(20,21). Class I and Class II KDACs require a divalent metal ion cofactor for 

activity. Also, these enzymes have homologous active sites except for a Tyr residue that 
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is conserved in Class I and substituted by a His in Class II(22). Class III enzymes (the 

Sirtuin family) has 11 members, utilize an NAD cofactor to catalyze deacetylation by a 

completely different mechanism and will not be covered here (23). KDAC11 is the lone 

member of class IV. KDAC11 is expressed in the brain, heart, muscles, testis and kidney 

tissues and proposed to be important in immune function(24). 
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      Figure 1.1. Classes of Human Metal-dependent KDACs 
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Roles of KDACs in Eukaryotic Cells 

 

KDAC enzymes play a fundamental role in modulating cellular processes. The 

balance between KDAC and KAT activities is critical for maintaining proper chromatin 

structure as well as the biological function of many proteins(25). Unregulated KDAC 

activities lead to both expression and suppression of genes, depending on the context. 

Sustained KDAC activity restricts the access of the transcriptional machinery to genes 

that are responsible for growth arrest, differentiation, and apoptosis. Vorinostat and 

Romedopsin (Table 1.1), two inhibitors that specifically target KDACs in vitro, have 

been approved by the FDA for the treatment of cutaneous T-cell lymphoma(26).  

Although the cellular mechanism of these inhibitors is still under investigation, in vitro 

data show that these are very potent inhibitors of KDACs, especially KDAC8 (50 nM), 

implicating KDAC inhibition as the in vivo mode of action(27). Furthermore, acetylation 

of histone H4 at Lys 16 (H4K16) and histone H2B at lysines 11 and 16 (H2BK11, K16) 

suppresses the DNA affinity of transcriptional co-activators indicating that deacetylation 

at these positions is important for transcriptional activity. Additionally, binding of the 

transcriptional activator Bromodomain 1 (Bdf1) to DNA is inhibited by the mutation of 

H4 K12R but not by the H4 K16R mutation(28-30). These results strongly suggest that a 

fine-tuned regulation of KDAC activity is vital for determining the correct chromatin 

configuration.  

In addition to histone proteins, KDACs regulate the activity of more than 3000 

proteins in eukaryotic cells(25). For instance, deacetylation of the oncogenic protein 

Survivin by KDAC6 leads to relocalization to the cytoplasm where it functions as an 
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anti-apoptotic factor(31). Therefore, unchecked KDAC6 activity maintains Survivin 

localization in the cytoplasm. Conversely, inhibition of KDAC6 leads to the 

accumulation of acetylated Survivin at Lys 129 catalyzed by the KAT CREB-binding 

protein, which promotes relocalization of Survivin to the nucleus. Secondly, KDAC8 is 

highly expressed in cells undergoing smooth muscle differentiation; specifically, 

KDAC8 associates with smooth muscle α-actin and facilitates smooth muscle 

contraction. RNAi knockdown of KDAC8 in smooth muscle cells hinders the 

contraction of collagen lattices(15,32). Finally, KDAC3 differentially regulates the 

activity of nuclear NF-kappaB by deacetylating two lysines on its subunit(33,34). 

Altogether, these observations illustrate the significance of proper regulation of KDAC 

activities in a variety of cellular processes.  

Lysine acetylation of proteins in cells also protects them from degradation by the 

proteasome. E3 ubiquitin ligases catalyze the addition of ubiquitin (76 amino acid long 

peptide) to unprotected lysine residues for subsequent degradation by the 

proteasome(35).  As a result, competition between the KATs and E3 ligases directly 

influences the stability of protein substrates in the cell(36). For example, deacetylation 

of the tumor suppressor P53 renders it a good substrate for the E3 ubiquitin ligase 

activity of MDM2.  HDAC1 is commonly found in complex with MDM2 and has been 

shown catalyze the deacetylation of P53, which is then ubiquitinated and 

degraded(37,38). Similarly, Smad7, a member of the Smad complexes that participate in 

the Transforming Growth Factor ß (TGFß) signaling cascade, is acetylated at Lys64 and 

Lys70 catalyzed by the transcriptional co-activator P300. This acetylation competes with 

ubiquitination catalyzed by the Smurf 1 and Smurf 2 E3 ligases at these sites and 
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prevents the deleterious consequences of a faulty TGFß signaling cascade(39,40). 

Therefore, the balance between KAT and KDAC activities helps maintain a stable 

concentration of many proteins in mammalian cells. 

 

Inhibition of KDACs 

 
Interestingly, KDAC inhibitors (KDACi) were identified before KDAC enzymes.  

The administration to cells of Trapoxin, a cyclic tetra peptide, caused an increase in 

acetylation of histone proteins, leading to the hypothesis that the deacetylation of histones 

was inhibited(41,42). Three years later, Grunstein and colleagues isolated KDAC1 using 

a Trapoxin-labeled affinity tag. Sequence analysis later revealed that KDAC1 is highly 

homologous to yeast KDAC Rdp3(43,44). These discoveries led to the identification of 

the rest of the mammalian KDAC protein family. In recent years, KDACi have been a 

powerful experimental tool for investigating the functional role of KDACs. Now KDACi 

are structurally diverse compounds that are also classified according to their common 

structural scaffold (Table 1.1).  These structures include hydroxamates, cyclic peptides, 

aliphatic acids, and benzamides(6). Suberoylanilide hydroxamic acid (SAHA), the first 

KDACi approved by the FDA, is a hydroxamic acid that inhibits class I and class II
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KDACs. It consists of a capping group, a linker moiety similar to the lysine chain, and 

the hydroxymate, which chelates the active site metal ion. Romidepsin, the second FDA-

approved KDACi, represents the cyclic peptide class. This molecule is a prodrug that 

requires reduction of the disulfide bond in the cell to gain effectiveness. Like the 

hydroxymate class, it contains a larger capping moiety. Reduction of the disulfide bond 

yields a linker mimicking lysine and a thiol side chain that coordinates the metal(45). The 

aliphatic acids inhibitors have a shorter linker and are generally weak KDAC inhibitors 

(Ki ≈ mM). The pharmacophores of the KDACi are the capping group, the linker and the 

metal binding moiety(46). The requirement for the metal binding moiety was identified 

when the first crystal structure of a KDAC was solved.  

 

Structural Analysis of KDACs 

 

 The first structural representation of KDACs came from the crystal structure of 

the histone deacetylase homologue (HDLP) from Aquifex aeolicus(47). Structural 

characterization shows an α/β fold that features an 11 Å-deep pocket leading to the active 

site and a 14 Å internal channel protruding away from the active site. The structure also 

shows well-defined loops (L1-L7). In the Zn2+ complex HDLP structure, L3 and L7 

contain conserved residues (Asp178, Asp267, His180) that coordinate the Zn2+ ion. The 

11 Å deep pocket accommodates the substrate in an orientation that positions the 

acetylated lysine in the active site, near the catalytic metal ion. The internal channel is 

composed of mainly of hydrophobic residues, except for Arg 27 and His 21 that are 

proposed to facilitate acetate dissociation. Later, the crystal structure of KDAC8 bound to 
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the inhibitor trichostatin A (TSA) was solved and the enzyme retains many of the features 

observed in HDLP(48). It has an 8 stranded parallel ß-sheet flanked by 11 α-helices.  In 

addition to the Zn2+ ion, there are two bound K+ ions, located 7 and 21 Å from the zinc 

binding site, respectively. These potassium ions stabilize KDAC8 since circular 

dichroism spectroscopy shows global unfolding of the enzyme in their absence. The Zn2+ 

ion is penta-coordinated by Asp178, Asp267, His180, a water molecule and the 

hydroxymate moiety of TSA (Figure 1.2).  The inhibitor coordinates the zinc ion, in 

addition to conserved residues His 142 and His 143 and fits into the deep pocket. The 

entrance of the active site cleft is lined by loops, which suggests flexibility in the binding 

of diverse substrates, as necessary for the large acetylome.  
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Figure 1.2. Crystal Structure of Human KDAC8 bound to TSA 
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Catalytic Mechanism of KDACs 
 
 

The catalytic mechanism of KDACs proposed from the crystal structure of HDLP 

and KDAC8 mirrors the metal-dependent mechanism of UDP-3-O-(R-3-

hydroxymyristoyl)-GlcNAc deacetylase (LpxC)(49,50). Mammalian KDACs, with the 

exception of Sirtuins, have homologous active sites, including the residues that chelate 

the bound divalent metal.  Based on these observations, it is proposed that their catalytic 

mechanisms are also analogous (Scheme 1.2). The catalytic metal site is 

pentacoordinated by an Asp2His triad, the substrate and a water molecule. This is an 

unusual ligand set for zinc enzymes. Key residues consist of two adjacent histidine 

residues (His142, His143) that are oriented by interaction with aspartate side chains (Asp 

176, Asp183, respectively) that position the His groups during catalysis. His142 and 

His143 were proposed to act as a general acid/general base (GABC) pair and Tyr306 was 

proposed to stabilize the oxyanion transition state and intermediate (Scheme 1.2). 

Hydrolysis of the acetylated-lysine occurs when the catalytic metal ion and the His143 

activate a water molecule for nucleophilic attack on the substrate’s carbonyl to form an 

oxyanion tetrahedral intermediate that is stabilized by formation of a hydrogen bond with 

Tyr306. His142 is proposed to serve as the general acid to protonate the lysine amide 

during the breakdown of the tetrahedral intermediate to yield acetate and lysine(51,52).  

An alternative mechanism suggested from mutagenesis, pH profile and Ab Initio 

QM/MM MD studies is that His143 is a bifunctional GABC while His142 stabilizes the 

oxyanion intermediate (Scheme 1.2). The H143A mutation in KDAC8 causes a 94000-

fold decrease in kcat/Km whereas the H142A mutation decreases activity by only 360-fold, 
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which diminishes the importance of His142 as a general acid catalyst.  Ab initio QM/MM 

MD simulation of the reactant states of KDAC8 suggested that only the singly protonated 

His142 and His143 allow the formation of a pentacoordinated Zn2+ atom with proper 

ligand distances for catalyzing deacetylation. Furthermore, the free energy activation 

barrier calculated from this same simulation is 18.3 kcal/mol, comparable to the value 

calculated from kcat(catalyzed)/kcat(uncatalyzed)(53-55). Together these results point to a 

mechanism where His143 both functions as a general base that accepts a proton for the 

Zn2+-bound water and acts as a general acid to protonate the leaving group. His142 is 

proposed to function as an electrostatic catalyst to stabilize the transition state.  

Although the precise roles of His142 and His143 are still under investigation, the 

importance of Tyr306 for activating has been established. Tyr306 is substituted for a His 

in Class IIa KDACs and their deacetylase activity is significantly slower compared to 

class I KDACs(22,56). The substrate bound KDAC8 crystal structure was solved with 

Tyr306 mutated to Phe demonstrating that this residue is critical for turnover and less 

important for substrate binding. Furthermore, this Y306F mutation decreases activity by 

145-fold. Substrate binding is mediated by Asp101, which is conserved across the KDAC 

family except KDAC11 (Figure 1.3). D101 makes two hydrogen bonds with the peptide 

substrate. The first is with the backbone NH group of the scissile lysine residue and the 

second contacts the backbone NH group of the adjacent residue (n+1). The D101A 

mutation disrupts these interactions and substantially decreases catalytic activity by 200-

fold(22,55). 
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Scheme 1.2. Proposed KDAC Mechanisms. A) H143 acts as a bifunctional GABC and H142 as an electrostatic catalyst. B) GABC pair: 
His142 behaves like a GBC and His143 is the GAC.  
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Figure 1.3. Substrate binding site and sequence alignment of metal-dependent KDAC isozymes. A) View of the residues 
that line the active site and coordinate the bound metal ion. B) View of Asp101 interaction with the bound peptide substrate. 
C) Sequence alignment of metal-dependent KDAC isozymes showing the conversed catalytic residues. 
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Metal Ion Function 
 
 

Divalent metal cations are essential catalytic and structural cofactors in many 

enzymes. Among the most abundant trace metals in eukaryotic cells are the transition row 

metals Zn2+, Cu2+, and Fe2+(57,58). Metal-dependent lysine deacetylases use a single 

catalytic metal cation. The catalytic metal ion accepts electrons from the nucleophile to 

lower the pKa of this group, neutralizes the negative charge in the substrate to enable the 

approach of the nucleophile, and stabilizes the transition state. At the active site, protein 

side chains coordinate and modulate the metal ion. Removal of the catalytic metal by 

incubating with chelating agents like dipicolinic acid (DPA) and ethylenediamine tetra 

acetic acid (EDTA) inhibits deacetylase activity.   

A compelling feature of the enzymes is their ability to retain high catalytic 

activity with a variety of bound metals including Ca2+, Zn2+ and Fe2+(59).  These 

enzymes achieve this by capitalizing on the flexibility of the inner and outer-shell 

coordinating ligands to form a reactive complex, in addition to the intrinsic properties of 

the divalent metal cations.  Indeed, transition row metals like Fe2+ and Zn2+ are strong 

Lewis acids. As a Lewis acid, the metal lowers the pKa of coordinated ligands and 

enhances reactivity around neutral pH. The Lewis acidity trend for common cofactors for 

the metal-deacetylases is Cu2+ > Ni2+ > Zn2+ > Co2+ > Fe2+. In addition to Lewis acidity, 

the coordination geometry, oxidation state, and ligand exchange kinetics are vital during 

the course of the hydrolysis reaction. The coordination preference for Zn2+ is tetrahedral 

(4 ligands), while Fe2+ and Co2+ prefer octahedral (6 ligands) and Cu2+ frequently adopts 

a linear geometry (2 ligands). Zn2+ is the only transition metal with a shell full of D-

electrons and therefore is redox insensitive, whereas, Fe2+, Cu2+, Ni2+, and Cu2+ are all 
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redox active(60-62). The redox insensitivity of Zn2+ can be beneficial to KDAC activity 

especially during periods of redox stress. The structural properties of the divalent metal 

ion can stabilize a specific conformation in the overall KDAC structure that enhances 

substrate selectivity. Given the large number of acetylated proteins in mammalian cells, 

metal-induced substrate recognition could be a vital aspect of KDAC mechanism.  

 
Objectives of this work 
 
 

Enormous progress has been made in advancing our understanding of enzymatic 

deacetylation in mammalian cells. So far, 18 KDACs have been identified and their 

characterization is rapidly expanding.  These studies have revealed the diverse role of 

these KDACs in the regulation of gene expression as well as the biological function of 

many proteins in the cell. Expression studies in human tissues show that most KDACs 

are expressed ubiquitously, except for Class II and Class IV KDACs where expression is 

limited to certain tissues. The data suggest that KDACs have both specific and redundant 

functions. Additionally, the observation of KDAC in different cellular compartments is 

consistent with the growing number of acetylated proteins found both in the nucleus and 

the cytoplasm whose functions and stabilities are influenced by KDAC. Despite these 

advances, there is not yet a good understanding of how the deacetylase activity of 

KDACs is regulated. 

 Application of KDACi in cell cultures and animal models has effectively linked 

enzymatic deacetylation to pathogenesis of cancer as as well as other diseases. The 

crystal structure of KDAC8 has provided great insight into the KDAC catalytic 

mechanism and inhibition. In addition, structural and biochemical characterizations of 
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KDAC8 have established the important players that make up its catalytic machinery, 

including the divalent metal ion which is required for class I, II and IV KDACs. The 

metal binding moiety is a feature found in all KDACi to date. Unfortunately, the broad 

cellular effect, reduced selectivity and potency of the current KDACi limit their utility. 

Further characterization of the specificity, catalytic mechanism and regulation of KDAC 

isozymes should facilitate the development of a second generation of improved KDACi. 

 

The overall goal of this research is to elucidate the mechanistic features that govern 

the molecular recognition properties of lysine deacetylases. Numerous studies have 

demonstrated broad substrate selectivity of KDACs, yet no rules have been generated to 

explain this characteristic. We address this shortcoming by evaluating the fundamental 

role that the divalent metal ion plays in regulating the activity and substrate specificity of 

KDAC8. Additionally, we aim to biochemically characterize the functional properties of 

KDAC11, the lone member of Class IV KDACs and one of the least characterized 

KDAC isozymes. Finally, we probe the role of the internal channel in the product release 

with the hope of identifying selective inhibitors for KDAC. Progress has been made on 

the following objectives:  

 
1. Test the metal-dependent substrate specificity of KDAC8 using a library of 

acetylated peptide substrates. 
 

 
The deacetylase activity of KDAC8 is dependent on the identity of metal cofactor 

(Co2+> Fe2+ > Zn2+).  Furthermore, the loop structure around the metal site in KDAC8 

suggests the possibility that the bound metal ion may alter the peptide selectivity of these 

enzymes.  To test this hypothesis, I (in collaboration with the Mrksich Lab at the 
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University of Chicago) screened the reactivity of KDAC8 with a library of peptides 

having the sequence GXK(Ac)ZGC, immobilized on an alkane-thiolate monolayer. 

Matrix-assisted laser desorption ionization time-of-flight mass spectrometry (MALDI 

TOF MS) spectra of the immobilized peptide substrate before and after incubation with 

KDAC8 was used to determine KDAC-catalyzed deacetylation. The reactivity of Zn2+and 

Fe2+-KDAC8 resulted in three specificity profiles: peptides that were deacetylated more 

rapidly by either Zn2+or Fe2+and peptides substrates that display similar reactivity with 

both enzymes. To confirm these specificity profiles, I measured the steady-state kinetic 

parameters kcat/Km for peptide substrates represented by each specificity profile. The 

kcat/Km values for Fe2+specific peptides demonstrate higher reactivity with Fe2+compared 

to the Zn2+-bound KDAC8. The peptides characterized as non-specific have similar 

kcat/Km values for both enzymes. Together these results show that the substrate specificity 

of KDAC8 is regulated by divalent metal ion.  

 
 

2. Probe the substrate selectivity of KDAC11.  

 

KDAC11 has received considerable attention in recent months due to in vivo data that 

suggest a unique role for this enzyme in the immune response.  In vitro characterization 

of KDAC11 has been difficult primarily due to low activity in the commonly used assays. 

I screened the reactivity of KDAC11 with a library of 384 peptides (GXK(Ac)ZGC) 

using MALDI TOF MS to measure reaction progress. The profile for Co2+–bound 

KDAC11 resulted in the identification of three rapidly deacetylated peptides 

(GFK(Ac)LGC, GPK(Ac)LGC, GYK(Ac)LGC). Interestingly, the deacetylated 
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sequences (GFK(Ac)LGC, GPK(Ac)LGC, GYK(Ac)LGC) resemble a sequence 

(IIAPPKLAC) located on the N-terminus of Cdt1. Cdt1 is a DNA license replication 

factor that is proposed to be reversibly deacetylated at an N-terminal site catalyzed by 

KDAC11. To follow up on this result, we synthesized a longer (IIAPPKLAC) acetylated 

lysine peptide sequence that matches the sequence motif on the N-terminus of Cdt1.  The 

kcat/Km for the Zn2+-bound KDAC11 on this sequence is increased by 1333-fold over the 

commercially available coumarin substrate to a value of 0.33 ± 0.04 µM-1s-1. Furthermore, 

the reactivity of KDAC11 with this sequence varies with the bound divalent metal ions 

(Zn2+< Fe2+), a property also observed in KDAC8. 

 
 

3. Probe the functional role of an internal cavity in efficient catalytic deacetylation.   
 
 

Computational and structural methods revealed a conserved Arg37 residue at the 

center of the internal cavity in KDAC8 and suggested that this side chain plays a key role 

in the deacetylation catalytic cycle by facilitating dissociation of the acetate product. 

Substitution of Agr37 with either alanine (R37A) or glutamate (R37E) decreases the 

value of kcat/KM by 528-fold for the alanine mutant and 4 x 105-fold for the R37E mutant. 

The CD spectrum of the R37A KDAC8 mutant is nearly identical to that of WT, 

indicating that the overall structure is unaffected by deletion of the R37 side chain. 

Furthermore, Arg37 decreases the affinity of KDAC8 for acetate; the IC50 value for 

inhibition of turnover by acetate is increased by 160-fold in the R37A mutant. Altogether, 

these results show that R37 is important for stabilizing catalysis and acetate affinity, and 

could be exploited for preparing specific inhibitors of KDAC8.  
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CHAPTER II 

 

 

METAL-ION DEPENDENT SUBSTRATE SPECIFICITY OF KDAC8 
 

 

Introduction  

Protein lysine acetylation is catalyzed by lysine acetyl transfereases (KATs) while 

lysine deacetylases (KDACs) catalyze removal of the acetyl moiety. The balance of the 

enzymatic activities of KDACs and KATs plays a fundamental role in the stability and 

function of many proteins in mammalian cells, including histones, p53, and α-tubulin(1). 

KATs mediated acetylation of histones enhances the binding of transcriptional activators 

to DNA and facilitates gene transcription; while the removal of the acetyl group by 

KDACs generally suppresses gene transcription by promoting the formation of a 

condensed chromatin state. Numerous studies have demonstrated that aberrant KDAC 

expression is directly correlated with oncogenic transformation. Consequently, inhibitors 

targeting KDACs have been tested for effects on growth differentiation, apoptosis, and, 

more recently, neurodegenerative disorders like Parkinson disease. Furthermore, the FDA 

has approved two broad-spectrum KDAC inhibitors (KDACi), suberoylanilide 

hydroxamic acid (SAHA) and romidepsin for the treatment of cutaneous T-cell 

lymphoma (Table 1.1)(2-4). The list of proteins modified by acetylation/deacetylation is
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rapidly growing and includes many proteins that operate in diverse cellular processes 

such as gene regulation, signaling cascades and the unfolded protein response 

(UPR)(5,6). 

Studies, fueled primarily by drug discovery, have identified 18 different isoforms of 

KDACs. Eleven KDACs require a divalent metal ion for catalytic activity(7). The metal-

dependent KDAC family is subdivided into three classes based on sequence homology 

and cellular localization(8).  Class I enzymes (KDAC 1-3, KDAC8) are ubiquitously 

expressed and are homologous to yeast deacetylase RPD3.  Class II (4-7,9-10) KDACs 

tend to have distinct cellular expression patterns and shuttle between the cytoplasm and 

the nucleus. Furthermore, these isozymes have homology to yeast deacetylase HDAC1.  

Last, KDAC11 is the sole member of class IV, which is closely related to the class I 

enzymes and is highly enriched in brain, heart, and muscle tissues(9). Deciphering the 

precise biological function of each KDAC is an important aim of many current studies. 

Nonetheless, it is likely that KDACs have specific as well as redundant biological 

functions(10). Particularly, a substrate can be processed by one specific KDAC or 

multiple KDACs depending on the cellular condition. 

These deacetylation patterns can be observed, for example, in endothelial cells 

where KDAC7 is specifically expressed during embryogenesis, and deletion of KDAC7 

results in embryonic mice lethality(11). Conversely, broad substrate specificity and 

redundant function are highlighted by the ubiquitous expression of Class I 

enzymes(12,13). KDAC8 is ubiquitously expressed in normal human tissues and is found 

in both the nucleus and the cytoplasm(14). Nuclear fractionation of human colon cancer 

cell lines indicates that KDAC8 is highly expressed and located in the nucleus. This 
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implicates KDAC8 in the regulation of transcription likely by deacetylation of histone 

proteins and provides a rationale for the deleterious effects that sustained expression of 

KDAC8 has in tumor cells.  However, in normal human tissues, KDAC8 is located in the 

cytoplasm; coimmunoprecipitation experiments in NIH3T3 cells have demonstrated that 

KDAC8 interacts with α-actin and possibly modulates cytoskeleton contraction(15-18).  

Additionally, α-actin can be acetylated near the N-terminus and this modification can 

alter the interaction with myosin. Hence, KDAC8 could alter the actin and myosin 

association through deacetylation(19,20). Similar to KDAC8, KDAC6 acts on both 

nuclear and cytoplasmic substrates(21,22). This shuttling capability greatly increases the 

substrate pool for these enzymes. Accordingly, the molecular recognition of these 

substrates by KDACs is important to ensure proper cellular function. Likewise the active 

site structure of KDACs should play a crucial role in molecular recognition of KDACs 

substrates. 

The crystal structures of histone deacetylase like protein (HDLP) and KDAC8 

provided the first models for derivation of a general KDAC catalytic mechanism(23,24). 

These crystal structures revealed a single catalytic Zn2+ ion and two bound K+ ions.  The 

two bound K+ ions modulate the activity of KDAC8 with one K+ activating catalytic 

activity and a second site inhibiting activity(25). Mutagenesis studies indicate that 

binding to the K+ site that is 7 Å away from the active site inhibits the activity, suggesting 

that the binding to the distal K+ site activates catalysis likely through stabilization. The 

activating of K+ also enhances the affinity of KDAC8 for SAHA by 5-fold. Additionally, 

the regulation of KDAC8 by K+ ions could play a significant role in modulating gene 

expression. Hamon et. al showed that bacterial infection of a cell increases the 
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deacetylation of Histone H4 and this effect is activated K+ efflux from the cell. These 

results suggest that the intracellular level of K+ ions is regulated by the activity of 

KDAC(26). 

The catalytic Zn2+ is essential in the mechanism of KDAC8 as it promotes 

catalysis. Specifically, the catalytic metal-ion decreases the pKa of the coordinated water 

molecule and properly orients this water for the efficient nucleophilic attack on the 

carbonyl carbon of the acetylated substrate (Scheme 1.2)(27). Furthermore, the divalent 

metal is proposed to coordinate the carbonyl oxygen of the acetylated group in the ground 

state to enhance the electrophilicity and hence the reactivity of the carbonyl carbon of the 

acetylated lysine in the substrate. Additionally, the metal ion interaction stabilizes the 

formation of the oxyanion in the tetrahedral intermediate and the adjoining transition 

state. Hence, a general acid / general base mechanism was proposed for KDACs. KDAC8 

was originally proposed to use Zn2+ as a metal cofactor since this metal co-purified with 

the enzyme and was visualized in the first crystal structure. However, studies have 

demonstrated that Co2+, Zn2+and Fe2+ activate KDAC8 and there are now structures of 

KDAC with bound Fe2+, Co2+ and Zn2+(28-30). Additionally, KDAC8 is inhibited by 

excess zinc, which is a common property of many mononuclear metalloenzymes; 

biochemical experiments show that KDAC8 is maximally active with a single bound 

metal ion(31). The value of kcat/Km for Co2+-substituted KDAC8 is almost 4-fold more 

active than the Fe2+-substituted enzyme and 9-fold higher than the Zn2+-substituted 

KDAC8. Also, the identity of the divalent metal ions alters the affinity of inhibitors. The 

SAHA inhibition constant (Ki) for Zn2+-bound KDAC8 is 2-fold larger than for Fe2+-

bound KDAC8 and 5-fold higher than for the Co2+bound enzyme. Additionally, metal 
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affinity experiments demonstrate that zinc affinity of KDAC8 is pM which is 10^6-fold 

higher than the iron(30). Despite this, since in the cell the free concentration of Zn2+ is 

estimated as many orders of magnitude lower than the free concentration of Fe2+ (10-

400pM vs 0.2-0.6 µM), it is possible that KDAC8 could be activated by either Zn2+ and 

Fe2+ in vivo. Considering that iron and zinc are the most abundant trace metals found in 

humans (0.2-0.5 mM) and these metals are essential co-factors for many enzymes(32), 

one of these as the bound catalytic metal could play an important role in the function and 

possible substrate specificity of KDACs.  

Here we examine the role the catalytic metal ion in KDACs on the catalytic 

activity and substrate specificity. KDAC8 is the best characterized isozyme among all the 

metal-dependent KDACs and not normally found in large protein complexes. We 

therefore chose to use KDAC8 as a model system for probing the role of metal ions in 

substrate selectivity. We first measured the reactivity of Zn2+ and Fe2+ bound KDAC8 

with a library of acetylated lysine peptide substrates demonstrating significant alterations 

in the substrate selectivity. We then measured the effects of metal variation on the Steady 

state kinetic parameters for the deacetylation of individual peptides using a new assay 

that measures acetate production. These data confirm that Zn2+/Fe2+ metal substitution 

alters the substrate selectivity of KDAC8. Furthermore, metal switching may be a novel 

method of regulating KDAC activity and specificity in cells.   
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Materials and Methods 
 
 
Expression and Purification  

 

The sequence for the KDAC8 gene was subcloned and put the gene expression 

under the control of a T7 RNA polymerase promoter into a pET-20b derived expression 

plasmid which added a C-terminal TEV-His6 tag (pHD4). After transforming the plasmid 

into the BL21(DE3) strain of E. coli, one colony was inoculated into 5 mL of 2X-YT 

medium supplemented with 0.1 mg/ml ampicillin and incubated for 4 h at 37°C . The 

starter culture was used to inoculate 6 L of 2X-YT medium supplemented with 0.1 mg/ml 

ampicillin and incubated at 37°C until OD600 = 0.6-0.7, and then the temperature was 

reduced to 25 °C for 45 min. Protein synthesis was induced by the addition of 0.5 mM 

isopropyl β-D-1-thiogalactopyranoside (IPTG) and the cells were incubated for an 

additional 12-15 hours at 25 °C.  The cells were harvested by centrifugation, resuspended 

in buffer A (30 mM HEPES, 150 mM NaCl, 0.5 mM imidazole, pH 8.0), lysed using a 

microfluidizer and the resulting extract was clarified by centrifugation (15000 rpm, 40 

min, 4 °C). The cell extract was loaded onto a 10 mL metal affinity resin (GE Healthcare, 

Chelatin Fast Flow Sepharose) column charged with 150 mM nickel chloride. The 

column was washed with Buffer A containing 25 mM imidazole and then the protein was 

eluted with Buffer A containing 250 mM imidazole. The His6-TEV tag was removed by 

incubation with recombinant TEV protease (100:1, protease: fusion protein) at 4°C and 

KDAC8/TEV protease then dialyzed overnight in buffer A containing 1 mM tris(2-

carboxyethyl) phosphine (TCEP). The nickel column step was ran a second time and the 
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cleaved KDAC8 was obtained in the flow through. 1-2 mg of > 98% pure KDAC8 was 

obtained per liter of 2 XYT medium using this protocol. 

Apo-KDAC8 
 

Metal-free KDAC8 was prepared by dialyzing the purified enzyme twice 

overnight against 25 mM 4-morpholinepropanesulfonic acid (MOPS), 1 mM EDTA, and 

10 mM dipicolinic acid (DPA), pH 7.5, followed by dialysis against 25 mM MOPS, and 

1 µM EDTA, pH 8.0. The enzyme was then concentrated using an Amicon Ultra 

Microcon centrifugal filtration device (10,000 MWCO) and the buffer was exchanged 

using a PD-10 gel filtration column (GE Healthcare) equilibrated with 25 mM MOPS, pH 

8.0 (pretreated with metal chelating resin, Chelex 100). The metal content of the protein 

was determined by inductively coupled plasma emission mass spectroscopy (ICP-MS) 

(Department of Geological Sciences, University of Michigan). The final concentration of 

KDAC8 was determined by both OD280 (ε280 =52120 M-1cm-1, under denaturing 

conditions) and the absorbance change after reaction with 5,5’-dithiobis(2-nitrobenzoic 

acid) (ε412 =13,600 M-1cm-1). 

 
Mass Spectrometric Assay  
 
 

Peptide library studies were performed using an assay where 384 acetylated 

peptides were immobilized on alkenothiolate monolayer that presents a maleimide group. 

Matrix-assisted laser desortion ionization time-of-flight mass spectrometry (MALDI TOF 

MS) spectra are taken of the immobilized peptide substrate before and after treatment 

with KDAC8 (Figure 1). To form the immobilized peptide library, 3 µL of the cysteine-

terminated peptides were transferred to each well to react with the maleimide moiety at 
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37˙C for 1 h. KDAC8 was reconstituted with either Zn2+, Fe2+, and Co2+, in the assay 

buffer (25 mM Tris, 147 mM NaCl, 10 mM KCl pH 8.0) and incubated on ice for 1 h. 

The plates were washed with ethanol/water/ethanol followed by reaction with KDAC8 

(0.5 µM) at 30 ˙C for 30 min. KDAC8 was stopped with additional ethanol/water/ethanol 

rinses and the plates were dried under nitrogen gas. A matrix (2,4,6-

trihydroxyacetophenone, 25 mg/mL in acetone) was applied to each plate and then air-

dried. The plate was loaded onyo the 4800 MALDI mass spectrometer (Applied 

Biosystems) where a spectrum was obtained.  

 
Acetate assay 

 

An assay that couples the formation of the product acetate to an increase in 

NADH, as measured by fluorescence (Scheme 1), was used to measure the steady-state 

kinetic parameters for catalytic deacetylation of peptides without the 4-methyl coumarin 

(MCA) fluorophore. This assay couples three enzymatic reactions. The first enzyme 

catalyzes the reaction of acetate with adenosine-5’-triphosphate (ATP) and Coenzyme A 

(CoA) to form Acetyl-CoA ADP and Pi. In the second step, Acetyl-CoA reacts with 

oxaloacetate, catalysed by citrate synthase, to produce citrate and CoA. Oxaloacetate is 

produced from the reaction of malate and NAD to form oxaloacetate and NADH, 

catalysed by malate dehydrogenase Thus, the consumption of oxaloacetate by the 

reaction with AcCoA produces an increase in NADH concentration which is monitored at 

λex = 340 nm and λem = 460 nm.  Steady-state kinetic parameters were determined from 

initial rate reactions (10 µL total) containing 0.5 µM KDAC8 apo or metal bound, and 

varying peptides concentrations (5-400 µM). Apo KDAC8 was incubated with equimolar 
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concentration of Fe2+ and Zn2+ in 25 mM Tris, 147 mM NaCl, and 10 mM KCl pH8 for 

30 min prior to initiating the reaction with peptides. The reactions were stopped by 

addition of 0.1% HCl and neutralized with 1% sodium bicarbonate to a final volume to 

10 µL prior to detection of acetate using the coupled assay. For acetate detection, the 

enzymes and substrates were purchased from R-Biopharma and mixed according to the 

instructions. 8µl of neutralized solution deacetylase reaction was added to 60 µL of 

coupled enzyme reaction mixture for 30 min prior to loading onto a 96 well plate (Half 

Area Black Flat Bottom Polystyrene non-binding surface, Corning) and measurement of 

the fluorescence read on a plate reader (BMG Latech, FLUOstar Galaxy). Amount of 

product was determined from a standard curve calculated using known concentrations of 

acetate. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



	
   	
   	
   	
  37	
  

 
 
	
  	
  
	
  
	
  
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 2.1. Mass Spectrometric Assay. A) Immobilized peptide substrates are 
incubated with the enzyme and loaded on a MALDI mass spectrometer. B) A sample 
spectrum showing a 19% deacetylation calculated from equation 1 (substrate peak on top, 
substrate and product peak bottom) 
 
 
 
% deacetylation = Product (AUC) / (Product (AUC) + Substrate (AUC)  Equation 1 
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Scheme 2.1. Acetate Assay. Scheme showing the reactions that couple the increase of 
the acetate product to an increase in NADH fluorescence. 
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Results 
 
 
Substrate selectivity of metal-bound KDAC8 
 
 

To evaluate whether the identity of the active site metal ion in KDA8 affects the 

substrate selectivity, I prepared KDAC8 containing either a stoichiometrically bound Fe2+ 

or Zn2+ metal cofactor and reacted these enzymes with a peptide library (in collaboration 

with the Mrksich Lab, University of Chicago). This library consists of 384 acetylated 

lysine peptides with the sequence (GXK(ac)ZGC) randomized at X and Z. The cysteine 

residue in the peptide was reacted to a maleimide-terminated monolayer. Matrix-assisted 

laser desorption ionization time-of-flight mass spectrometry (MALDI TOF MS) spectra 

were obtained of the immobilized peptide substrate before and after incubation with the 

enzyme for 30 min at 37°C. The fraction of deacetylation was calculated from area of the 

deacetylated peak (area under the curve (AUC)) divided by the combined areas of both 

peaks (Equation.1) (this assumes a similar ionization efficiency for both)(33). For the 

Zn2+-KDAC8 the fraction deacetylated ranged from (3%-93%) (Figure 2.2a). The 

reactivity can be divided into three groups: 1) inactive, < 3% deacetylation, 195 

peptides); 2) moderate activity, 72 peptides, (3-15%) deacetylated; and 3) high activity, 

>15%, 117 peptides.  

Similarly, the Fe2+-substituted KDAC8 has three reactivity profiles (Figure 2.2a). 1) 

low activity ranged from (0-3 % deactylation, 161 peptides); 2) 62 peptides had moderate 

activity (3-15 %); and 3) 160 peptides had high activity that ranged from 15-77%.  

It was really apparent from the specificity grids (Figure 2.2c) that KDAC8 selectivity 

alters with the active site metal ion. Ratios of the fraction deacetylated catalyzed by the 
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Fe2+-KDAC8 to Zn2+-KDAC8 clearly demonstrate the existence of these specificity 

profiles.  

1) 40 peptides have higher activity with Zn2+-KDAC8 than Fe2+ KDAC8 (Zn/Fe > 7) 

2) 51 peptides are more reactive with Fe2+ KDAC8 (Fe/Zn >7) 

3) 120 peptides have comparable activity with both metals substituted enzymes 

(2<Fe/Zn<2) 

4) 173 peptides react with neither  

Overall, these results show broad activity within the library.  In general, non-specific 

substrates tend to prefer a Phe at the X-position when Z can vary. The Zn2+ specific pool 

likes an aromatic at the Z-position and the Fe2+ peptides select for negatively charged 

residues at the X-position. The largest number of peptides has comparable reactivity with 

both Zn2+ and Fe2+-substituted KDAC8. This would be consistent with the notion that 

KDAC8 would have many substrates in vivo and that it uses either iron or zinc to 

deacetylate substrates. Finally, the specific profiles indicate that the bound metal ion 

dictates a conformation in the overall protein structure that gives the enzyme substrate 

specificity.  



	
   	
   	
   	
  41	
  

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.2. Fe2+ and Zn2+-bound KDAC8 substrate selectivity profiles GXK(Ac)ZGC 
peptide library (X and Z represent all AAs except Cys). 0.5 µM KDAC8. Buffer: 50 mM 
TRIS pH8, 147 mM NaCl, 3 mM KCl, 30 °C for 1 h. A) Zn2+-bound KDAC8 reactivity 
B) Fe2+-bound KDAC8 reactivity C) KDAC8 metal specificity % deacetylation 
calculated for Zn2+ peptides was divided by % deacetylation for Fe2+.  
 

 

 

 

 

    Fe-specific 
    Zn-specific 
    non-specific 
    inactive 

KDAC8  Zn  Bound

X-­Position

A R N D E Q G H I L K M F P S T W Y V

A 0 0.082903337 0 0 0 0.035349252 0 0 0 0 0 0.124334556 0 0 0 0 0 0 0

R 0 0 0 0 0 0 0 0 0 0.133766154 0 0 0 0.040774784 0.059777424 0.075753542 0 0.15931912 0

N 0 0.054261294 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.118635401 0.076844154

D 0.221295524 0.046376496 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.135843981 0.074182153

E 0.056579784 0 0.210549183 0.239665787 0.209473889 0.202460969 0.191697854 0 0.100842151 0 0 0 0 0 0 0 0 0 0

Q 0 0.057213137 0.175190048 0.155065082 0.08248062 0.104315689 0.15625 0 0.207861653 0.152746205 0 0 0.259159085 0.108961705 0 0 0 0.143362616 0.109641571

G 0 0 0.084949856 0 0 0 0 0 0.083593024 0 0.03255888 0 0.227421053 0 0.354780226 0.23548061 0 0.284440993 0.101605221

H 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.037967645 0

I 0.134303112 0.064972291 0.068418766 0 0 0 0.114238065 0 0 0.101173889 0 0 0.222667865 0.076592648 0.061773669 0.040730034 0 0 0

L 0.279032474 0.118582304 0.193035579 0.322702476 0.2693857 0.196322336 0.377221089 0 0.185785536 0.158392435 0 0 0.112433492 0.062912693 0.294346979 0.308604462 0 0.390274463 0.160655225

K 0 0.056830295 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

M 0 0 0 0 0 0 0 0 0 0 0 0.137644205 0.147814304 0 0 0 0 0.330595848 0

F 0.642630148 0.811505305 0.524489077 0.345039019 0.210629599 0.49585568 0.650228564 0.293236451 0.647147714 0.717196473 0.518393673 0.383611904 0.669014085 0.442477876 0.614347761 0.474082011 0.386451613 0.938682301 0.543673868

P 0.120031845 0.025193295 0.216048194 0.156583456 0.100934293 0 0.194558779 0 0.142221734 0 0 0 0.080790643 0.056561312 0.062442904 0 0 0.061677507 0.047556597

S 0.075414609 0.128005589 0.226347411 0.190290479 0.176086427 0.245293064 0.18269979 0 0.246472219 0.339226907 0 0 0.327943877 0.257144493 0.207497116 0.167927204 0 0.212238721 0

T 0 0.067482579 0 0.09724454 0.158323229 0.177257525 0.171134367 0 0.202682855 0.225324305 0 0 0.322131875 0.204576677 0.24580183 0.266875981 0 0.305251162 0

W 0 0.258821422 0 0.175420168 0 0.1812159 0.217668922 0.149306408 0.460253197 0.363579799 0 0 0.381644076 0.140452358 0.532518164 0.514824287 0.351915055 0.800348366 0.301163732

Y 0.35063449 0.625548915 0.272284565 0 0 0 0.08580532 0.059209881 0.081606839 0.161786411 0 0 0.435441217 0.143045504 0.513435217 0.068949253 0.71926752 0.714431733 0.114497464

V 0.193727413 0.094550305 0.250825991 0.333088999 0.322440425 0.308109459 0.131220811 0 0 0.052931371 0 0 0.060118205 0.040310458 0.07405222 0.090339389 0.155279503 0.225834222 0.186629419

Z
-­
P
o
s
it
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n

KDAC8  Fe  Bound

X-­Position

A R N D E Q G H I L K M F P S T W Y V

A 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

R 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

N 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

D 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

E 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Q 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

G 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0

H 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

I 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

L 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0

K 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

M 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 1 0

F 1 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 1 1 0

P 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

S 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0

T 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

W 1 0 1 1 0 1 0 0 0 0 0 0 0 0 0 0 0 1 0

Y 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

V 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
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Zn2+-HDAC8: High Selectivity, high activity 

 

 
 
 
Fe2+-HDAC8:  High selectivity, high Activity 
 

	
  
 
 
Low metal selectivity, high activity 
 

	
  
 
 
Table 2.1. Peptides selected for multiple turnover kinetics. Selection was based on 
high activity and metal specificity.  
 
 

 

 

Mass GXK(Ac)ZGC 
 Z X % Zn activity % Fe activity 

691 E D 24  
659 V L 20  
746 W L 36  

Mass GXK(Ac)ZGC 
 Z X % Fe activity % Zn activity 

675 L D 44  
747 W N 57  
697 S Y 51 10 

Mass GXK(Ac)ZGC 
 Z X % Zn activity %Fe activity 

665 F A 64 54 
750 F R 81 28 
708 F N 52 48 
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Kinetic constants of KDAC8 substrates  

 

To further explore the metal-dependent substrate selectivity, I conducted assays in 

solution to obtain the steady-state kinetic parameters, kcat/Km. I selected 9 peptides 

substrates with varying selectivity profiles to analyze based on the selectivity trends 

previously identified and the Mrksich lab synthesized these peptides. (Table 2.1)  I used 

an optimized KDAC assay that measures the production of acetate from the appearance 

of NADH using a coupled assays system (see M&M). I used this assay to measure the 

kinetic parameter kcat/Km. The results are listed in table 2.2. In essence, the Fe2+, Zn2+, 

and non-specific profiles were reproduced using the acetate assay. . The kcat/Km values for 

Fe2+specific candidates were higher for Fe2+-bound KDAC8 compared to the Zn2+ 

substituted enzyme. The non-specific pool retains its characteristic. For the Zn2+specific 

pool, the kcat/Km values were higher for Zn2+-bound KDAC8; however, the Km values 

were slightly lower for the Fe2+-bound KDAC8, which suggest that the conditions seen 

on the plate may have been kcat. Together these results show that the substrate specificity 

of KDAC8 is regulated by the bound metal ion.  
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Table 2.2. Steady State Kinetic parameters for Zn2+ and Fe2+ -bound KDAC8. Kinetic rate parameters, kcat/Km, kcat, and Km 
were determined from initial velocities measured from changes in NADH fluorescence and fitted to the Michealis-Menten 
equation. a initial velocities could not be determined  
 
 

!
!

GXK(Ac)ZGC Zn2+-reactivity Fe2+-reactivity 
 

Zn/Fe 
Ratio 

 
Z 

 
X 

 
kcat/Km 
(!M-1S-1) 

 

kcat 
(S-1) 

Km 
(!M) 

kcat/Km 
(!M-1S-1) 

kcat 
(S-1) 

Km 
(!M) (kcat/Km) 

Zn2+-specific    

E D 0.18 ± 0.04 0.61 ±0.02 3.5 ± 1 0.09 ± 0.02 1.8 ± 0.1 19 ± 5 2 

V L 0.053 ± .027 0.37 ±0.04 7 ± 4 0.031 ± 0.009 1.45 ± 0.14 47 ± 18 1.7 

W L 0.0886 ± 0.03 0.34 .01 3.92 ± 1.4 0.0049 ± .001 0.4 ± 0.05 82 ± 30 18 

Fe2+-specific    

L D 0.02 ± 0.01 0.158 ± 0.02 7.7 ± 4.5 0.13 ± 0.03 1.41 ± 0.12 11 ± 3.7 0.15 

S Y 0.09 ± 0.14 0.24 ± 0.05 2.6 ± 4.3 0.34 ± 0.11 1.16 ± 0.06 3.4 ± 1.2 0.33 

L W n.d.a n.d.a n.d.a 0.1299 ± .03 1.44 ± 0.12 11.08 ± 3.7 <0.1 

Non-specific    

F A 0.130 ± 0.002 0.45 ± 0.03 34 ± 8.6 .0139 ± 0.001 0.608 ± .02 43 ± 5.3 0.9 

F R 0.0111 ± 0.0029 2.4 ± 0.4 220 ± 90 0.0127 ±0 
.0015 2.92 ± .21 228 ± 43 0.8 

F N 0.024 ± 0.009 0.36 ± 0.03 15 ± 6 0.044 ± 0.021 1.0 ± 0.1 23 ± 13 0.6 
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Discussion 
 
 

KDAC8 is one of the best-characterized KDAC isozyme and is a great platform to 

study the regulation of substrate specificity of KDACs in general. Several studies have 

shown that the activity of KDAC8 is dependent on the modification state (methylation, 

acetylation) of the substrate(34,35). Few studies have addressed how the identify of the 

catalytic metal ion bound to KDACs affects their activity and substrate recognition. 

Recent studies have demonstrated that both Fe2+ and Zn2+ activate KDAC8 and both 

metal ions alter the reactivity of KDAC8 on the commercially available coumarin 

substrate(29). We used peptide library studies showing that Zn2+ and Fe2+ activate 

deactylation of a wide variety of peptide sequences and that the selectivity depends on the 

identity of the metal cofactor. Iron and zinc are the most abundant metals in mammalian 

cells. Based on high activity, it seems feasible that KDAC8 could use either of these 

metals to activate catalysis in vivo. The broad substrate selectivity observed in both the 

Fe2+ and Zn2+ profiles indicate that KDAC8 has the potential to catalyze the deacetylation 

of many substrates in the cell. There are only 18 KDACs to potentially catalyze the 

deacetylation of more than 3000 members of the acetylome(36,37). Consequently, 

regulation of the KDAC activities could be vital for maintaining optimal cellular 

processes.  

The crystal structure of KDAC8 indicates that the substrate binding site is lined 

abundantly by loops (Figure 1.3a)(38). Furthermore, the residues that coordinate the 

active site metal are also positioned by the loops in KDAC8. These observations suggest 

that intrinsic properties of the metal ion, particularly Lewis acidity, ligands coordination 
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geometry and ligation kinetics, could dictate a specific (39)conformation in the overall 

protein structure(40,41). Consequently, this specific conformation would largely govern 

the molecular recognition of KDAC8.  

The metal-dependent substrate specificity of KDAC8 could depend on availability 

of each metal. Under cellular conditions such as redox stress, the concentration of Zn2+ is 

increased as cellular zinc ligands, which are frequently cysteine residues, get oxidized 

and release Zn2+(42). Under these conditions, the Zn2+ concentration can increase from 

pM to nM(43). The dependence of Fe2+ concentration on the redox state of the cell is 

unclear, although it is reasonable to assume that it might decrease. Hence, KDACs could 

substitute Zn2+, a redox inert catalytic metal, to maintain their function and to alter 

substrate selectivity. Furthermore, pull-down experiments with LpxC, a metal dependent 

bacterial deacetylase, demonstrate that this deacetylase adapts to its cellular environment 

when it switches Zn2+ for Fe2+ under aerobic condition where the concentration of Zn2+ 

was high compared to Fe2+(44). Hence, it is plausible to assume that KDACs would have 

a similar mechanism where they operate with the divalent metal that is most abundant.  

The specificity profile results obtained on the mass spectrometry plates were 

largely reproduced in solution assays. The non-specific pool of substrate had similar 

catalytic efficiency indicating that metal ions do alter the binding and catalysis of these 

substrates. Fe2+ and Zn2+ specific peptides also retained their identity. A difference can be 

observed in the ratio of %deacetylation (Fe/Zn), which is much larger on the plates 

compared to data obtained in the acetate assay (Table 2.2). It is very possible that the 

conditions seen on the arrays plate were under saturating substrate concentration and that 
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accounts for the biggest difference the between calculated %deacetylation of Fe2+ and 

Zn2+. 

In summary, the study presents the first demonstration that the substrate 

specificity of KDAC varies with the identity of the active site metal ion. The enormous 

number of acetylated proteins in mammalian cells indicates that each KDAC has more 

than one substrate. If so, normal cells likely maintain a strict regulation of these KDACs. 

Several studies have addressed the regulation of KDACs by the modification state of the 

substrate, such as competition between acetylation, methylation, and ubiquitination.  

Additionally, KDACs can be post-transnationally modified.  The peptide library studies 

here show that KDAC8 has metal-dependent substrate specificity. These data also 

establish KDAC8 as both an Fe2+ and Zn2+ enzyme and provide a fundamental model for 

the regulation of KDACs in mammalian cells. 
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CHAPTER III 

 

CLONING AND FUNCTIONAL CHARACTERIZATION OF KDAC11 

 

Introduction 

 

There is considerable interest in the characterization of individual KDAC 

isoforms because pharmacological inhibition of KDACs has resulted in significant 

antitumor and anti-inflammatory activities in the mammalian cells. The 18 enzymes that 

make up the family of eukaryotic lysine deacetylases (KDACs) are divided into four 

classes based on sequence homology, cellular function, and localization. KDAC1, 2, 3, 

and 8 comprise class I and these isozymes are closely related to the yeast KDAC RDP3. 

Class II enzymes, which include KDAC 4,5,6,7,9 and 10 contain an extra domain that 

make them homologous to the yeast deacetylase KDAC1. The third class uses NAD as a 

cofactor to catalyze deacetylation and they are referred to as the Sirtuin deacetylases.  

KDAC11 is the sole member of class IV and this isozyme shares share 30 percent 

sequence homology with class I enzymes. In particular, the sequence of KDAC11 is 

similar to KDAC8(1-5).   

KDAC11 has the shortest amino acid (aa) sequence (347 aa) among KDACs 

followed closely by KDAC8 (377 aa). Additionally, key residues that make up the active 

and substrate-binding sites are strictly conserved between these enzymes (Figure 1.3c)(6).
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Finally, extensive studies on the known chromatin remodeling complexes have not 

identified KDAC11 and KDAC8 associated with known protein complexes in eukaryotic 

cells(7). This result suggests that these two isozymes may catalyze deacetylation of 

cellular targets other than histones. The exclusion of KDAC11 from the class I and II 

KDACs is based largely low sequence homology (30%) and the fact that KDAC11, 

which does not exist in fungi, is the only isozyme not present in all eukaryotic organisms. 

Additionally, KDAC11 is express only in the brain, heart, skeletal muscle, kidney, 

and testis(8). Whereas class I KDACs are ubiquitously expressed in normal human 

tissues. Mammalian KDAC class I and II are grouped partly based on biochemical 

characterization and their biological role in the cell. For example, characterization of 

KDAC8 reveal common features seen in Class I. Several crystal structures of KDAC8 

bound to inhibitors and substrates have revealed the bound divalent metal and in vivo 

studies suggest a specific role for KDAC8 in smooth muscle cells(9,10). KDAC6 

displays Class II traits due to its deacetylation of the protein chaperone HSP90 in the 

cytoplasm as well as histone proteins in the nucleus(11). Despite poor biochemical 

characterization, there is growing evidence that indicate specific roles for KDAC11 in 

mammalian cells. 

KDAC11 is proposed to play an important role in regulation of immune response. 

Antigen Presenting cells (APC) are responsible for the immune activation as well as 

immune tolerance. Pro- and anti-inflammatory cytokines greatly influence the functions 

of antigen presenting cells (APC). Specifically, the cytokine IL-12 is produced in 

response to an infection and the expression of the cytokine IL-10 restores immune 

tolerance upon the destruction of the antigen. Recently, studies have linked chromatin 
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accessibility to the expression of these cytokines. A recent study suggests that KDAC11 

is a key player in determining immune activation vs. immune tolerance.  Sotomayor 

colleagues demonstrated that KDAC11 interacts with the distal region of the promoter 

region of the interleukin 10 (IL-10) gene, an anti-inflammatory cytokine, and regulates its 

expression. During inflammation, expression of KDAC11 inhibits the expression of IL-

10 causing the CD4+-Tcell mediated expression of pro-inflammatory cytokines IL-12 and 

IL-1. Conversely, expression of IL-10 leads to adaptive immunity where IL-10 inhibits 

the CD4+ T cell mediated expression of IL-12 and IL1. Furthermore, aberrant expression 

of KDAC11 can result in a continued inhibition of IL-10 expression and continued 

activation of IL-12 expression leading to subsequent damage to regular cells. Therefore, 

these findings suggest that KDAC11 is a viable drug target for the treatment of 

autoimmune disease, organ rejection, and cancer. Additionally, the interaction of 

KDAC11 at the promoter of IL-10 suggests that KDAC11 could catalyze deacetylation of 

one of the histones or a transcription factor(12-14).  

In addition to potentially catalyzing the deacetylation of histones, KDAC11 may 

recognize other protein substrates and regulate their function. Cdt1 is a DNA licensing 

replication factor that is required for the proper replication of DNA in mammalian cells. 

Regulation of Cdt1 is necessary to ensure that DNA is replicated only once per cell cycle. 

The concentration of Cdt1 increases in G1 phase where it directly recruits the mini-

chromosome maintenance (MCM) complex, a DNA helicase. Cdt1 is degraded in the S 

phase, which releases the MCM complex to sustain the cycle. Since active Cdt1 could 

catalyze a second round of MCM loading and therefore DNA replication, it is critical that 

Cdt1 is down-regulated or degraded at the start of S phase. Cdt1 activity is also inhibited 
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by Geminin, a 75 kDa protein that builds up in the S phase. Additionally, Cdt1 can be 

ubiquitinated and targeted for degradation by the proteasome and/or acetylated at the N-

terminus suggesting that the function of this protein is regulated by acetylation and 

deacetylation. Seto and colleagues recently demonstrated that the two N-terminal lysines 

(Lys 24, Lys 34) of Cdt1 could be acetylated by lysine acetyl transferases 2B and 3B 

(KAT2B, KAT3B).  Furthermore, transfection of cells with Myc-Cdt1 and FLAG-

KDAC11 increases ubiquitinated Cdt1 by a factor of two. Therefore, one can envision a 

cellular mechanism where acetylation and ubiquitination are competitive. The KATs 

catalyze acetylation of Cdt1 in the G1 phase to prevent degradation, and KDAC11 

catalyzes deacetylation of Cdt1 in the S-phase assuring that MCM loads onto DNA only 

once per cell cycle(15-19). These results are exciting since for the first time they describe 

a vital role for KDAC11 in regulating the function of a key protein involved in DNA 

replication.  

Despite identification of important cellular functions of KDAC11, very little is 

known about its catalytic function. Sequence analysis demonstrates that KDAC11 retains 

all of the conserved residues that are crucial for efficient catalytic activity in class I and 

class II KDACs. Despite low sequence homology, KDAC11 contains the two conserved 

histidines (His142 and His143) in KDAC8 that are proposed to function as general 

acid/base and electrostatic catalysts. Furthermore, a Tyr (Tyr306 in KDAC8) that 

stabilizes the oxyanion intermediate catalysis is also conserved in KDAC11(20). The 

residues that coordinate the divalent metal (His180, Asp 183, Asp 267) are also 

conserved in KDAC11 (Figure 1.3a-c). These findings suggest that KDAC11 has 

deacetylase activity similar to KDAC8. However, the biochemical characterization of 
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KDAC11 is lacking due to the difficulty of assaying the catalytic activity of this enzyme 

in vitro.  

One sequence alteration in KDAC11 compared to all the other KDACs is the 

Asp101 to Asn 101 substitution (Figure 1.3a-c). This side chain plays an important role in 

the molecular recognition of the widely used fluorescent substrates (Scheme 3.1) and 

inhibitors such as trichostatin A (TSA)(21). The crystal structure of KDAC8 TSA places 

this residue at the entrance of the active site near the substrate binding site. D101 makes 

two hydrogen bonds. The first is with the backbone NH group of the acetyl lysine 

residues and the second contacts the backbone NH group of the adjacent residue 

(n+1)(22). Decreased inhibition of KDAC11 by TSA and SAHA as well as low activity 

in catalyzing deacetylation of commercially available coumarin substrates could be 

attributed to the alteration of this side chain.  Identifying substrate with enhanced 

reactivity would greatly aid in the enzymatic characterization of KDAC11 and the 

development of specific KDAC11 inhibitors.  

Additionally, Class I and Class II KDACs are activated by divalent and 

monovalent cation. Divalent cations such as Fe2+ and Zn2+ play a central catalytic role by 

enhancing substrate affinity and neutralizing negative charge in the tetrahedral 

intermediate and the transition state and lowering the Pka of the metal-water nucleophile. 

Removal of divalent cations with chelating agent suppresses deacetylase activity 

demonstrating catalytic importance(23,24). KDAC activity also depends on the 

concentration of monovalent cations like K+. KDAC8 activity is both activated and 

inhibited by monovalent cations. The crystal structure of KDAC8 visualized with two K+ 

ions, one near (7 Å) and one distal (21 Å) from the catalytic metal. Mutagenesis studies 
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indicate that the inhibitory monovalent cation is located near the active site(25). 

Similarly, elevated K+ concentration inhibits KDAC7(26). Therefore, it is plausible that 

these monovalent cations could regulate the activity of KDAC11. 

This study reports on the cloning, purification, and biochemical characterization 

of KDAC11. We show that Fe2+ Co2+ and Zn2+ activate KDAC11. Mass spectrometric 

assay is used to analyze the reactivity of KDAC11 with a small library of peptides 

(GXK(ac)ZGC). This analysis demonstrates that KDAC11 has significant sequence 

preference and identifies a sequence motif recognized by KDAC11 in vitro and possibly 

in vivo. These data provide compelling evidence that KDAC11 is metal-dependent 

KDAC that has narrow substrate specificity. 
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Materials and Methods 
 
 
Cloning of KDAC11 
 
 
 The human KDAC11 cDNA was purchase from Geneocopia in a plasmid that 

harbors an N-terminal His6Sumo Tag (pB13x) (Genbank accession #: NP_07910). A 

silent mutation was introduced to remove an extra Xho1 site within the KDAC11 gene 

where the codon at Leu263 CTC was changed from CTC to CTA leaving a unique XhoI 

site at its C-terminus. The restriction endonucleases KpnI and XhoI (New England 

Biolabs) were used digest the pB13x plasmid and excise the KDAC11 gene between the 

SUMO tag and the C-terminal of KDAC11. Then, the KDAC11 gene was ligated into a 

Pet (pHD4) expression plasmid that presents a C-terminal Tobacco etch virus (TEV) 

cleavage site adjacent to a His6 tag just upstream the stop codon. The KpnI site was 

engineered to a multiple cloning sites (MCS) located downstream of the T7 RNA 

polymerase promoter and ribosome binding site. The XhoI restriction site had previously 

been moved immediately N-terminal to the Tev-His6 tag in the pHD4 plasmid. Following 

the digestion of the pHD4 vector with the restriction enzymes KpnI and XhoI, the 

KDAC11 fragment was ligated to pHD4 using T4 DNA ligase (New England Biolabs). 

The ligation plasmid (pHD4_KD11) was transformed into XL1-Blue Z-competent cells 

(Agilent Technologies) for colony screening and plasmid purification (QIAprep mini 

prep Kit, Qiagen). The KDAC11 gene was confirmed to be upstream of the Tev-His6 tag 

by sequencing and digesting with Xho1 and Stu1 restriction enzymes. In this case, Stu1 

cuts once within the KDAC11 gene. 
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Figure 3.1. Plasmid map of KDAC11 E. coli expression vector 
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Purification of KDAC11 
 
 

The pHD4_KD11 plasmid was transformed into the BL21 (DE3) strain of E. Coli. 

One ampicillin resistant colony was inoculated into 5 mL of 2XYT growth medium 

supplemented with ampicillin (5 µg/mL) and incubated at 37 ˙C for 6h. The culture was 

transferred to 2L of auto induction medium (TB growth medium, Novagen) that contains 

10% glycerol and ampicillin (5 µg/mL) and incubated at 37 °C until OD 0.4-0.6. The 

temperature was then lowered to 20 °C for an additional 16 h incubation. In this medium, 

protein expression is induced in mid-log phase by the lactose as other carbons sources are 

depleted. The cells were harvested by centrifugation at 4000 rpm for 20 min, and 

resuspended in 30 mM Hepes / 80 mM NaCl /1mM tris(2-carboxyethyl)phosphine 

(TCEP) / 5% glycerol pH 8.0, lysed using a microfluidizer and the resulting extract was 

clarified by centrifugation at 15000 rpm for 40 min at 4 °C. The lysate was diluted 2-fold 

with Buffer A (30 mM HEPES, 1mM TCEP, 5% Glycerol, pH 8.0) and loaded onto a 

pre-packed anion exchange column (Hi-trap Q High Performance, GE Healthcare). The 

column was washed with 10-column volumes (cv) of Buffer B (BufferA + 150 mM 

NaCl) followed by a gradient elution from 150 mM to 300 mM NaCl. His6Tag antibody 

was used confirm the expression of KDAC11.  The fractions that contain KDAC11 were 

pooled and concentrated by centrifugation at 3500 rpm with Amicon Ultra-15 Centrifugal 

Filter Units to approximately 10 mL and reacted with Tev-protease (50:1) overnight at 4 

°C.   The protein was further fractionated on a size exclusion column (Sephacryl S-200 

HR, GE Healthcare) in 25 mM MOPS pH 7.5, 250 mM NaCl, and 1 mM TCEP.  The 

fractions that contained KDAC11 were pooled to yield  >98% pure protein.  
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Apo-KDAC11 
 
 

Apo KDAC11 was prepared by dialyzing the purified enzyme twice for 12h 

against 25 mM 4-morpholinepropanesulfonic acid (MOPS), 1 mM EDTA, and 10 µM 

dipicolinic acid (DPA), pH 7.5, followed by dialysis against 25 mM MOPS, and 1 µM 

EDTA, pH 8.0. The enzyme was then concentrated using an Amicon Ultra Microcon 

centrifugal filtration device (10,000 MWCO) and the buffer was exchanged using a PD-

10 gel filtration column (GE Healthcare) equilibrated with 25 mM MOPS, pH 8.0 

(pretreated with metal chelating resin, Chelex 100). The metal content of the protein was 

determined by inductively coupled plasma emission mass spectroscopy (ICP-MS) 

(Department of Geological Sciences, University of Michigan). The final concentration of 

KDAC11 was determined by both OD280 (ε280 =42523 M-1cm-1, under denaturing 

conditions) and the absorbance change after reaction with 5,5’-dithiobis(2-nitrobenzoic 

acid) (ε412 =13,600 M-1cm-1).  

 
Western blot analysis 
 
 

KDAC11 expression was confirmed using a C-terminal His6 antibody. Following 

the anion exchange, separation 10 µl of pooled fractions (chosen after inspection of SDS 

PAGE gel) that contain KDAC11 was electrophoresed on a 12% SDS PAGE gel 

(BioRad), transferred to a nitrocellulose membrane, and immunoblotted using the anti-

mouse monoclonal antibody (1:1000) for C-terminal His6 (invitrogen). The alkaline 

phosphatase (AP) labeled primary anti-body was detected using detected using an AP 

Detection Reagent Kit (novagen).  
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Figure 3.2. Purification of KDAC11. A) Detection of anti-C-terminal His6. B) Gel 
filtration chromatogram and SDS PAGE gel of fractions from the gel filtration peak. 
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Scheme 3.1. Fluor-de-Lys KDAC assay.  
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Fluor-De-Lys Assay 
 
 

The catalytic activity of wild-type KDAC11 was measured using a commercially 

available fluorescent assay (Enzo Life Sciences) with the Fluor-de-Lys P53 substrate. 

The substrates contain ε-acetylated lysine residue followed by C-terminal 4-

methylcoumarin-7-amide (MCA). Cleavage of the C-terminal lysine of the substrate by 

HDAC allows proteolysis catalyzed by trypsin, resulting in a shift in the wavelength and 

intensity of the fluorescence of the MCA moiety (Scheme 3.1). Trichostatin A (10 µM 

TSA), a potent HDAC inhibitor, was used to quench the reaction. All assay buffers were 

pre-treated with Chelex resin (Bio-Rad) to remove trace divalent metal ions.  Metal-free 

KDAC11 was reconstituted with Co2+, Zn2+ and Fe2+ by incubation with equimolar 

concentrations of metals in assay buffer (25 mM Tris pH 8.0, 137 mM NaCl) pretreated 

with Chelex resin (BioRad).  All Fe2+ assays were performed in an anaerobic chamber 

(Coy laboratories). Fluorescence was monitored at λex = 340 and λem = 450 for the 

deacetylated and cleaved product, and at λex = 340 and λem = 380 for the acetylated 

substrate. The amount of product formed was determined from a standard curve made up 

of known concentrations of products and substrates. The steady-state kinetic parameter 

kcat/Km was determined from initial reaction rates using 1 µM M2+-KDAC11 and 50 µM 

substrate in assay buffer at 25 °C.  

 

Mass Spectrometry  
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Peptide library studies were performed using an assay where 384 acetylated 

peptides were immobilized on alkenothiolate monolayer that presents a maleimide group. 

Matrix-assisted laser desorption ionization time-of-flight mass spectrometry (MALDI 

TOF MS) spectra are taken of the immobilized peptide substrate before and after 

treatment with KDAC11 (Figure 2.1). To form the immobilized peptide library, 3 µL of 

the cysteine-terminated peptides were transferred to each well to react with the maleimide 

moeity at 37˙C for 1 h. KDAC11 was reconstituted with either Zn2+, Fe2+, and Co2+, in 

the assay buffer (25 mM MOPS, 80 mM NaCl, pH 7.5) and incubated on ice for 30 min. 

The plates were washed with ethanol/water/ethanol followed by reaction with KDAC11 

(1 µM) at 30 ˙C for 30 min. KDAC11 was stopped with additional ethanol/water/ethanol 

rinses and the plates were dried under nitrogen gas. A matrix (2,4,6-

trihydroxyacetophenone, 25 mg/mL in acetone) was applied to each plate and air-dried. 

The plate was loaded on the 4800 MALDI mass spectrometer (Applied Biosystems) and 

a spectrum was obtained.  

 
Acetate assay 

 

An assay that couples the formation of the product acetate to an increase in 

NADH, as measured by fluorescence (Scheme 2.1), was used to measure the steady-state 

kinetic parameters for catalytic deacetylation of peptides without the MCA fluorophore. 

This assay couples three enzymatic reactions. The first enzyme catalyzes the reaction of 

acetate with adenosine-5’-triphosphate (ATP) and Coenzyme A (CoA) to form Acetyl-

CoA ADP and Pi. In the second step, Acetyl-CoA reacts with oxaloacetate, catalyzed by 
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citrate synthase, to produce citrate and CoA. Oxaloacetate is produced from the reaction 

of malate and NAD to form oxaloacetate and NADH, catalysed by malate dehydrogenase 

Thus, the consumption of oxaloacetate by the reaction with AcCoA produces an increase 

in NADH concentration which is monitored at λex = 340 nm and λem = 460 nm.  Steady-

state kinetic parameters were determined from initial rate reactions (10 µL total) 

containing 0.2 µM KDAC11 apo or metal bound, and varying peptides concentrations (5-

400 µM). Apo KDAC11 was incubated with equimolar concentration of Fe2+, Zn2+ and 

Co2+ in 25 mM MOPS 80 mM NaCl, pH7.5 for 30 min prior to initiating the reaction 

with peptides. The reactions were stopped by addition of 0.1% HCl and neutralized with 

1% sodium bicarbonate to a final volume to 10 µL prior to detection of acetate using the 

coupled assay. For acetate detection, the enzymes and substrates were purchased from R-

Biopharma and mixed according to the instructions. 8µl of neutralized solution 

deacetylase reaction was added to 60 µL of coupled enzyme reaction mixture for 30 min 

prior to loading onto a 96 well plate (Half Area Black Flat Bottom Polystyrene non-

binding surface, Corning) and measurement of the fluorescence read on a plate reader 

(BMG Latech, FLUOstar Galaxy). Amount of product was determined from a standard 

curve calculated using a known concentration of acetate. 
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RESULTS 
 

Cloning and purification of KDAC11 

 

Sequence alignment and secondary structure prediction of KDAC11 and KDAC8 

shows conservation of the deacetylase domain (Figure 1.3c). The general acid/general 

base and electrostatic catalyst residues H142 and H143 are conserved and Tyr306, 

proposed stabilize the transition state, is also conserved. The key difference between the 

two sequences is Asp101, which is replaced with an uncharged Gln101 in KDAC11. The 

loops (L1-L7) seen in KDAC8 appear to be retained in KDAC11.  The metal-binding site 

residues are conserved and appear to be in similar secondary structure fold as KDAC8. 

The side chains in loop 3 and 7 that line the active site in KDAC8 do the same in 

KDAC11. These results suggest that KDAC11 possesses the common structural and 

mechanistic features that are important for deacetylase activity.   

To examine the catalytic property of KDAC11, I recombinantly expressed the 

protein in E. coli. The commercially available expressin vector of KDAC11 (pB13x, 

Geneocopia) with a N-terminal His6Sumo yielded 1 mg of KDAC11 per liter of E. coli 

after induction with 0.5 mM Isopropyl-β-D-thio-galactoside in 2xYT medium.  The poor 

yield was due to low expression and poor binding of the His6Sumo tag to the Ni2+-

charged IMAC column. The His6 antibody detected the His6 tag in the flow-through and 

wash steps of the IMAC column, confirming the poor binding. To increase the yield of 

KDAC11, KDAC11 gene was subcloned onto a new pET-derived expression plasmid 

with a C-terminal Tev-His6 tag (Figure 3.1). This plasmid was transformed in E. coli. 

BL21 (DE3) and expression of KDAC11 was induced using auto-induction (TB) 
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medium. A new purification method was developed combining an anion exchange and 

gel filtration chromatography, rather than using the His tag Ni2+ affinity resin. This 

strategy yields 6-7 mg of > 98% pure KDAC11 per liter of auto-induction (TB) medium.  

 

Reactivity of KDAC11  

 
Next, we measured the steady state kinetics of the deacetylation of the 

commercially available coumarin substrate catalyzed by KDAC11. Before assaying, 

metal ions were removed by incubation with chelators; ICP-MS analysis confirmed the 

presence of ≤ 0.01 moleMetal/moleKDAC11. KDAC11 was reconstituted with metal by 

addition of an equimolar concentration of Zn2+, Co2+ and Fe2+ and incubation on ice for 

30 min. Following reconstitution, Fluor-de-Lys (FDL) assay was performed to measure 

the reactivity of apo, Zn2+ Fe2+and Co2+-bound KDAC11 for catalyzing deacetylation of 

the coumarin substrate (50µM) using 1µM KDAC11 (Scheme 3.1). The value for kcat/Km 

for deacetylation was measured as: 966 ± 76 M-1s-1 (Co2+), 100 ± 16 M-1s-1 (Zn2+), and < 

1 M-1s-1 (Fe2+ and apo-KDAC11). These data demonstrate that the deacetylase activity of 

KDAC11 is activated by divalent cations. However, The Co2+-KDAC11 kcat/Km is 10-fold 

lower that that of KDAC8 (10, 000  M-1s-1) under the same conditions.  
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Figure 3.3. Substrate Selectivity of Co2+-bound KDAC11. Assays were performed 
with MALDI TOF MS. GXK(Ac)ZGC peptide library (X and Z represent all AAs except 
Cys). 1 µM KDAC11. Buffer: 25 mM MOPS pH8, 80 mM NaCl, 30 °C for 1 h. Arrows 
indicate sequence preference. 
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Substrate selectivity of KDAC11 

 

Peptide libraries have been widely used to identify sequence motifs recognized by 

post-translational modifying enzymes(27,28). To identify sequence motifs recognized by 

KDAC11, we assayed the reactivity with a library of peptides. This library was composed 

of 384 peptide substrates (GXK(ac)ZGC) that were immobilized on MALDI plate by 

reacting a maleimide group with the cysteine residue located two residues downstream of 

the acetylated lysine (n+2). Following immobilization of the substrates on the plate, 1 µM 

of Zn2+ Fe2+or Co2-bound KDAC11 was added to the plate and incubated for 30 min at 

37 ˙C (Figure 2.1). After stopping the reaction by washing with ethanol/water/ethanol, a 

MALDI spectrum was obtained for each plate. No deacetylation was observed for 

incubation with Apo, Zn2+ Fe2+-bound KDAC11. The Co2+-bound enzyme catalyzed the 

deacetylation of the 32 out 384 peptides with the highest reactivity with KDAC11 having 

a hydrophobic residues at both X(such a Phe, Pro, or Tyr) and Z (Leu) positions.. The 

highest deacetylase activity was seen in the following peptides (GFK(Ac)LGC, 

GPK(Ac)LGC, GYK(Ac)LGC) were 15, 18 , 23 % deacetylation respectively.  Based on 

this specificity, we searched the literature to identify acetylated potential proteins that 

substrates for KDAC11(6,12,29). Sequence analysis of three protein candidates, histones 

H3 and H4 and DNA replication licensing factors, reveal that the sequence of an 

acetylated lysine residue located on the N-terminal of Cdt1 is a close match. 
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Steady	
  state	
  kinetic	
  analysis	
  of	
  KDAC11	
  

 

To further examine the substrate selectivity of KDAC11, peptides sequences 

corresponding to the sequence motif in Cdt1 (IIAPPKLAC) was synthesized and assayed. 

The steady state kinetic parameters for deacetylation catalyzed by KDAC11 were 

measured by monitoring the increase in the concentration of the acetate product using a 

coupled assay measured an increase in NADH. The kcat/Km (µM-1s-1) values for Fe2+, 

Zn2+, and Co2+-bound KDAC11 on the IIAPPKLAC peptide sequence are 0.65 ± 0.3, 

0.33 ± 0.04, and 0.47 ±  0.08 respectively. Remarkably, the kcat/Km value for Co2+-

KDAC11 is increased 650-fold compared to the coumarin substrate (Table 3.1). 

Furthermore, the shorter peptide (GPK(ac)LAC)  is even a better substrate for KDAC11 

with values of kcat/Km approaching 5x105 (Table 3.1).  The error on kcat/Km  on this 

peptide is large as kcat/Km  value approaches the limit of detection of the assay (1µM, 

Table 3.1). These results validate the peptide sequence IIAPPKLAC as a efficient 

substrate for KDAC11 and demonstrate that KDAC11 requires only a short sequence for 

efficient substrate recognition. Furthermore, for the more specific substrates, comparable 

activity is observed for the enzyme substituted with Co2+, Fe2+, and Zn2+, suggesting the 

possibility that a variety of metal cofactors could activate KDAC11 in vivo.  
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Table 3.1. Steady state kinetic parameters of metal-bound KDAC11. 

 

 IIAPPKLAC  
 

PK(ac)LAC 
 

M2+ 
 

kcat/Km 
(µM-1S-1) 

 

kcat 
(S-1) 

Km 
(µM) 

 kcat/Km 
(µM-1S-1) 

kcat 
(S-1) 

Km 
(µM) 

Zn2+ 0.33 ± 0.04 3.6 ± 0.02 10.7 ± 
3.2  0.74 ± 0.44 2.42 ± 0.22 3.25 ± 2.10 

Co2+ 0.47 ± 0.08 2.55 ± 0.09 5.5 ± 1.1  2.37 ± 1.26 3.55 ± 0.22 2.37 ± 1.26 

Fe2+ 0.65 ± 0.31 2.34 ± 0.04 4.5 ± 5  4.5 ± 2.54 5.23 ± 0.23 1.16 ± 0.68 
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Discussion 
 

In this study, we describe the expression and functional characterization of the 

newest member of the KDAC family. KDAC11 is the only member of the class IV 

deacetylases and the smallest member of the 18 KDACs identified. It has distinct 

expression patterns and is the only isoform not observed in Fungi. Due to conservation of 

the deacetylase domain KDAC11 was proposed to have deacetylase activity although no 

data was available to support it. Interestingly, here we demonstrate this activity in vitro. 

Activity assays using the fluorescently-labeled coumarin substrate demonstrate KDAC11 

deacetylase activity in E.coli cell lysates(14). However, consistent with the findings of 

other labs, the activity of the recombinant KDACs was not observable during 

purification. Therefore, we initially used PAGE analysis and western blots to follow the 

fractionation of KDAC11. To obtain active recombinant KDAC11, we reconstituted the 

enzyme with stoichiometric metal, altered the assay conditions, and varied the sequence 

of the peptide substrate as described in detail below.  

Many zinc metalloenzymes are both activated by stoichiometric metal ions and 

inhibited by additional bound metal ions. Upon cell lysis, the free concentration of the 

metal ions, such as Zn2+, may increase significantly due to oxidation of thiol ligands. 

Additionally, enzymes activated by redox-sensitive metal ion, such as Fe2+, may lose 

activity after lysis due to metal oxidation(30). To examine whether the loss of KDAC11 

activity was related to the active site metal ion, we removed all bound metals using a 

chelator and then reconstituted with stoichiometric of Fe2+, Zn2+, and Co2+. The 

reconstitution of Co2+ significantly enhanced the reactivity of KDAC11 with the 

coumarin peptide substrate. Decreased activity was observed for the Zn2+-KDAC11 and 
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little activity for the Fe2+-KDAC11. Therefore, metal reconstitution was important for 

observing the activity of recombinant KDAC11. However, Co2+ is not likely to the in 

vivo cofactor.  

Furthermore, the KDAC buffers sold with the FDL kit contain 147 mM NaCl, and 

10 mM KCl, which is optimal for the activity of KDAC8. KDAC8 is both activated and 

inhibited by monovalent cations and K+ is particularly inhibitory at high concentrations. 

To examine whether KCL inhibits KDAC11 at low concentrations, we measured the 

activity in buffer containing only 80 mM NaCl. Experiments to further define the 

monovalent-dependence of KDAC11 are currently underway. Alteration in the 

monovalent cation dependence may be important for the in vivo function. 

 
We also examined the peptide selectivity of KDAC11. A dearth of commercially-

available peptide substrates are available for characterization of the in vitro activity of 

KDACs. The widely used coumarin substrate is limited by the location of the coumarin 

fluorophore next to the acetylated lysine. To identify sequence motifs recognized by 

KDAC11, we used a mass spectrometric assay to screen the reactivity of KDAC11 with a 

peptide library. Since we observed that KDAC11 activity alters with the bound metal ion, 

we measured the reactivity of the peptide library with Co2+, Zn2+, and Fe2+-bound 

KDAC11 using apo-KDAC11 as a control. Interestingly, unlike KDAC8, KDAC2 and 

KDAC3 whose profiles show broad substrate reactivity(27,28), Co2+-KDAC11 has 

specific sequence preferences with increased reactivity for hydrophobic groups flanking 

both sides of the acetylated lysine (Figure 3.3).  

Knockout of specific KDAC isozyme although generally lethal, does not 

necessarily result in an increase of a targeted substrate(31). However, knockout of 
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KDAC11 directly correlates with the increase of pro-inflammatory cytokine IL-10 that 

leads to immune tolerance. Additionally, the negatively charged side chain of Asp101 is 

seen in the crystal structure of KDAC8 making hydrogen bond with amide nitrogen of the 

acetylated lysine and a Asn101 in KDAC11 replaces this residue. This residue is 

implicated in the broad substrate specificity of KDAC8 and most KDACs. Broad 

substrate selectivity is a crucial property in the KDAC family due to the large number of 

acetylated substrates found in mammalian cells.  

These results indicate that KDAC11 is more selective for the peptide sequence 

compared to other KDAC isozymes. No deacetylase activity was observed for the Zn2+-

bound or the Fe2+-bound KDAC11 on the peptide arrays. It is possible that metal 

contaminations on the surface of the peptide array inhibit the KDAC11 activity. The 

specific substrate profile seen with the Co2+-bound KDAC11 provided information 

crucial to identifying sequence motifs recognized by KDAC11. 

 
To follow up on the peptide library studies, we searched for sequences in proteins 

proposed to associate with KDAC11 that match the sequence motif identified by the 

peptide library. Histone proteins (H3 and H4) and Cdt1 have been proposed to interact 

with KDAC11 based on transfection and Chromatin immunoprecipitation (ChIP) 

methods. Excitingly, a sequence near the N-terminus of Cdt1, a protein that plays a 

critical role in the licensing of DNA for replication closely resembles the KDAC11 

optimal substrate (Table 3.1). Several reports have shown that Lys 24 on Cdt1 is 

acetylated by KATs 3B and 2A(15). Previous studies have demonstrated that KDAC11 

associates with Cdt1 and regulates its function(29); however, previous data have 

demonstrated that this regulation occurs through deacetylation of Lys 24. To investigate 
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the catalytic efficiency of KDAC11 on this sequence we used an assay that coupled the 

release of acetate to the increase in the concentration of NADH, monitored fluorescently. 

Excitingly, the kcat/Km value for this substrate is high, 3-6 x 105 M-1s-1. The Fe2+-bound 

KDAC11 decreases the Km value for this substrate. The catalytic efficiency for the 

shorter sequence GPK(ac)LAC is even higher suggesting that KDAC11 recognizes short 

sequence motifs. The crystal structure of KDAC8 indicates that only 6 residues interact 

with this enzyme. Hence, KDAC11 could similarly recognize short peptides. Reactivity 

of the Fe2+-KDAC11 activity is modestly higher for both sequences compare to the Zn2+-

KDAC11 suggesting the either divalent ion is the metal ion that activates KDAC11 in 

vivo. Furthermore, these sequences are great substrates for assay the activity of KDAC11 

in vitro. Finally, the correlation of this sequence and sequence observed in KDAC11 

associated proteins suggest that this is also a sequence recognition motif in in vivo 

substrates 

In summary, we describe the cloned characterized catalytic properties of 

KDAC11. Using a peptide library we identified a sequence motif recognized by 

KDAC11 in vitro and possibly in vivo. Also, we showed that KDAC11 activity is 

activated by metal ion that is essential for activity.  These data suggest that KDAC11 

activity is also be regulated by monovalent cations, as observed in KDAC8.  Finally, 

KDAC11 has a narrow substrate selectivity compared other KDAC isozymes suggesting 

a more specific role for the function of KDAC11, consistent with the limited in vivo 

expression KDAC11. 
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CHAPTER IV1 

 

FUNCTION OF ARG37 IN THE INTERNAL CAVITY OF KDAC8 

 

Introduction 

 

One of the major hurdles in the development of KDAC inhibitors (KDACi) is 

achieving iso-form/class selectivity. Selectivity is hindered by the homologous nature of 

the deacetylase domain of the KDAC isozymes, which includes the active site residues, 

an 11 Å channel that accommodates the acetylated lysine of the substrate, and the 

residues that coordinate the catalytic metal ion(1-4). Mimicking these structural elements, 

KDACi share a common pharmacophore that is composed of a capping group that 

interacts the rim of the 11 Å channel, a region that fits into the channel leading to the 

active site and a metal binding moiety. Suberoylanilide hydroxamic acid (SAHA) and 

Romedopsin are the only FDA-approved KDACi (Table 1.1). However these are both 

broad-spectrum inhibitors that recognize both class I and class II KDACs in vivo(5-7). 

Given that there are over 3000 acetylated proteins and only 18 KDACs in mammalian 

cells, is it expected that KDACs would catalyze deacetylation on substrates that are both
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specific for a single isozyme and recognized by multiple isozymes. KDACs exhibit 

distinct expression pattern and cellular localization, and unchecked activity of a specific 

KDAC can be related to the pathogenesis of a particular disease. However, limited 

selectivity of current KDACi leads to broad biological activities and difficulty in 

targeting a disease phenotype to a specific KDAC isozyme(8-10). Therefore, a goal is to 

develop isoform-specific KDACi that can enhance the treatment of specific diseases. 

In addition to the therapeutic benefits of isoform/class-specific KDACi, these 

inhibitors may help distinguish the functions of each KDAC isozyme. It is intriguing that 

KDACi predate the discovery of KDACs. Trapoxin, a cyclic depsipeptide inhibitor, was 

used as an affinity tag to purify the first identified KDAC, KDAC1(11). Structure-activity 

relationships with selective inhibitors can also help interactions important for the 

molecular recognition by KDACs. Isoform-specific inhibitors can also facilitate high-

resolution structural studies of KDACs. Finally, isoform- specific inhibitors can be 

labeled with a fluorophore for use in the discovery of new inhibitors and for the analysis 

of the location of isozymes in cells. Therefore, isoform-specific KDACi can help probe 

the structural and chemical basis for KDAC functions. 

In the crystal structures of histone deacetylase-like protein (HDLP) complexed 

with trichostatin A (TSA) and KDAC8 complexed with TSA, the inhibitor binds in the 

hydrophobic 11 Å tube-like substrate channel that leads to the active site. In addition, a 

second 14 Å internal cavity lies adjacent to the metal active site and is lined by charged 

residues on one side and hydrophobic side chains on the other. Computational studies on 

the role of this internal cavity in HDLP suggest that acetate dissociate form this enzyme 

via this second channel(2,12,13). Consistent with this hypothesis, one of the crystal 
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structures of KDAC8 shows that the internal cavity is exposed to the outside 

environment, seemingly indicating flexibility in the opening and closing of this channel. 

Inspection of the X-ray crystal structure of KDAC8 revealed a conserved Arg37 residue 

at the center of this channel. Arg37 forms multiple hydrogen bonding interactions with 

the backbone carbonyl oxygen atoms of conserved glycine residues (Gly303 and Gly305) 

positioned in a loop between the β8 sheet and the α10-helix (Figure 4.1). These 

interactions tether the loop in position where the backbone amide of G303 forms a 

hydrogen bond with the carbonyl oxygen of the conserved Gly139 located in the loop 

between the β3 sheets and the α6-helix. The residues surrounding the 14 Å cavity are less 

conserved compare to residues that line the active site and substrate binding site so it is 

possible that this cavity may be exploited for designing isoform-specific inhibitors. Here, 

we probe the functional role Arg37 in this cavity, demonstrating that this side chain 

stabilizes both the acetate affinity and the transition state for deacetylation. Therefore, 

this residue is important efficient deacetylation catalyzed by KDAC8.  
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Figure 4.12. Structure of KDAC8 showing Arg37 interactions. A) KDAC8 Structure 
showing interactions in the 14 Å channel of residues R37, G139, G303 and G305 
depicted. (b) Tethering of the loop between β8 and α10-helix by R37. 
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Materials and Methods.  
 
 
Expression and Purification 
 
 
The sequence for the KDAC8 gene was subcloned behind a T7 RNA polymerase 

promoter in a pET-20b derived expression plasmid with a C-terminus TEV-His tag 

(pHD4). KDAC8 mutants were constructed using the Quickchange Mutagenesis Kit 

(Strategene). After transforming the plasmid into the BL21(DE3) strain of E. coli, one 

colony was inoculated into 5 mL 2X-YT starter culture supplemented 0.1 mg/ml 

ampicillin and incubated for 4 h at 37°C . The starter culture was used to inoculate 6 L of 

2X-YT media supplemented with 0.1 mg/ml ampicillin and incubated at 37°C until OD600 

= 0.6-0.7, and then the temperature was reduced to 25 °C for 45 min. Protein synthesis 

was induced by the addition of 0.5 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) 

and the cells were incubated for an additional 12-15 hours at 25 °C.  The cells were 

harvested by centrifugation, resuspended in buffer A (30 mM Hepes, 150 mM NaCl, 0.5 

mM imidazole, pH 8.0), lysed using a microfluidizer and the resulting extract was 

clarified by centrifugation (15000 rpm, 40 min, 4 °C). The cell extract was loaded onto a 

10 mL metal affinity (GE Healthcare, Chelatin Fast Flow Sepharose) resin column 

charged with 150 mM nickel chloride. The column was washed with Buffer A containing 

25 mM imidazole and then the protein was eluted with Buffer A containing 250 mM 

imidazole. The His6-TEV tag was removed by incubation with recombinant TEV 

protease (100:1, protease: fusion protein) at 4°C and KDAC8/TEV protease then dialyzed 

overnight in buffer A containing 1 mM tris(2-carboxyethyl) phosphine (TCEP). The 

nickel column was ran a second time and the cleaved KDAC8 was obtained in the flow 
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through. 1-2 mg of > 98% pure KDAC8 was obtained per liter of 2 XYT medium using 

this protocol. 

 
Apo WT and mutant KDAC8 
 
 

Metal-free KDAC8 was prepared by dialyzing the purified enzyme twice 

overnight against 25 mM 4-morpholinepropanesulfonic acid (MOPS), 1 mM EDTA, and 

10 mM dipicolinic acid (DPA), pH 7.5, followed by dialysis against 25 mM MOPS, and 

1 µM EDTA, pH 8.0. The enzyme was then concentrated using an Amicon Ultra 

Microcon centrifugal filtration device (10,000 MWCO) and the buffer was exchanged 

using a PD-10 gel filtration column (GE Healthcare) equilibrated with 25 mM MOPS, pH 

8.0 (pretreated with metal chelating resin, Chelex 100). The metal content of the protein 

was determined by inductively coupled plasma emission mass spectroscopy (ICP-MS) 

(Department of Geological Sciences, University of Michigan). The final concentration of 

KDAC8 was determined by both OD280 (ε280 =52120 M-1cm-1, under denaturing 

conditions) and the absorbance change after reaction with 5,5’-dithiobis(2-nitrobenzoic 

acid) (ε412 =13,600 M-1cm-1). 

 

Activity Assays 

 
The catalytic activity of wild-type and mutant KDAC8 was measured using a 

commercially-available fluorescent assay (BIOMOL) with the Fluor de Lys KDAC8 

substrate (Scheme 3.1). All assay buffers were pre-treated with Chelex resin (Bio-Rad) to 

remove trace divalent metal ions.  Metal-free KDAC8 was reconstituted with Co2+ by 

incubation with a stoichiometric concentration of metal in assay buffer (25 mM Tris pH 
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8.0, 137 mM NaCl and 2.7 mM KCl).  Stoichiometric trichostatin A (TSA), a potent 

inhibitor, was used to quench the reaction. Fluorescence was monitored at λex = 340 and 

λem = 450 for the deacetylated and cleaved product, and at λex = 340 and λem = 380 for the 

acetylated substrate. The amount of product formed was determined from a standard 

curve made up of known concentrations of products and substrates. The steady-state 

kinetic parameter kcat/Km was determined from initial reaction rates using 0.4 – 12 µM 

Co2+-KDAC8 and 50 µM substrate in assay buffer at 25 °C. The IC50 for acetate was 

determined by measuring initial rates under these conditions in the presence of varying 

concentrations of acetate (0-200 mM). Since the substrate concentration in these assays is 

significantly below the value of Km, the IC50 value should be equal to the KI for acetate. 

The values for kcat/Km, and the inhibition free energies were calculated using:  

Equation 1 :(kcat/Km)obs = kcat/Km / (1 + [I]/ IC50)  

Equation 2 : ΔΔG = -RT ln [(IC50)R37A/(IC50)WT 

Equation 3: ΔΔG‡ = -RT ln [(kcat/KM)WT/(kcat/KM)R37A 

 

Secondary Structure determination of WT and mutant KDAC8 

 

Circular dichroism experiments were conducted on an Aviv CD Spectrometer 

model 62DS (Aviv, Lakewood, NJ) using a 1 mm quartz cuvette. Zinc-bound wild-type 

and mutants KDAC8 were diluted into 10 mM MOPS pH 7.5 to a final concentration of 

0.05 mg/mL. Spectra were an average of three scans recorded at 25˚C between 200 and 

240 nm, and the spectrum buffer (10 mM MOPS, 1µM ZnCl2) was subtracted. The molar 

ellipticity(θ) was calculated using the formula:  
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Equation 3: θ = (millidegrees / (pathlength in millimeters x molar concentration of 

protein x the number of residues)). 	
  

 
 
 
 
 
 
 
 
 
 
 
 

KDAC8  
kcat/Km 

 (M-1s-1) 
IC50, Acetate (mM) 

 

   
   

Co(II)-WT 7400  ± 100 2.5 ± 0.3 

Co(II)-R37A 14 ± 1 400 ± 60 

Co(II)-R37E 0.19 ± 0.04 ndb 

 
 
 
 
 
 
 
Table 4.1. Catalytic activity and acetate inhibition constant of wild-type and mutant 
HDAC8. Measured in 25 mM Tris pH 8.0, 137 mM NaCl and 2.7 mM KCl. bNot 
determined 
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Figure 4.2. Inhibition of wild-type and R37A KDAC8 by acetate. 0.4 µM wild-type 
(circle) and 10 µM R37A (triangle) Co(II)-KDAC8 were incubated with varying 
concentrations of sodium acetate (0 – 200 mM) in 25 mM Tris pH 8.0, 137 mM NaCl and 
2.7 mM KCl for 5 min before initiating the reaction by addition of 50 µM substrate (R-H-
K(Ac)-K(Ac)-fluorophore) (BIOMOL). Initial rates were determined from a change in 
fluorescence. The fractional activity is the ratio of the initial rate in the presence 
((kcat/Km)Ac) and absence of acetate ((kcat/Km)0) (note that the activity of R37A KDAC8 is 
decreased >500-fold compared to WT KDAC8). The value of IC50 is calculated from 
fitting (kcat/Km)Ac /(kcat/Km)0 = 1 / (1 + [I]/ IC50) to the data. 
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Results  
 
 
Reactivity of KDAC8_R37A 
 
 

To experimentally examine the function of Arg37 in KDAC8, this residue was 

substituted with either alanine (R37A) or glutamate (R37E). Both of these mutant 

enzymes were expressed as recombinant proteins in E. coli to levels similar to that of 

wild-type (WT) KDAC8 and purified as described for WT KDAC8. The catalytic activity 

of these two mutants is decreased enormously compared to WT KDAC8, as measured 

from the deacetylation of the Fluor de Lys KDAC8 substrate (R-H-K(Ac)-K(Ac)-

fluorophore) catalyzed by the Co2+-substituted enzymes.  The values for kcat/KM decrease 

by 528-fold for removal of the side chain (R37A) and by 4 x 105-fold for substitution of 

arginine with the negatively charged glutamate (Table 1). These data demonstrate that the 

positively charged side chain at position 37 is important for the high catalytic activity of 

KDAC8, even though it is located 9 Å from the catalytic zinc ion. 

 

Acetate affinity for KDAC8 

 

To examine whether Arg37 affects the affinity of KDAC8 for acetate, we 

measured the IC50 value for inhibition of turnover by acetate for recombinant wild-type 

and R37A HDAC8. For WT KDAC8, the initial rate for deacetylation is decreased by the 

addition of the product, acetate, with an IC50 value of 2.5 mM. These concentrations of 

sodium acetate have little to no affect on the ionic strength of the assay. However, for the 

R37A mutant, the initial rate of deacetylation is unaffected by the addition of small 
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concentrations of acetate; the measured value for the IC50 is increased 160-fold to 400 ± 

60 mM, assuming complete inhibition at saturating acetate (Figure. 4.2). This number is a 

lower limit for the value of IC50 as the increased concentration of sodium in the assay 

may also inhibit turnover. The IC50 values are directly comparable and approximate the 

inhibition constant, Ki, assuming that acetate is competitive with substrate, since the 

substrate concentration in the activity assays is significantly below the substrate KM for 

both enzymes. Therefore, the affinity of WT KDAC8 for acetate is at least 3 kcal/mol 

greater than that of the R37A mutant. Furthermore, the transition state stabilization for 

deacetylation (∆∆G‡) determined from the kcat/Km, conferred by the R37 side chain is 

only slightly higher in energy (3.5 kcal/mol) than the enhancement of the acetate affinity.  

 
Secondary structure effects of R37A 
 
 

To investigate the impact of mutations at R37 on the secondary structure of KDAC8, 

we measured the circular dichroism (CD) spectrum. For WT-KDAC8, the CD spectrum 

has a minimum at 222 nm with a shape that is characteristic of α-helical structure, 

consistent with previously published results. The CD spectrum of the R37A KDAC8 

mutant is nearly identical to that of WT, indicating that the overall structure is unaffected 

by deletion of the R37 side chain. In contrast, the molar ellipticity at most wavelengths is 

significantly decreased in the CD spectrum of R37E (figure. 4.3). These results suggest 

that the decrease in kcat/KM observed in R37A KDAC8 is primarily due to a perturbation 

in the catalytic mechanism rather than a change in the structure of the enzyme while the 

additional decrease in kcat/KM observed for the R37E mutant is at least partially due to 

global unfolding of this protein.  
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Figure 4.3. CD spectra of wild-type, R37A, and R37E KDAC8. All enzymes were 
reconstituted with stoichiometric zinc and then diluted to a final concentration of 1 µM in 
10 mM MOPS pH 7.5. Each spectrum of HDAC8 (wild-type (closed circle), R37A (open 
square) and R37E (open diamond)) is an average of three scans with the spectrum of the 
buffer subtracted.  The molar ellipticity (θ) was calculated using the formula: θ = 
(millidegrees / (pathlength in millimeters x molar concentration of protein x the number 
of residues)).  
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Computational analysis of Arg37 in the internal cavity 

 

To test the hypothesis that the Arg37 mediates the shuttling of acetate and water 

through the 14 Å channel we collaborated with Dr. Matthew Fuchner at the Imperial 

College, London to carry out molecular dynamics simulations. The crystal structure 

visualized the tunnel in a closed state Arg37 interactions form a barrier between the 

active site and the external surface of the protein. Molecular dynamics (MD) simulation 

designed to examine the dynamics of the channel in a closed state demonstrated that the 

diameter of the passage remained in the closed state (2.89 Å) over the course of the 20 ns 

simulation. Furthermore, the interactions between Arg37 and Gly303 and Gly305 are also 

maintained throughout the course of the simulations. Analysis of the water trajectories 

within the KDAC8 channel reveal that solvent water molecules are positioned within 2.5 

Å on either side, but cannot cross, the barrier maintained by the G139-G303 interactions 

(at least on a 20 ns timescale). These distances are consistent with the closed state of the 

channel and persist throughout the simulation time. Next, our collaborators 

computationally mutated Arg37 to Ala (R37A) and carried out a MD simulation. This 

change in structure did not alter the dynamics of channel opening within the timescale of 

the simulation. These results suggest that significant structural reorganization, including 

rearrangement of the Arg37 side chain to disrupt the interactions with Gly303 and 

Gly305 and, in turn, to break interactions with Gly139, would be required to open the 14 

Å channel. Furthermore, these data indicate that the structure of the open conformation 
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would be quite different from the existing stable closed state, which the MD simulation is 

unable to reproduce on a 20 ns timescale. 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.43 . MD simulation of Arg 37 in KDAC8 a) Plot of the Ca root mean squared 
deviation (RMSD) from the initialcrystal structure of KDAC8, plotted as a function of 
time. The average RMSDmeasured over the course of 20 ns simulation is 1.65 Å. b) 
Trajectories of two watermolecules that come very close to the G139–G303 interaction 
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but are unable to cross it. Figure (a) and (b) do not use the same distance scale. 
 

 

Discussion 

 

These data demonstrate that the R37 side chain is crucial for enhancement of both 

the catalytic activity and acetate affinity of KDAC8. In the R37A mutation, a short 

hydrophobic side chain of Ala replaces the longer, charged side chain of Arg that 

significantly decreases catalytic activity and acetate affinity while maintaining proper 

secondary structure. The computational simulation failed to demonstrate opening and 

closing of the internal channel, where the Gly139-Gly303 interaction anchored by Arg37 

behaves like a gate for the internal channel. This sheds doubt on the proposed function of 

this channel for regulating transit of water or acetate form the active site. Furthermore, 

since the catalytic effects of the Arg37A are on the kcat/Km, the decreased activity of the 

R37A mutant is not due to slow acetate dissociation. Since the Arg37 side chain is 

located 12 Å away for the catalytic zinc and 14 Å from the carbonyl oxygen of the 

substrate, this side chain also does not stabilize the transition state by direct contact, 

unless a large conformational change occurs.  Therefore, the Arg37 side chain likely 

affects catalysis indirectly either via long-range electrostatic or structural effects. 

Nonetheless, this alteration does have a large effect on activity suggesting that 

compounds bound to the channel could also be inhibitors.  

 
In summary, we have performed both experimental and computational studies 

revealing that Arg37 is a crucial residue within the internal cavity of KDAC8. 
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Experimentally, Arg37 provides significant stabilization of both bound acetate and the 

catalytic transition state, as indicated by the loss of activity in the R37A mutation.  
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CHAPTER V 

 

CONCLUSIONS AND FUTURE DIRECTIONS 

 

Conclusions 

 

Lysine acetylation is a key post-translational modification of many proteins in 

mammalian cells. Dynamic control of acetylation by lysine acetyl transferases (KATs) 

and lysine deacetylases (KDACs) regulates the function of many proteins that operate in 

numerous cellular processes. Furthermore, inhibitors targeting KDACs are effective in 

activating the transcription of genes responsible for tumor cell growth suppression and 

apoptosis. Inhibition and knockout studies have also demonstrated important roles of 

KDACs in signaling, gene regulation, and protein folding. Particularly, KDACs act on 

substrates to regulate their stability, function, and interaction with other proteins (1-3). 

Therefore, normal cells maintain strict control of KDAC activity to ensure proper cellular 

function. 

Eukaryotic genome encodes 18 forms of KDACs while over 3000 acetylated 

proteins are found in the cell. Hence, these 18 KDACs must catalyze deacetylation of 

multiple substrates but each isozyme likely has specific substrates. Class I KDACs (1-3, 

8) are ubiquitously expressed. Class II KDACs have distinct roles in development as they
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are highly enriched in the brain, muscle, heart, and thymus. Genetic deletion of these 

KDACs generally results in embryonic lethality. These KDACs are able to shuttle 

between the nucleus and cytoplasm suggesting they also have redundant roles in the cell. 

Hence, KDACs act on substrates in the cytoplasm and nucleus of many tissues and could 

have a role in virtually all cellular processes(4). 

Many studies have examined the effects of post-translational modifications such 

as phosphorylation on the regulation of KDAC activity(5). These studies show that 

phosphorylation of KDAC generally, modulates their localization.  Second, several 

reports have shown that the modification of KDAC substrates competes with KDAC 

activity, such as histone substrates that can be either methylated or acetylated(6,7). Last, 

KDAC association with large protein complexes also regulates their activity. This work 

focuses on the role that the bound metal-ion plays in the activity and substrate specificity 

of KDACs. 

The metal ion is necessary for deacetylase activity. Trapoxin, the first known 

KDAC inhibitor, features a metal binding domain. Trapoxin-mediated isolation of KDAC 

gave the first clue about the importance of the divalent metal ion for these enzymes. To 

date, the most potent and specific KDAC inhibitors possess a metal binding domain 

underlining the importance of the divalent metal ion in the activity of KDACs. Consistent 

with most mononuclear metalloenzymes, it was expected that the KDAC mechanism 

would mirror all of the general features of metal-catalyzed hydrolytic enzymes. Namely, 

the metal ion activates the enzyme activity by polarizing of the substrate and activating 

the water nucleophile, and stabilizing charge in the tetrahedral intermediate and the 

transition state. Thus, it was intriguing when it was reported that KDAC8 exerts differing 
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catalytic efficiency with bound Fe2+, Co2+ or Zn2+(8). Close structural analysis of 

KDAC8 reveals that the substrate-binding site is lined by (8) loops indicating that this 

enzyme has some flexibility in substrate recognition(9). Accordingly, we hypothesized 

that the catalytic metal ion could induce a specific conformation that alters the substrate 

specificity of KDAC.  

We focused our study on elucidating the metal-dependent regulation of KDAC. 

First, we probed the role that the divalent metal ion plays in the substrate recognition of 

KDAC8 by examining the reactivity of Zn2+ and Fe2+-bound KDAC8 on a library of 

peptide substrates (GXK(Ac)ZGC) using matrix-assisted laser desorption ionization time-

of-flight mass spectrometry (MALDI TOF MS) spectra of the immobilized peptide 

substrate before and after treatment with metal-bound KDAC8. The reactivity of Zn2+ 

and Fe2+-KDAC8 with this peptide library resulted in sets of substrates that were specific 

for Zn2+-KDAC8, Fe2+-KDAC8 or similar reactivity for both. Steady-state kinetic 

analysis of KDAC8 catalyzed deacetylation of the peptide substrates selected from each 

substrate profile confirms that these peptides retain their characteristics. Together these 

results demonstrate that the substrate specificity of KDAC8 is regulated by divalent metal 

ion bound to the active site.  

Second, we purify KDAC11 from E. coli and tested its substrate selectivity. We 

showed that KDAC11 activity is also modulated by metal ions. Due to the low activity on 

the coumarin substrate, we screened the reactivity of KDAC11 with a library of 384 

peptides (GXK(Ac)ZGC) to identify a suitable substrate for biochemical characterization 

of KDAC11. Unlike KDAC8, KDAC11 shows specific sequence preferences. The 

highest deacetylase activities were observed for Co2+–bound KDAC11 in three peptides 
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(GFK(Ac)LGC, GPK(Ac)LGC, GYK(Ac)LGC). Excitingly, the sequence GPK(Ac)LGC  

bears a close resemblance to Cdt1, a DNA replication licensing factor and proposed 

KDAC11 substrate. We measured the steady-state kinetic parameter for the IIAPPKLAC 

peptide. The kcat/Km for deacetylation of this sequence catalyzed by Zn2+-bound KDAC11 

is 1333-fold larger than the commercially available coumarin substrate, validating the 

superiority of this peptide as a KDAC11 substrate. Furthermore, the reactivity of 

KDAC11 with this sequence varies with the active site divalent metal ions (Fe 2+>Zn2+), a 

property also observed in KDAC8.  

Last, we evaluated the function Arg37 in KDAC8, implicated by the crystal 

structure of KDAC8, in catalysis. Substitution of Arg37 with either alanine (R37A) or 

glutamate (R37E) results in a 528-fold decrease in kcat/KM for the alanine mutant and 4 x 

105-fold for R37E mutant. Secondary structure analysis revealed that the Arg37A 

secondary structure is nearly identical to that of WT, indicating that the overall structure 

is unaffected by deletion of the Arg37 side chain. Furthermore Arg37 affects the 

interaction of KDAC8 with acetate, as the measured IC50 value for inhibition of turnover 

by acetate is increased by 160-fold in the R37A mutant. Altogether, these results show 

that Arg37 is important for catalysis and acetate affinity, and this can be potentially 

exploited for specific inhibition of KDAC. 

 

Future Directions 
 
 

This study provides compelling evidence for the critical role of metal ions in the 

regulation of KDACs. Future studies will evaluate the metal-dependent substrate 

specificity in vivo. KDACs represent an ideal platform to probe the metal ion regulation 
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of substrate specificity in mammalian cells. Pull-down studies using a bacterial 

deacetylase (LpxC) demonstrate switching of metal ions in response to nutritional 

changes. In the presence of high zinc in the media, the metal bound to LpxC switches 

from Fe2+ to Zn2. However, LpxC recognizes only one substrate. KDACs recognize many 

substrates. Isolation of KDACs from mammalian cells and analysis of the bound metal 

ion will greatly aid in understanding the in vivo regulation of KDACs by divalent metal 

ions. 

Furthermore, several KDACs operate in protein complexes that function in 

diverse cellular processes. In addition to altering substrate specificity, it is possible that 

the divalent metal ion regulates the interaction of KDACs with proteins complexes. By 

identifying binding partners, one could investigate these interactions and possibly 

pinpoint areas in the proteins that the metal ion shapes and facilitates binding. These data 

would aid in the development of specific inhibitors that target these binding interactions.   

The peptide library studies are the first study that analyzed the role of the metal 

ion in the regulation of KDAC substrate specificity. We are currently collaborating 

computational chemists to develop algorithms to predict substrates of Fe2+and Zn2+-

bound KDAC8. The peptide library analyses KDAC8 under a specific set of conditions. 

However, cellular conditions are dynamic meaning that they change in response to 

internal and external stimuli. Since, these results show that KDAC8 has metal ion 

dependent specific substrates, it is possible that alteration in the intracellular metal 

concentrations, perhaps due to redox stress, could alter the activity and substrate 

selectivity of the KDACs.  
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KDAC11 is a unique deacetylase since it belongs to a class by it-self. The 

substrate selectivity of KDAC11 shows that it has a unique sequence preference. The 

sequence motif identified from the peptide library studies is validated as a recognition 

site for this enzyme in vivo by the similarity of the Cdt1 sequence. Therefore, an analysis 

of the acetylated protein library could provide a list of potential proteins substrates for 

KDAC11. KDAC11 was successfully characterized primarily because we controlled the 

metal stoichiometry and monovalent cation concentrations. Most attempts at recombinant 

expression purification of KDACs from E. coli have been difficult. Consequently, 

successful isolation and biochemical characterization of each KDAC isozyme will 

involve a detail investigation of divalent and monovalent cation dependence as well as 

the substrate preferences.  

Finally, screens for inhibitors of metal-dependent KDACs are usually done either 

with purified, commercially available KDACs or in cell lysates aerobically. Therefore, 

the active site metal ion is Zn2+ and additional Zn2+ in the assays could lead to inhibition 

of KDAC.  These confounding issues with the active site metal ion could lead to incorrect 

identification of the best inhibitors from initial screens. Preferentially, these inhibitor 

screens should be performed with purified KDAC with a stoichiometric metal ion, 

preferably the metal used in vivo. Our data show that KDAC8 is generally most active 

when bound to Fe2+ (Figure 2.2) and in vivo data indicate that KDAC8 activity is oxygen-

sensitive (S. Gattis, personal communication) suggesting the formation of Fe2+-KDAC8 

in vivo. However, due to the reactivity with oxygen, measurement of the activity of Fe2+-

KDAC8 must be done anaerobically. Therefore, an inhibitor screen with Fe2+-bound 

KDAC8 would be prohibitively difficult. A possible reasonable mimic of Fe2+-KDAC is 
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the Co2+-bound form. Reactions of Co2+- and Fe2+-KDAC8 with a peptide library (see 

comparison in Figure 5.1) show that Co2+-KDAC8 generally catalyzes the deacetylation 

of acetylated peptides more rapidly than either the Fe2+- or Zn2+-bound enzymes.  

However, the substrate selectivity of Co2+-KDAC8 is more similar to the Fe2+-enzyme as 

a number of the Fe2+-specific peptides are readily deacetylated by Co2+-KDAC8. 

Therefore, the cobalt-bound KDAC8 better mimics the activity of the Fe2+-enzyme and is 

recommended for use in the screens for KDACi. 

 

Closing remarks 

  

In brief, KDACs play a fundamental role in many cellular processes. In normal 

cells, proper regulation of KDAC activity is necessary. Sustained activity of KDACs in 

tumor cells leads to proliferation, invasion. Since the bound catalytic metal is central to 

their activity and molecular recognition, a detailed understanding of role of the metal ion 

in the structure and function of KDACs will aid in understanding the specific role of 

these enzymes in eukaryotic cells and will be crucial to exploitation of this protein family 

for therapeutic inhibition in a variety of diseases.  
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Figure 5.1 Substrate selectivity of Fe2+ and Co2+-bound KDAC8.  GXK(Ac)ZGC 
peptide library (X and Z represent all AAs except Cys). The assays were done using 
MALDITOF (Figure2.1). The substrate plates were incubated with 1 µM Fe2+- or Co2+-
KDAC8 in  25 mM Tris pH 8, 137 mM NaCl, 2.7 mM KCl, 30°C for 1 h. 
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