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Abstract 

Histone deacetylases (HDAC) are enzymes pursued as drug targets in various cancers and several non-
oncological conditions, such as inflammation and neurodegenerative disorders. In the past decade, 
HDAC inhibitors have emerged as relevant pharmaceuticals, with many efforts devoted to the 
development of new representatives. However, the growing safety concerns regarding the established 
hydroxamic acid-based HDAC inhibitors tend to drive current research more toward the design of 
inhibitors bearing alternative zinc-binding groups. This perspective presents an overview of all non-
hydroxamic acid zinc-binding groups (ZBGs) that have been incorporated into the clinically approved 
prototypical HDAC inhibitor SAHA (suberoylanilide hydroxamic acid, vorinostat). This provides the 
unique opportunity to compare the inhibition potential and biological effects of different ZBGs in a 
direct way, as the compounds selected for this perspective only differ in their ZBG. To that end, 
different strategies used to select a ZBG, its properties, activity, and liabilities are discussed. 
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1. Introduction  

Lysine acetylation and deacetylation are vital posttranslational modifications found in diverse 

organisms, ranging from bacteria to humans.1, 2 These operations regulate protein function and 

structure, thereby influencing numerous cellular processes.3 Lysine deacetylases catalyze the 

hydrolysis of acetyllysine, which was first discovered to take place on -amino groups of lysine residues 

within histone tails, and consequently these enzymes have been referred to as histone deacetylases 

(HDACs).4, 5 Human HDACs occur in eighteen isoforms, also called isozymes, and can be classified into 

two major groups. Group 1 comprises class I (HDAC1-3 and 8), class IIa (HDAC4, 5, 7 and 9), class IIb 

(HDAC6 and 10) and class IV (HDAC11), encompassing eleven zinc-dependent isozymes, while group 2 

includes class III HDACs or sirtuins, which are NAD+-dependent.6 HDACs likely evolved from a common 

metalloprotein ancestor with arginases, a class of manganese metalloenzymes. These enzyme families 

both contain a characteristic / hydrolase fold and a conserved metal binding site.7-9  

Lysine deacetylases act upon a much broader substrate scope than just histone tails, which challenges 

the historical “HDAC” nomenclature and classification. Myriad non-histone proteins,10, 11 polyamines 

(HDAC10)12 and lysine fatty acids (HDAC11)13, 14 are also substrates of HDAC enzymes. Moreover, class 

IIa HDACs are weak deacetylases because an essential catalytic tyrosine residue is replaced by a 

histidine moiety in their active site, and they possibly serve rather as scaffolds in macromolecular 

complexes.15-17  

HDACs are upregulated in various types of cancer and are associated with neurodegeneration and 

immune disorders,18-24 rendering them important therapeutic targets to inhibit from a pharmaceutical 

perspective. To date, four HDAC inhibitors (panobinostat, belinostat, vorinostat, romidepsin) have 

been FDA-approved for use in hematological cancer treatment,25-28 and tucidinostat (Epidaza) has been 

approved by the NMPA (formerly CFDA)29, 30 to treat hematological and breast cancers. In addition, a 

large number of HDAC inhibitors (HDACi) are currently in clinical trials,11, 31, 32 and plenty more have 

been published.33, 34 Most HDACi bear a hydroxamic acid (HA) functionality to chelate the Zn2+ ion in 

the catalytic pocket of HDACs 1 to 11. Despite their powerful HDAC inhibitory activity, concerns have 

been raised about the clinical use of HA-based HDAC inhibitors. They exhibit poor pharmacokinetics as 

a result of rapid clearance and it has been suggested that the observed cardiac adverse side effects 

upon use of HDACi might be caused by hERG channel inhibition and non-selective metal binding by the 

powerful HA. The primary concern, however, is the mutagenicity that could result from the 

transformation of the HA into an isocyanate susceptible to nucleophilic attack by DNA residues.35, 36 

Therefore, there is a high need to identify powerful HA substitutes as a means of providing safer HDACi 

that could also be included in (long-term) non-oncological applications. 

Identifying valuable alternative zinc-binding groups (ZBG) is a challenging task because of the large 

number of functional groups able to bind metals and the chemical potential to chelate a zinc ion alone 

does not suffice to ensure activity in a biological setting. The importance of the identity of the ZBG is 

justified by its contribution to the binding affinity, its influence on the selectivity, and even the binding 

mode of the inhibitor molecule. Non-hydroxamic acid (non-HA) HDACi that have already been 

synthesized and evaluated in vitro serve as a source of inspiration to many researchers for the design 

of novel HDACi with an alternative ZBG. The choice of this ZBG, however, has often been based on the 

comparison of the activity of molecules that not only differ in their ZBG but also in the cap group and 

the linker unit. Because the latter two components significantly influence the binding of compounds 

and even the chelation potential of the ZBG, it is impossible to attribute the observed inhibitory activity 

to the ZBG alone. Consequently, this has hampered the way forward to select the most valuable ZBG.37 

Therefore, in this perspective, we provide an unprecedented overview of alternative zinc-binding 
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groups that have been incorporated in the clinically-approved prototypical HDAC inhibitor SAHA 1 

(suberoylanilide hydroxamic acid, vorinostat, Figure 1). SAHA 1 is a nanomolar non-selective, 

competitive class I and II HDAC inhibitor,38-40 often used as a pharmacophore for the synthesis of 

analogs, the introduction of non-hydroxamic acid zinc-binding groups and as a tool compound to 

investigate the effects of structural modifications on binding, activity and selectivity. Moieties inserted 

on or near the hydroxamic acid zinc-binding group were not included, as these do not represent 

alternative ZBGs, but rather a modification to improve binding. Thus, only compounds differing in their 

ZBG were selected for this perspective, providing a unique opportunity to compare the inhibition 

potential and biological effects of different ZBGs in a direct way. The rationale to select these functional 

groups as ZBG candidates is also discussed, as a source of inspiration for medicinal chemists and to 

make connections with the observed activity. 

  

Figure 1 Structure of the prototypical HDAC inhibitor SAHA 1 (suberoylanilide hydroxamic acid, vorinostat). 

2. Catalytic and inhibition mechanism 

HDACi can act as transition state or substrate analogs, hence knowledge of the catalytic mechanism 
provides a strong basis for developing new inhibitors. It is also crucial to understand the inhibition 
mechanism and the properties underlying the strong binding capacity of hydroxamic acids to identify 
and select potent substitutes. 

2.1 Catalytic mechanism 

Crystal structures are essential to understand the molecular properties of HDAC function, selectivity, 

and inhibition and have been identified for HDACs 1-4,41-43 6-844-47 and 10.12 The catalytic mechanism 

has been mainly elucidated based on structural and enzymological studies of HDAC6 and 8, elaborating 

on a bacterial homolog-based mechanistic proposal.48, 49 Comparison of the X-ray crystal structures of 

the catalytic sites of human HDAC6 (hCD1 and 2, Homo sapiens) and HDAC6 from zebrafish (drCD1 and 

2, Danio rerio) indicated that the drHDAC6 is an appropriate substitute for hHDAC6, generating crystals 

of higher quality that are easier to analyze. Crystal structures of drCD2 in the unliganded state and in 

complex with a fluorogenic peptide substrate provided insights into the catalytic mechanism.44 In the 

unliganded state, the nucleophilic water molecule present in the catalytic site forms a hydrogen-

donating and a hydrogen-accepting bond with two histidine residues (H573 and H574, drHDAC6 

numbering) and coordinates with the Zn2+ ion (Figure 2, A). Upon substrate binding, the carbonyl 

moiety binds with the zinc ion without displacing the water molecule, resulting in a penta-coordinated 

zinc ion (Figure 2, B). This scissile carbonyl is further activated for nucleophilic addition of the water 

molecule by a hydrogen bond with a tyrosine moiety (Y745). Coordination lowers the pKa of the water 

molecule sufficiently to allow deprotonation by a histidine residue (H573), followed by nucleophilic 

addition across the carbonyl group. The resulting tetrahedral oxyanion intermediate is stabilized by 

Zn2+ and by hydrogen bonds with neighboring amino acids (Figure 2, C). The ultimate collapse of this 

intermediate into lysine and acetate is initiated by the protonation of the amino group by a histidine 

residue (Figure 2, C, and D).49 The (de)protonation events by histidine residues differ slightly between 

HDACs. In HDAC6, a tandem histidine pair ensures a dual general base (H573)-general acid (H574) 

function (Figure 2, B and C), while in HDAC8 H143 serves as a single general base-general acid, and 
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H142 remains positively charged, functioning as an electrostatic catalyst (Figure 2, E and F).7, 44, 47, 49 In 

conclusion, a carbonyl group, either from a peptide, ester, ketone, or aldehyde is subjected to 

hydration in the active site of a zinc hydrolase, as long as the carbonyl moiety is isosteric to the natural 

substrate.44 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

Figure 2 Mechanism of acetyllysine hydrolysis catalyzed by HDACs, exemplified for HDAC6 (A-D) and HDAC8 (E-F). A) 
Unliganded state of the catalytic pocket of zebrafish HDAC6 (Danio rerio, drHDAC6). B) Binding of the acetyllysine substrate 
in the active site of drHDAC6, with indicated activation of the scissile carbonyl function and the nucleophilic water molecule. 
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C-D) Collapse of the intermediate and release of reaction products. E-F) In human HDAC8 H143 serves as a single general base-
general acid.44 

2.2 Inhibition of histone deacetylases by hydroxamic acids 

Hydroxamic acid (HA)-based structures represent the most studied class of HDACi, owing to their high 
metal chelating potential. This makes them excellent zinc-binding groups in HDAC inhibitors, resulting 
in IC50 values in the low nanomolar range.32, 50-53 SAHA is an nonselective inhibitor of both class I and II 
HDACs (IC50 ~ 50 nM),38, 54 but more recent studies demonstrate a hundred-fold selectivity toward 
HDAC8 of class I.55, 56 SAHA is a competitive inhibitor with a fast-on/fast-off binding behavior, resulting 
in a rapid induction of hyperacetylation with a maximal level after 6 hours of treatment (SH-SY5Y cells). 
Indeed, the kinetic association rates determined using purified enzymes appeared predictive of the 
cellular kinetics of histone acetylation.57, 58 The protonation state of the hydroxamic acid moiety of 
SAHA upon binding has been, however, under debate for more than a decade. Computational studies 
by Duca et al.59 have demonstrated a decrease in pKa with ~3.3 units upon complexation of zinc in the 

active site of the metalloprotease TACE (tumor necrosis factor  converting enzyme), which has an 
active site similar to HDACs. This could contribute to the excellent inhibition properties of HAs: they 
are present in neutral form in an aqueous solution (pKa is 9.4 for aliphatic HAs), which results in a small 
desolvation penalty upon binding. Complexation to zinc lowers the pKa of HAs sufficiently to enable 
deprotonation by an adjacent histidine in the active site.60 Some experimental and theoretical studies, 
however, assume a neutral hydroxamic acid to be present.61 According to a class-dependent 
hypothesis,60 SAHA is deprotonated in class I HDACs due to a conserved tyrosine residue, and is neutral 
in class IIa HDACs due to a histidine residue that increases binding affinity. This hypothesis has been 
contested and a metal-dependent mechanism was proposed, describing that the deprotonation of 
SAHA is mostly modulated by the metal ion (Ca2+/K+) in the second metal site.62 Models taking into 
account the second metal site and one or two water molecules constructing hydrogen bonds with 
SAHA and glycine/tyrosine residues in HDAC2/7/8 show that deprotonated SAHA is much more stable 
within HDAC7/8, but cannot be theoretically differentiated for HDAC2.62 For HDAC6, Christianson et 
al. described that a negatively-charged hydroxamate is formed upon binding.44, 63 

Next to the protonation/deprotonation debate, the stabilities of the different HA conformers and the 
deprotonation sites (OH and NH) have been studied. Density-functional theory (DFT) studies (B3LYP) 
identified the 1Z-keto form as the most stable form (Figure 3). For the metal-free molecule, 
deprotonation of the NH group is thermodynamically favored, while metal coordination occurs to the 
O-deprotonated 1Z-keto HA (Figure 4).64 This is corroborated by the C-O and C-N bond lengths of 1.223 
Å and 1.315 Å, determined from the crystal structure of SAHA in complex with Danio rerio HDAC6 (PDB: 
5EEI), which correspond to what is expected for the keto form.44, 65 

 

Figure 3 E and Z isomers of the keto and enol forms of hydroxamic acids.66 

SAHA binds the Zn2+ ion present in the catalytic site in a bidentate manner through its carbonyl group 
and oxyanion, constituting a stable five-membered ring, as was observed in crystal structures of 
zebrafish HDAC6 (Danio rerio, drHDAC6)44 and an HDAC8 homolog.46, 48 Monodentate coordination has 
been observed for other HA-based HDACi, for example in crystal structures of inhibitors with a phenyl 
linker unit.11, 67, 68 Upon bidentate coordination, the Zn2+-associated water molecule is displaced, while 
the oxyanion and carbonyl group of the deprotonated hydroxamic acid interact with H573 and Y745, 
respectively, and the NH forms a hydrogen bond with H574 (Figure 4, drHDAC6 numbering). A very 
similar binding mode is observed in X-ray studies of the hydroxamic acid analog of N8-acetylspermidine 
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in complex with HDAC10.69 The high affinity of HA-based HDAC inhibitors likely results from this specific 
constellation of hydrogen bonds and metal interactions.63 

            

Figure 4 Bidentate (A) and monodentate (B) binding modes of hydroxamate anion in the catalytic cavity of Danio rerio HDAC6. 
Dashed lines: hydrogen bonds, solid lines Zn2+: metal-coordination interactions.67

 

Two types of molecular geometries of the Zn2+-inhibitor interactions are common in most zinc 
enzymes: tetrahedral, as a result of the substitution of the non-protein fourth zinc ligand (a hydroxide 
ion or water molecule) by the inhibitor, and trigonal-bipyramidal, after addition of the inhibitor to the 
zinc coordination sphere, in which the zinc ion is coordinated by the three protein ligands, a water 
molecule and the inhibitor (Figure 4).70  

Based on the catalytic and inhibition mechanisms, a number of strategies can be identified to replace 
the hydroxamic acid as a ZBG to overcome therapeutic limitations, i.e. the introduction of (i) a stable 
structure incorporating the favorable structural features of the unstable transition state conformation, 
which are not present in the ground state,71 (ii) analogs of the natural substrate, (iii) hydroxamic acid 
mimics, serving as bidentate ligands, and (iv) functional groups that can engage in extensive hydrogen 
bonding and strong metal chelation in the catalytic site. For example, thiol-containing moieties can be 
viable alternatives considering the thiophilic nature of the zinc ion. Next to these, inspiration for the 
selection of alternative zinc-binding groups may arise from existing bioactive and natural molecules. 
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3. Overview of potential alternative zinc-binding groups 

Table 1 Overview of SAHA analogs containing a non-hydroxamic acid zinc-binding group evaluated against HDAC-containing nuclear extract (typically rich in class I HDACs), and/or selected 
recombinant human HDAC isozymes and corresponding inhibitory potencies (IC50, in µM). The IC50 determined for SAHA 1 in the same experiment is mentioned as a reference to enhance the 
comparability of the results.   

 

Entry 
Compound 

number 
R n HDACa 

IC50 
(µM)b 

IC50 SAHA 
(µM) 

Opportunities/Liabilities Reference 

1 2 
 

6 HeLa nuclear extract > 100 0.28 
Micromolar activity against HDACs after 
optimization of cap and linker groups. 

72 

2 6 
 

6 HDAC1/2 from K562 extract 6.7 NDc 
Selectivity for class IIa over class I is possible. 

Readily reduced to the inactive alcohol in 
biological environments. 

73 

3 9 

 

6 HeLa nuclear extract 0.34 NDc 
Readily reduced to the inactive alcohol in 

biological environments. 
74, 75 

4 12 

 

6 HeLa nuclear extract 8.9 0.099 Selectivity over HDAC6.  
Non-selective antiproliferative effect on 

Plasmodium falciparum and Jurkat, K562, 
and HEK293 human cell lines that could be 

HDAC-independent. 

37 

 

  HDAC6 > 300 0.033 

37 

5 13 

 

6 HeLa nuclear extract 77.1 0.099  37 

 
 HDAC6 > 300 0.033  37 

6 14 

 

6 HeLa nuclear extract 63.8 0.033  37 

   HDAC6 > 300 0.033  37 

7 15 

 

6 HeLa nuclear extract > 100 0.099  37 

   HDAC6 > 300 0.033  37 

8 16 6 HeLa nuclear extract > 40 0.37  76 
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HDAC8 > 40 0.82  76 

9 23 -SH 6 HeLa nuclear extract 0.21 0.28 Zinc is thiophilic. 
Prone to dimerization. 

A prodrug is required to enhance cell 
penetration. 

Only moderate cancer cell growth inhibition 
by S-acetyl prodrug. 

77-79 
    HeLa nuclear extract 0.058 0.055 80 
    HDAC1 0.218 0.136 80 
    HDAC6 0.074 0.082 80 

10 24 -SAc 6 HeLa nuclear extract 7.1 0.28 77-79 

11 25 -SMe 6 HeLa nuclear extract > 100 0.28  77-79 

12 26 
 

6 HeLa nuclear extract 
HDAC8 

> 40 
> 40 

0.37 
0.82 

 76 
 

13 27 
 

6  
HeLa nuclear extract > 40 0.37  

76 HDAC8 > 40 0.82  

14 29 

 

5 HeLa nuclear extract 8.1 0.051 
(HDAC1) 

 

81 
0.172 

(HDAC2) 

15 30 

 

4 HeLa nuclear extract 2.80 0.060 Functional mimic of HA. 
Inherent selectivity for HDAC6. 

Selectivity for Schistosoma mansoni over 
human HDAC8. 

Antiparasitic activity. 
In vitro neuroprotection without toxicity. 

Prone to dimerization. 
A prodrug is required to enhance cell 

penetration. 

82 

  5 HeLa nuclear extract 1.10 0.060 82 
   HeLa nuclear extract 0.39 0.28 79 

  

6 HeLa nuclear extract 2.44 0.37 76 

 

HDAC8 3.89 0.82 76 

16 33 

 

5 HeLa nuclear extract 22 
20.1 

0.28 
0.37 

79 
76 

17 35 

 

5 HeLa nuclear extract > 100 0.28  77,79 

  
 HeLa nuclear extract > 40 0.37  76 

HDAC8 > 40 0.82 76 

18 36 

 

5 HeLa nuclear extract >100 0.28  77,79 
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19 37 

 

4 HeLa nuclear extract 1.50 0.06  82 
  5 HeLa nuclear extract 2.50 0.06  82 
  6 HeLa nuclear extract 2.35 0.06  82 

20 38 
 

6 HeLa nuclear extract > 100 0.28  78 

21 39 
 

6 HeLa nuclear extract 0.15 0.37 Potential not further explored. 76 

 HDAC8 0.69 0.82 76 

22 40 
 

6 HeLa nuclear extract 
HDAC8 

0.081 
0.19 

0.37 
0.82 

 76 

 76 

23 41 
 

6 HeLa nuclear extract > 40 0.37 
 

76 

 HDAC8 >40 0.82 76 

24 44 

 

6 HeLa nuclear extract 0.050 0.079 
Lacks cellular activity. 

Structural optimization delivered nanomolar 
HDAC6-selective inhibitors. 

83 

25 50 

 

5 HeLa nuclear extract 0.7 ND Possibly acts as a prodrug for thiols. 81 

 

  HDAC1 0.046  0.051 

 81 
  HDAC2 0.18  0.17 
  HDAC6 0.068  0.017 
  HDAC10 0.14  0.080  

26 51 
 

6 HeLa nuclear extract 230 0.28  79 

27 52 
 

5 HeLa nuclear extract 7500 0.28  79 

28 53 
 

5 All HDAC isoforms NAc,d NDe  84 

29 54 
 

6 HeLa nuclear extract > 100 0.28  79 

30 55 
 

6 HeLa nuclear extract 48 0.28 
A partial negative charge on oxygen could 

enable potent zinc coordination. 
85 

31 56 
 

4 HeLa nuclear extract 0.51 1.1 Non-hydrolyzable. 86 
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   5 HeLa nuclear extract 0.36 1.1 

Increased lipophilicity. 
π-system can interact with hydrophobic 

environment 
Prone to dimerization. 

No cellular data. 

86 

32 57 
 

5 HeLa nuclear extract 2000  0.11 Cytotoxic effect possibly due to off-target 
effects or inhibition of HDAC isozymes not 

included in assay. 

54 
HDAC8 280 0.27 

33 58 
 

5 HeLa nuclear extract 6100  0.11 
 54 

HDAC8 390 0.27 

34 59 
 

5 HeLa nuclear extract 8200 0.11 
 54 

HDAC8 390 0.27 

35 60 

 

4 HeLa cell extract 2200 0.2 No cellular data. 

87 

   HDAC8 NDe 1 

   HDAC3 NDe 0.24  
   5 HeLa cell extract 60 0.2  
    HDAC8 179 1  
    HDAC3 690 0.24  
   6 HeLa cell extract 3900 0.2  
    HDAC8 NDe 1  
    HDAC3 NDe 0.24  

36 61 

 

4 HeLa cell extract 360 0.2  

87 
 

   HDAC8 NDe 1  
   HDAC3 NDe 0.24  
   5 HeLa cell extract 70 0.2  
    HDAC8 129 1  
    HDAC3 240 0.24  
   6 HeLa cell extract 490 0.2  
    HDAC8 NDe 1  
    HDAC3 NDe 0.24  

37 62 

 

5 HeLa cell extract 50 0.2  87 
   HDAC8 49 1   
   HDAC3 103 0.24   

38 63 

 

5 HeLa nuclear extract 80 0.28 
Similar binding mode to HA. 

High desolvation penalty. 
79, 88 



 

12 
 

39 64 

 

5 HeLa nuclear extract 150 0.28  79 

40 65 

 

4 

Only cytotoxicity NDe NDe 

Bidentate chelation, stable six-membered 
coordination complex. 

Dose-dependent cytotoxicity, limited effect 
on healthy cells. 

No HDAC inhibition data. 

89 
  5 

41 66 

 

4 HeLa nuclear extract 238 NDe High selectivity for HDAC1-3. 
Active in in cellulo and in vivo models of 

Friedreich’s ataxia and Huntington’s disease, 
but results are contested. 

More persistent histone hyperacetylation. 
Metabolic liabilities. 

90 

  

5 

HeLa nuclear extract 78 NDe 90 

   HDAC1 1.51 NDe 

91 
   HDAC2 2.23 NDe 

   HDAC3 0.25 NDe  
   HDAC8 and class II > 50 NDe  

   6 HeLa nuclear extract 
120 
87 

0.28 
NDe  

79 
90 

42 68 

 

5 HeLa nuclear extract 204 NDe  90 

43 69 

 

5 HeLa nuclear extract 500 NDe  90 

  6 HeLa nuclear extract 85 NDe  90 

44 70 

 

5 HeLa nuclear extract 123 NDe  90 

  6 HeLa nuclear extract 186 NDe  90 

45 71 

 

5 HeLa nuclear extract 54 NDe  90 

  6 HeLa nuclear extract 470 NDe  90 

46 72 

 

5 HeLa nuclear extract > 1 mM NDe  90 

47 73 

 

5 HeLa nuclear extract 438 NDe  90 
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48 74 

 

5 HeLa nuclear extract 387 NDe  90 

49 75 

 

5 HeLa nuclear extract 140 NDe  90 

  6 HeLa nuclear extract 99 NDe  90 

50 76 

 

5 HeLa nuclear extract 17 NDe  90 

51 77 

 

5 HeLa nuclear extract 84 NDe  90 

52 80 -SeCN 6 HeLa nuclear extract 8.9. 10-3 0.20 
Selenium interferes in cell cycle progression 

pathways. 
92 

53 81 
 

6 HDACf > 1 NDe 
No cytotoxic effect on different cancer cell 

lines. 
93 

54 98 

 

4 
5 
6 

HDACf > 1 NDe 

No cytotoxic effect on different cancer cell 
lines. 

88 

55 99 

 

4 
5 
6 

HDACf > 1 NDe 88 

56 100 

 

4 
5 
6 

HDACf > 1 NDe 88 

a Substrate used in the assay to determine the inhibitory activity of the SAHA analogs. 
b The standard deviations were < 30% of the IC50 values. 
c NA: No activity 
d Tested against all HDAC isoforms at 10 µM and 100 µM, at which no or very limited inhibition was observed.  
e ND: Not determined 
f Not specified how the assay was performed. 
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Table 2 Overview of the SAHA analogs containing a non-hydroxamic acid zinc-binding group evaluated against all recombinant human zinc-dependent HDAC isoforms, i.e. class I (HDAC1-3 and 
8), class IIa (HDAC4, 5, 7, and 9) and class IIb (HDAC6 and 10). The standard deviations were < 30% of the IC50 values. 

   
 

 

  

Entry 
Compound 

number 
n R 

IC50 (µM) HDAC  
Ref 

1 2 3 4 5 6 7 8 9 10 11 Opportunities/Liabilities 

1 1  SAHAb 0.021 0.032 0.028 24.0 50.0 0.051 70.0 3.0 > 100 0.11 0.03  

84 

2 6 6 
 

7.8 1.4 0.3 0.04 0.9 2.2 0.6 1.7 5.9 19.0 100.0 See Table 1. 

3 10 6 
 

2.7 6.0 0.6 > 100 > 100 18.0 > 100 27.0 NDa 5.0 57.0 

Stable geminal diol.  
Low micromolar 

inhibition of HDAC1-3 
and 10, high selectivity 
over HDAC4,5,7 and 11. 
Increased lipophilicity.  
No info on metabolic 

stability. 

4 1  SAHAc 0.061 0.24 0.25 0.21 0.15 0.10 2.48 0.18 0.02 0.15 0.1   

5 19 6 

 

56.7 100 18.6 65.7 59.3 > 100 36.2 22.6 30.7 > 100 > 100 

N-methyl substituent is 
responsible for the 

activity. 
No cellular data. 

94 

6 1  SAHAd 0.044 0.089 0.14 6.86 > 10 0.17 > 10 1.53 7.37 0.24 > 10   

7 66 6 

 

0.83 0.53 0.38 > 10 > 10 > 10 > 10 > 10 > 10 > 10 > 10 See Table 1.  

8 79 6 

 

0.045 0.12 0.020 > 10 > 10 > 10 > 10 > 10 > 10 > 10 > 10 
Interaction with the 

allosteric site. 
No zinc-binding. 

95 

9 86  TSAe,f NDa NDa NDa NDa NDa 0.0004 0.09 NDa NDa NDa NDa  96 
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10 82 4 

 

> 1000 > 1000 > 1000 > 1000 > 1000 132 > 1000 > 1000 > 1000 > 1000 > 1000 

High selectivity for 
HDAC6 

Selectivity can be 
switched by changing 
the substituent on the 

nitrogen atom.  
No cellular data. 

11 83 4 

 

> 1000 > 1000 > 1000 > 1000 > 1000 174 > 1000 > 1000 > 1000 > 1000 > 1000 

12 84 4 
 

> 1000 > 1000 > 1000 > 1000 > 1000 74.5 > 1000 > 1000 > 1000 > 1000 > 1000 

13 85 4 

 

> 1000 > 1000 > 1000 > 1000 > 1000 > 1000 > 1000 > 1000 > 1000 > 1000 > 1000 

a ND: Not determined. 
b Fluorogenic substrate used: Leu-Gly-Lys(Ac)-AMC for HDAC1-3, 6 and 11. Ac-Leu-Gly-Lys(TFA)-AMC for HDAC4-5 and 7-9, Ac-Arg-His-Lys(Ac)-Lys(Ac)-AMC for HDAC10. AMC = 

aminomethylcoumarin, TFA = trifluoroacetyl. 
c Fluorogenic substrate used: Ac-Lys(TFA)-AMC for HDAC4, 5, 7, and 9. Arg-His-Lys-Lys(Ac), for the other HDACs. HDAC inhibition fluorescence assay was conducted as described by Hanessian et 

al97. and Galletti et al.96 
d Fluorogenic substrate used: Boc-Lys(Ac)-AMC for HDAC1-3 and 6 . Boc-Lys(TFA)-AMC for HDAC4-5 and 7-9. AMC = aminomethylcoumarin, TFA = trifluoroacetyl. No specification of the substrates 

used to determine HDAC10 and 11 inhibition could be found. HDAC inhibition fluorescence assay was conducted as described by Li et al.98 
e Trichostatin A (TSA) was used as a reference compound. It is a low nanomolar inhibitor of class I and II HDACs.99 
f  Fluorogenic substrate used: Arg-His-Lys-Lys(Ac)
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3.1. Boronic acids 

The introduction of a boronic acid functionality in bioactive molecules has been demonstrated to 
improve selectivity, physicochemical and pharmacokinetic properties, and activity.100-104 It is a strong 
Lewis acid, despite the presence of two hydroxy groups, owing to the empty p-orbital of the sp2-
hybridized boron atom (Figure 5). This enables boronic acid compounds to form reversible covalent 
bonds with amino acids, a trait exploited by the blockbuster drug Bortezomib for the treatment of the 
hematological cancer multiple myeloma.105, 106 In addition, boronic acid is also able to bind diol units 
as present in saccharides and is considered to be a bioisostere for carboxylic acids in drug design.107, 

108 Hence, this functional group has drawn considerable attention from medicinal chemists.109 The use 
of boronic acid as a chelator of active site metals to induce inhibition of the enzyme of interest seems 

to be studied to a lesser extent, but was done for metallo--lactamases, coordinating zinc and acting 
as tetrahedral intermediate, which proved to be successful.110  

 

Figure 5 Ionization equilibrium of boronic acids in water, when acting as a Bronsted acid (top) or as a Lewis acid (bottom).111 

The acidity of boronic acid is influenced by the substituent attached to the boron atom, with a pKa 
ranging from 4-10 in water. The most electrophilic boron atom is present in the most acidic boronic 
acids and can best form and stabilize a hydroxyboronate anion.112 Therefore, with the appropriate 
substituent, boronic acids can be converted from a neutral and trigonal planar sp2 hybridization to an 
anionic tetrahedral sp3-hybridized boron atom under physiological conditions (Figure 5).111, 113-115 
Considering that breaking an amide bond, as done by HDACs, requires the conversion of an sp2 carbon 
atom to a tetrahedral sp3 carbon atom, boronic acids may represent a suitable transition state analog 
for the inhibition of HDACs.116-118 

The boronic acid analog of SAHA 2 should be capable of coordinating zinc when hydrated, for which 
both bidentate (Figure 6) and monodentate binding modes have been proposed (Figure 7).85, 119 For 
the monodentate model, it was suggested that two hydrogen bonds are formed with tyrosine and 
histidine residues in HDAC1, contributing to the inhibitory strength (Figure 7).119 

 
 
Figure 6 Model for the bidentate binding of hydrated boronic acid with a zinc ion as present in the catalytic site of histone 
deacetylases. Dashed lines: hydrogen bonds, solid lines Zn2+: metal-coordination interactions 85 
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Figure 7 Proposed mechanism of inhibition of HDACs by boronic acids (HDAC1 numbering), showing monodentate binding of 
the hydrated boronic acid to the zinc ion. Dashed lines: hydrogen bonds, solid lines Zn2+: metal-coordination interactions 119 

Despite the analogies and coordination potential, replacing the hydroxamic acid moiety in SAHA with 
a boronic acid appeared to be detrimental to its activity (Table 1, compound 2, IC50 HeLa nuclear extract 
> 100 µM). Enhancing the binding capacity by changing the cap group and linker unit, however, did 
lead to functional inhibitors with low micromolar activity against HDACs from HeLa nuclear extract 
and/or human recombinant HDAC1, 2, 8, 6.119  

Herbst-Gervasoni et al. determined the crystal structure of N8-acetylspermidine boronic acid analog 3 
in complex with zebrafish HDAC10 (Danio rerio, drHDAC10) and compared it with its hydroxamic acid 
counterpart 4 (Figure 8). The boronic acid moiety was present in this complex as a tetrahedral boronate 
anion, formed after hydration of the boronic acid, presumably by the Zn2+-bound water molecule, 
thereby mimicking the first step in the hydrolysis of substrate N8-acetylspermidine. The boronic acid 
analog displayed little activity (IC50 drHDAC10 = 400 µM), in contrast to the hydroxamic acid (IC50 = 120 
nM).69  

 

Figure 8 Binding modes of N8-acetylspermidine boronic acid analog 3 and hydroxamic acid analog 4, determined from the crystal 
structure of the respective drHDAC10/inhibitor complexes. Dashed lines: hydrogen bonds, solid lines Zn2+: metal-coordination 
interactions.69 

The loss of activity upon replacing the hydroxamic acid with a boronic acid was also observed in potent 
bicyclic tetrapeptides120 and a phenyl-based HDAC6i screening.121 Taken together, boronic acid might 
not represent a potent hydroxamic acid alternative for zinc complexation in HDAC inhibitors, but 
micromolar inhibition can be achieved after optimization of the cap group and linker unit, inferring 
improved interaction with the protein surface and the channel to the catalytic site.   

3.2. Electrophilic ketones 

Electrophilic ketones are known to act as inhibitors of several hydrolytic enzymes, including aspartyl 

and serine proteases, and zinc-dependent enzymes such as metallo--lactamase and carboxypeptidase 
A. They mimic the substrate transition state as hydrates (geminal diols) and can coordinate the active 
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site zinc ion (Figure 9). This instigated interest in the development of non-hydroxamic acid HDACi 
bearing an electrophilic ketone.77, 122-124  

 

Figure 9 Hydration of electrophilic ketones, followed by coordination with the Zn2+ ion.77 

3.2.1. Trifluoromethyl ketones 

The use of trifluoromethyl ketones (TFMKs) as a zinc-binding moiety in HDAC inhibitors was pioneered 
by Frey et al., inspired by the success of TFMKs as inhibitors of phospholipases, aspartyl, cysteine, and 

serine proteases, and zinc-dependent enzymes such as metallo--lactamases and carboxypeptidase 
A.122, 125-132 

-Fluorinated ketones are more electrophilic compared to other ketones, as a result of the strong 
electron-withdrawing effect of the fluorine atoms. Consequently, trifluoromethyl ketones (TFMK) are 
hydrated in aqueous solutions at physiological pH. The resulting tetrahedral geminal diol is a transition 
state analog of the HDAC catalysis mechanism. Work by the Christianson group showed, using the 
TFMK analog of N8-acetylspermidine, that the TFMK hydrate 5 can bind in a bidentate manner and 
non-symmetrically with the zinc ion in the active site of zebrafish HDAC6 (Danio rerio), at a distance of 
2.0 Å between Zn2+ and O1, and 2.5 Å between Zn2+ and O2 (Figure 10). The stronger interaction of 
Zn2+ and O1 can indicate that ionization to an oxyanion has occurred, which would be inductively 
stabilized by the adjacent trifluoromethyl moiety. Moreover, these oxygens atoms engage in hydrogen 
bonds with amino acid residues of the catalytic site, more specifically O1 with Y745 and O2 with 
tandem histidine residues H573 and H574, that fulfill general acid-base functions in catalysis (HDAC6 
numbering). This binding is similar to the interactions for the binding of the acetate product after N-
acetyl lysine hydrolysis.44 A very similar binding mode has also been observed for TFMK analogs of N8-
acetylspermidine in HDAC10, determined by X-ray analysis of the crystal complex.69  

 

Figure 10 Interaction of the hydrated trifluoromethyl ketone with the zinc ion and amino acid residues present in the catalytic 
site of Danio rerio HDAC6. Dashed lines: hydrogen bonds, solid lines: metal-coordination interactions.12 

The trifluoromethyl ketone derivative of SAHA 6 exhibits an overall good to strong inhibition of all 
HDAC isoforms (Table 1 and Table 2), outcompeting the HA in inhibiting HDAC4, HDAC5, HDAC7 (IC50= 
0.04 - 0.9 µM) and HDAC9 (IC50= 5.9 µM) and low micromolar inhibition of HDACs 1-3, 6, 8 and 10.73, 84 
Selectivity of TFMKs for class IIa over class I HDACs could be expected, since sequence alignments and 
modeling suggested that the TFMK binding pocket would be larger in HDACs 1-3 with less favorable 
contacts compared to class IIa enzymes.43 The TFMK analog of N8-acetylspermidine did not exhibit this 
selectivity profile and was more potent in inhibiting HDAC10 than its HA counterpart (IC50 zebrafish 
HDAC10 = 80 nM and 120 nM, respectively).69 This can be explained by the substrate used in the 
biochemical assays. For analysis of the N8-acetylspermidine analogs, an acetylpolyamine hydrolysis 
assay was employed,69 while the potencies of the SAHA analogs were determined with a peptide-based 
assay.84 The former appears to be a more reliable method,133 considering HDAC10 is characterized as 
a polyamine deacetylase.12 Bisthiazole-based trifluoromethyl ketone HDACi demonstrated similar 
potencies against HDACs 1, 3, 4 and 6.134 Isoform-selectivity and activity can thus be enhanced and 
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even altered via the cap group and/or linker unit, which was also observed in a series of 5-aryl-2-
(trifluoroacetyl)thiophene analogs that inhibited HDAC4 and HDAC6 in nanomolar concentrations, 
while maintaining a hundred-fold selectivity toward HDAC1.135 Also, the introduction of a thiophene 
linker furnished class II selective HDACi with low micromolar to nanomolar activity.136, 137  

The importance of the trifluoromethyl moiety compared to less or more fluorine substitutions has 
been investigated by employing thiophene-based HDACi 7 evaluated against HDACs 1, 3, 4, and 6 
(Table 3). Di- and trifluoromethyl and pentafluoroethyl analogs were prepared and incorporated in the 
same inhibitor. Double fluorine substitution significantly decreased activity against HDACs 3 and 4 but 
enhanced HDAC6 inhibition over ten-fold. Surprisingly, this compound was not further pursued as a 
potential HDAC6-selective inhibitor. The introduction of the pentafluoroethyl group eliminated the 
inhibition of HDAC4 and HDAC6. The drop in inhibition of HDAC4 can be explained by the size of the 
cavity surrounding the zinc ion (X-ray crystal of HDAC4). The trifluoromethyl group fits in there tightly, 
approaching a proline residue within Van der Waals distance at the bottom of the cavity. The 
pentafluoroethyl group is more sterically hindered, hence the loss in activity.136 The activity of the 
pentafluoroethyl ketone analog of SAHA was assessed against HDAC1 and HDAC2 (prepared from K562 
erythroleukemia cell extract), but this molecule proved to be inactive.125  

Table 3 Inhibitory activity of thiophene-based fluorinated HDAC inhibitors. 

 

 HDAC IC50 (µM) 

R 1 3 4 6 

CF3 2 1.7 0.13 0.2 

CHF2 9.7 
42% 

inhibition 
at 10 µM 

7.6 0.015 

CF2CF3 4.2 2.9 NAa NAa 

     aNA: No activity at 10 µM 

The incorporation of TFMK as ZBG has also been performed for HDAC6 inhibitors with an aryl linker. 
Unfortunately, only low inhibition (< 30% at 10 µM) of the enzyme could be observed and the inhibitors 
were ineffective in cellulo and in vivo, possibly due to the reduction of the ketone moiety to the inactive 
alcohol by carbonyl reductases present in the cells.138 Indeed, it has previously been observed that the 
trifluoromethyl alcohol is inactive in cellular assays.125, 134, 136 

Taken together, TFMKs show potent activity against HDACs when combined with an alkyl- or 
thiophene-based linker. Unfortunately, the SAHA-based TFMK with an optimized cap group and other 
TFMK-containing inhibitors displayed metabolic liabilities and a poor pharmacokinetic profile. The half-
life is only 30 minutes, the intravenous exposure in mice at a dose of 10 mg/kg is poor and the ketone 
is transformed to the inactive alcohol upon incubation with cells or whole blood and in vivo. Linker 
modifications, such as the introduction of heteroatoms in the beta position to the ketone function or 
insertion of unsaturation or a cyclopropane ring next to the ketone carbonyl, were to no avail.125 The 
introduction of an amido group adjacent to the TFMK, resulting in trifluoromethyl pyruvate, might 
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represent a strategy to obtain metabolically more stable alternatives for TFMKs. The additional 
electron withdrawing group is expected to stabilize the hydrate form, preventing the reduction of the 
ketone moiety to the inactive alcohol. Investigation of the metabolic stability of a TFMK-based HDACi 
and its trifluoromethyl pyruvate counterpart was performed using the S9 fraction of human liver 
extract, which contains both cytosolic and microsomal enzymes. The TFMK was completely reduced 
within 15 minutes, whereas the trifluoromethyl pyruvate remained unaffected in the 2 hour timeframe 
of the assay.139 

3.2.2. -Keto amides 

The -keto amide system has been reported as a functional group in inhibitors of lipases and serine 
and cysteine proteases. This motif is present in many natural products and represents a privileged 
structure in drug discovery.140 It is readily hydrated like TFMKs 74 and resembles both a scissile amide 
and ester bond, making it a potentially suitable warhead in the design of novel HDACi. α-Keto amides 
have been shown to possess superior pharmacokinetic properties compared to other dicarbonyl 
derivatives, such as α-keto acids (improved membrane permeance) and α-keto esters (enhanced 
stability toward plasma esterases), and are reported to be more resistant against proteolytic 

cleavage.140 Wada et al. investigated different -keto amides 8 (Table 4), of which methyl amide was 
the most potent. Alkylation of the amide nitrogen appeared to be essential for activity.74 

Table 4 Screening of different -keto amides against HDAC1/2. 

 
R HDAC1/2 IC50 (µM)a 

 
> 50 

 
0.11 

 
4.9 

 
> 5 

 
> 50 

 
> 50 

a Mixture of HDAC1 and HDAC2 from nuclear extraction of K562 erythroleukemia cells. 

N-methyl--keto amide has been introduced into the SAHA structure, producing a fairly potent 
inhibitor 9, exhibiting an IC50 of 0.34 µM (Table 1). Additional improvements of the cap group lowered 
the IC50 values to the nanomolar range (IC50 < 10 nM). This optimized inhibitor, however, showed a 
short half-life in vivo, in cell culture, and in whole blood, as a result of its rapid reduction to the inactive 

-hydroxy amide. 74, 75 
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Overall, electrophilic ketones show good to excellent inhibition in biochemical assays but are readily 
reduced to the corresponding inactive alcohols in biological environments, eliminating inhibitory 
activity.  

3.3. Silane diols 

Silane diol has been extensively studied as a functional part of (peptidomimetic) metalloprotease 
inhibitors and as an isostere of the tetrahedral geminal diol, formed upon peptide bond hydrolysis.84, 

141-143 The inhibition occurs via the chelation of the metallic center, whereas in the case of HIV protease, 
hydrogen bonding with aspartic residues in the active site of the enzyme ensures inhibition.144 The 
silicon atom of a silane diol is most stable in a tetrahedral configuration, and the hydroxy groups can 
serve as potent hydrogen bond donors and acceptors.141, 143 Also, theoretical studies point out that 
silane diols are capable of coordinating zinc with a similar affinity as that of hydroxamic acids.68, 84 
Simple silane diols are prone to polymerization, but sterically hindered diols can be stable.145  

Replacement of a carbon atom by a silicon atom can create benefits in terms of druglike properties. 
The silicon switch, as this bioisosteric replacement is called, retains the required properties because of 
the similarities between carbon and silicon, but at the same time, offers advantageous differences. 
Increased lipophilicity can lead to improved cell penetration and consequently enhanced potency. 
Geminal diols on carbon are not stable, whereas silane diol is not dehydrated to silanone since silicon 
favors sp3 hybridization over sp2, making it a suitable transition state mimic.145 Moreover, the ability 
of silicon to extend its coordination number from four to six due to the presence of empty 3d orbitals, 
is useful in the formation of coordination complexes.145 A quantum chemical study has been performed 
with silane diol, using a tridentate complex of Zn2+ with an exchangeable water molecule in which 
amino acid residues are mimicked by ammonia and imidazole ligands. This showed that the silane diol 
group forms a hexacoordinated intermediate complex with a bidentate bonding to the oxygen atoms 
of the silane diol group, displacing the Zn2+-bound water molecule (Figure 11, A). One exception was 
observed, when modeling the back-side attack, i.e. when the silane diol approaches from the side 
opposite to the water molecule, establishing a monodentate binding in a trigonal bipyramidal structure 
with a penta-coordinated zinc atom (Figure 11, B).68 

 

Figure 11 Modelled binding mode of dimethyl silane diol with Zn2+, showing bidentate (A) and monodentate (B) binding, with 
ammonia ligands.68 

The silane diol derivative of SAHA 10 displayed activities in the lower micromolar range against HDACs 
1, 2, 3, and 10, no inhibition of HDACs 4, 5, and 7, and an intermediate activity against the other HDACs 
(Table 2). Comparison of silane diol derivatives of SAHA with their trifluoromethyl ketone counterparts 
shows that the latter exhibited superior HDAC inhibition, but silane diols do not suffer from reduction 
to an inactive form as the TFMKs do.84 Despite the loss of activity compared to the HA counterparts, 
silane diols represent a potential substitute for the contested hydroxamic acid as a zinc-binding group 
in HDACi, exhibiting low micromolar IC50’s. Pharmacyclics, part of Abbvie, patented several silane diol 
derivatives, including the SAHA analog, for use as a therapeutic against cancer and bipolar disorders.146 
However, in vivo data or clinical trials assessing these compounds are currently unavailable. 
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3.4. Hydroxyketones 

The interest in hydroxyketones as HDAC inhibitors originated from the discovery of the cyclic 

tetrapeptide FR235222 11, isolated from the broth of the fungi Acremonium (Figure 12). This natural 

product inhibited Toxoplasma gondii proliferation at low nanomolar level (IC50= 28.6 nM) and 

abolished the infectious capacity of Toxoplasma cysts, by targeting HDAC3. It showed class I versus 

class IIb selectivity, and the hydroxyketone showed increased potency compared to its ethyl ketone 

analog (IC50= 172 nM).147, 148 

 

Figure 12 Structure of FR235222, the natural product that inspired introduction of hydroxyketones as zinc-binding group in 
HDACi.147, 148 

Replacing the HA in SAHA with an -hydroxyketone, resulted in compound 12, decreased the potency 

to the low micromolar range (Table 1). High selectivity over HDAC6 was attained, which was not 

observed for SAHA, indicating the ZBG induced a selectivity for class I versus class IIb HDACs (IC50 > 33 

µM). Docking and molecular dynamics studies were performed to explain this selectivity. The strong 

affinity of the hydroxamic acid for Zn2+ enabled strong inhibition of all HDAC isoforms by SAHA and 

coordinated the zinc ion of both HDAC1 (Figure 13, A) and HDAC6 (Figure 14, B) in a bidentate manner. 

The hydroxyketone was a weaker ZBG and coordinated Zn2+ in a bidentate manner in HDAC1 (Figure 

13, B), resulting in potent inhibition, while monodentate coordination was observed in HDAC6 (Figure 

14, B), possibly explaining the class I selectivity.37 However, the crystal structures of trapoxin A and HC 

toxin, two cyclic tetrapeptides structurally related to FR235222, in complex with HDAC8 and HDAC6, 

respectively, revealed that even unactivated ketones can be hydrated in the active site. This was also 

observed in X-ray analysis of other alkyl and aryl ketone-containing inhibitors bound to HDAC2.149 As 

was concluded from the discussion of the catalytic mechanism (see section 2.1), the active site of 

HDACs has evolved to enable hydration of practically any carbonyl group, resulting in a stabilized 

tetrahedral configuration mimicking the transition state.44, 150 The selectivity and activity of the  -

hydroxyketone SAHA analog could thus be a result of differences in the active site-gem-diol(ate) 

interaction patterns between HDACs or as a consequence of the positioning of active site residues 

enabling the hydration of the carbonyl. 
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Figure 13 Binding of SAHA (left) and compound 12 (right) in the catalytic domain in HDAC1, determined by molecular dynamics 
simulations. The average distances between the hydroxy oxygen atom and Zn2+ and the carbonyl oxygen atom and Zn2+ are, 
respectively, 2.40 and 2.32 Å for SAHA and 2.36 and 2.40 Å for compound 12. Dashed lines: hydrogen bonds, solid lines: metal-
coordination interactions.37 

 

Figure 14 Binding of SAHA (left) and compound 12 (right) in the catalytic domain in HDAC6, determined by molecular dynamics 
simulations. The average distances between the hydroxy oxygen atom and Zn2+ and the carbonyl oxygen atom and Zn2+ are, 
respectively, 2.51 and 2.44 Å for SAHA, and 2.37 and 3.91 Å for compound 12. Dashed lines: hydrogen bonds, solid lines: metal-
coordination interactions.37 

Conversion to the (S)-enantiomer 13 resulted in weaker HDAC inhibition (IC50 = 77.1 µM), and 

acetylation of the alcohol 14 induced a similar decrease. Removing the hydroxy group abolished HDAC 

inhibition (compound 15, IC50 > 100 µM),37 as did the removal of the methyl group from the chiral 

center (compound 16, IC50 > 40 µM, Table 1).  

Assessment of the antiproliferative activity (GI50) of the -hydroxyketone SAHA analog 12 showed 

micromolar activity against Plasmodium falciparum, Jurkat, K562, and HEK293 human cell lines, thus 

lacking selectivity in terms of cytotoxicity between P. falciparum and the human cell lines. No activity 

was observed against HeLa cells, in contrast to the significant HDAC inhibitory activity observed in HeLa 

nuclear extracts, indicating that the observed antiproliferative effects could be HDAC-independent.37  

3.5. Oximes  

Oximes, or hydroxy-imine derivatives, are widely known as a powerful antidote for organophosphate 

poisoning since they can reverse cholinesterase inhibition. They also demonstrate antibacterial, anti-

fungal, anti-inflammatory, antioxidant, and anti-cancer activities.151 Oxime complexes with various 
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metals (Pt(II), Cu(II), Mn(II)) are stable and gave rise to compounds with antitumor activity.94, 152, 153 This 

instigated the evaluation of this motif as a ZBG in HDAC inhibitors.  

 

Figure 15 Oxime derivatives that were combined with the cap group and linker unit of SAHA and evaluated for their HDAC 
inhibitory activity. 

-Oxime esters and -oxime amides have been introduced into the SAHA structure as they were 

expected to mimic the natural substrate’s chelating characteristics (Figure 15 and Table 2). The -keto 

oxime ester 17 and the -oxime ester 18 were inactive. Methylated oxime amide 19 showed 

micromolar activity against HDACs 1-5 and HDACs 7-9 (IC50= 22-100 µM), while no inhibition of HDACs 

6, 10, and 11 was observed. The substituent on the amide nitrogen appeared to be vital for the 

inhibition of the HDAC catalytic site since removal of the methyl substituent (compound 20) decreased 

the activity. This trend was also observed for the -keto amide series of SAHA analogs (see 3.2.2).74 

Considering the natural HDAC substrate also contains an acetamide, a methyl-substituted amide likely 

engages in similar interactions with the catalytic site, increasing the inhibitory activity.94 Docking and 

DFT studies showed that the best accommodation in the catalytic site is obtained when the amide 

oxygen and oxime nitrogen interact with the zinc ion through a five-membered ring coordination 

geometry (Figure 16). The positioning of the ZBG affects the placement of the cap group on the enzyme 

surface, thereby significantly influencing the inhibition potential and selectivity profile of compound 

19. HDAC3, for example, contains an additional aromatic residue in the binding region on the protein 

surface, that engaged in - interactions with the phenyl ring of the cap group, which is not possible 

in the other HDAC isozymes.94 No cellular assays were performed with this SAHA analog. 

 

Figure 16 Complex of compound 19 and Zn2+ optimized at DFT level (B3LYP).94 

3.6.  Sulfur-based zinc-binding groups 

The FDA-approved HDACi romidepsin 21 (FR901228, FK228) has been isolated from a broth culture of 

Chromobacterium violaceum and showed low nanomolar inhibition of class I HDACs and antitumor 

activity. It is a macrocyclic depsipeptide with a thiol as a zinc-binding moiety, which is naturally present 

as an intramolecular disulfide (Figure 17).154-156 Reduction after uptake into cells releases the thiolate, 

resulting in an active inhibitor.157 Largazole 22, a marine natural depsipeptide structurally related to 

romidepsin, is also an HDACi. The free mercapto group is liberated by thioester hydrolysis, cleaving off 

the lipophilic side chain (Figure 17). Crystal structures of hydrolyzed Largazole showed that the thiol 

side chain extends into the active site tunnel and coordinates the Zn2+ ion in a monodentate manner, 

with a nearly perfect tetrahedral geometry.157, 158 Zinc ions are inherently thiophilic,159 and thiol-

containing compounds have been reported as inhibitors of other zinc-dependent enzymes as well, such 

as angiotensin-converting enzyme and matrix metalloproteases.160, 161 Consequently, thiols and sulfur-

containing functional groups have been extensively studied as substitutes for the hydroxamic acid ZBG. 
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Figure 17 Natural HDAC inhibitors with a thiol zinc-binding group, masked as an intamolecular disulfide in romidepsin 21, and 
as a thioester in Largazole 22. 

3.6.1. Thiols 

Inspired by the success of romidepsin 21, a simple thiol has been introduced into the SAHA structure 
as a ZBG. While it was assumed that monodentate ZBGs are inferior to bidentate ZBGs, the thiol analog 
23 of SAHA exhibited much higher activity against HDAC1/2 (IC50 HeLa nuclear extract = 0.058-0.21 µM, 
Table 1) compared to other, bidentate, non-hydroxamic acid ZBGs such as o-aminoanilides 66 (IC50 = 
120 µM) and trifluoromethyl ketones 6 (IC50 = 6.7 µM)73 and a similar activity as SAHA (IC50 = 0.055-0.21 
µM).78 Thiol 23 was as potent as SAHA against recombinant human HDACs 1 and 6 (Table 1)80 and 
engaged in competitive inhibition versus the acetylated lysine substrate, with an inhibition constant 
(Ki) of 0.11 µM.79 

 

Figure 18 Proposed model for the binding of thiol derivative 23 of SAHA in the catalytic site of HDAC8, obtained as a low energy 
conformation in docking studies. Dashed lines: hydrogen bonds, solid lines: metal-coordination interactions.77 

Docking studies suggested that the thiolate anion generated under physiological conditions interacts 
strongly with the zinc ion located in the active site, forming a tetrahedral complex (Figure 18). This was 
also observed in the crystal structure of a thiol analog of N8-acetylspermidine in complex with 
HDAC10.69 

The rate of thiol ionization correlates with the inhibitory potency. This was demonstrated by 
transforming the thiol functionality to thioacetate 24, which increased the IC50 to the low micromolar 
range, and methylsulfide 25, which was detrimental to the inhibition of the enzymatic activity (Table 
1).79 The potential of masking the thiol as a thiirane has been investigated to overcome unwanted 
metal binding and oxidative and metabolic transformations of inhibitors of gelatinases, which are Zn2+-
containing matrix metalloproteases.76, 162, 163 The superior activity of the thiirane moiety relative to an 
oxirane prompted Gu et al.76 to conduct a similar comparative study by incorporating these moieties 
in SAHA (Table 1, compounds 26 and 27). Both appeared to lack HDAC inhibitory activity (IC50 > 40 µM), 
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probably because the active thiolate could not be released from the thiirane. In the gelatinase 
inhibitors, the thiirane ZBG was attached to a methyl sulfonyl moiety (compound 28, Figure 19). The 
sulfone installs hydrogen bonds in the gelatinase catalytic site and activates the adjacent methylene 
hydrogens for deprotonation. As a result, the thiol is liberated, enabling potent monodentate 
coordination to the active site zinc ion, which is missing in the SAHA analog.162  

 

Figure 19 Structure of the gelatinase inhibitor that served as an inspiration for the synthesis of HDACi with a thiirane ZBG. The 
methyl sulfonyl part appeared to be essential for the liberation of the thiolate from the thiirane.162, 163 

Assessment of the cancer cell growth inhibition induced by thiol 23 in human lung cancer NCI-H460 
cells showed only weak potency (EC50 > 50 µM), despite the good results in an enzymatic assay. 
Possibly, the polar character limited membrane penetration. A prodrug approach could overcome 
these limitations and therefore the corresponding disulfide and S-acetyl 24 were prepared. In contrast 
to what is observed for the disulfide romidepsin 21, which is reduced in the cellular environment and 
releasing the free thiol as the active species, the disulfide prodrug of 23 failed to inhibit growth in NCI-
H460 cells (EC50 > 50 µM). Acetylated analog 24 did show moderate growth inhibition (EC50 = 36 µM), 
suggesting prodrug 24 penetrated the cell membrane more efficiently than thiol 23.79 In a similar SAR 
study a thiol, methyl sulfide, and thioester were introduced into the same cap-modified SAHA analog 
and evaluated via an MTT assay for their cell growth inhibition potential against HCT-116, HT-29, MCF-
7, MDA-MB-231, A549, PC-3, AsPC-1 and HEK-293 cells. Herein, it was also observed that activity was 
lost upon methylation of the sulfur atom, but the free thiol, the corresponding dimer, and the thioester 
all showed micromolar growth inhibition of most cell lines, with the dimer as the most potent 
compound (GI50= 5-27 µM) inhibiting cell growth in all studied cell lines. HDAC inhibition by the thiol 
and the dimer was also validated in HCT-116 cells, in which the dimer was more potent in inducing an 

increase in histone H3 and -tubulin acetylation.80 

Another prodrug strategy consisted of the addition of a triazolyl group to the sulfur atom (6-[(1H-1,2,4-
triazol-3-yl)thio]-N-phenylhexanamide 29), which demonstrated low micromolar inhibition of HDACs 
(Table 1, HeLa nuclear extract, IC50= 8.1 µM) and antiproliferative activity against 293T, MCF-7, HeLa 
and K562 cell lines (IC50 = 11.08 - 31.95 µM, assessed by MTT assay). This activity was lost upon 
extension of the linker to six or seven carbon atoms.81 

3.6.2. Mercaptoalkylamides, -amines and -ketones 

The natural product lead romidepsin 21,154-156 the crystal structure of HDAC enzymes,46, 48 the 
deacetylation mechanism46, 48 and the key elements of inhibitor-enzyme interaction served as an 
inspiration to include a mercaptoacetamide (MAA) as a ZBG in SAHA (compound 30). This approach 
was investigated by three research groups at the same time.79, 82, 164 Docking studies and molecular 
dynamics simulation using the HDAC homology model predicted that the HDAC binding site could 
accommodate the mercaptoacetamide and that the binding mode could be similar to that found for 
SAHA, chelating the zinc ion via the sulfur and oxygen atom of the carbonyl function.164 Docking of 30 
in the crystal structure of HDAC8 showed that the sulfur and oxygen atom of the MAA group are 
situated at a distance of 2.44 Å and 2.04 Å from the zinc ion, respectively. The water molecule required 
for the deacetylation of the acetylated lysine substrate is positioned at a distance of 4.95 Å from the 
zinc ion in the catalytic center. These values indicate that the zinc ion is expected to be chelated in a 
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bidentate manner, which is realized through the removal of the water molecule, without hydrolysis of 
the MAA (Figure 20).77  

 

Figure 20 Model for the binding of heteroatom-containing SAHA analogs with the zinc ion present in the catalytic site of 
HDACs, X= S, NH, O.77 

The MAA analog of SAHA (SAHA-MAA) 30 showed low micromolar inhibition of HDACs (HeLa nuclear 
extract) and HDAC8, tolerating different linker lengths (n= 4-6, Table 1).76, 77, 79 In other inhibitors, a 
similar potency and a selectivity for HDAC6 was observed when comparing a MAA (e.g. 31, HDAC1 IC50 
= 5.7 μM, HDAC6 IC50 = 0.26 μM) and HA derivative (e.g. 32, HDAC1 IC50 = 3.0 μM, HDAC6 IC50 = 0.18 
μM). This indicated that the MAA moiety might represent a potent alternative ZBG, with some inherent 
HDAC6 selectivity. The small difference in activity between compounds 31 and 32 could be explained 
by the extra hydrogen bond between the HA and the enzyme. The NH of HA can engage in a hydrogen 
bond with a histidine residue in the active site of HDACs, which is not possible with the MAA ZBG 
(Figure 21).164-167  

 

Figure 21 HDAC inhibitors with the same cap group and linker unit, enabling comparison of the mercaptoacetamide-based zinc-
binding group and the hydroxamic acid. 

In parallel with the observations made for the thiol ZBG, the transformation of the MAA to the 
thioacetate 33 (Table 1) led to a 55-fold less potent inhibitor in enzymatic assays.76, 79 Thioesters are 
however beneficial as prodrugs to improve cell penetration, releasing the active thiols once inside the 
cells, and facilitating use in in vivo studies.156, 168-170 Disulfide MAA prodrugs have also been explored, 
again reasoning that the highly reducing cell cytosol would favor conversion to the free MAA. As for 
the thiol ZBG, this strategy was successful in some cases169 but failed in others.121 Hassig et al. discussed 
that the thioester prodrugs of thiols hydrolyze more rapidly under basic conditions than under neutral 
and acidic conditions and undergo facile enzymatic hydrolysis by esterases. Nonhydrolyzable analogs 
of the series were found to be inactive in biochemical and cell-based assays, indicating that the free 
thiol is the active species; however, data was not shown.171 This is also reflected in the work by Kalin 
et al., in which lower concentrations of the thioester prodrug were required to induce neuroprotection 
compared to the free thiol compound, while devoid of HDAC activity in enzyme-based assays.167 

Oxidative dimerization of MAA HDACi could present a problem in enzyme-based activity profiling, 

despite the probable reduction to the monomers within cells.167 Therefore, Kalin et al. introduced -

methyl groups relative to the thiol in MAA-based SAHA analogs, with a modified cap group. Mono--
methyl MAA dimerized at a much lower rate than the MAA, and the addition of a second methyl group 
further decreased the rate of dimerization, however less significant than instalment of the first methyl 
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group. The introduction of an -methyl group resulted in a highly selective HDAC6 inhibitor while 
maintaining good activity (IC50 HDAC6 = 1.1 µM). Isolation of the enantiomers showed that the (S)-
enantiomer is inactive, whereas the (R)-enantiomer demonstrated the same activity as its MAA parent 
(IC50 HDAC6 = 0.28 µM) while maintaining selectivity over all isoforms. Molecular docking of the 
compounds in HDAC2, HDAC4, and a homology model of HDAC6-DD2 showed that only the (R)-isomer 
was able chelate zinc in a bidentate manner while enabling a hydrogen bond between the sulfur atom 
and a tyrosine residue. Moreover, the arrangement of the ZBG influenced the interaction exploited by 
the cap group and linker unit, further contributing to activity and selectivity. The addition of two 
methyl groups is detrimental to the activity with respect to all HDAC isoforms, likely due to steric 
interactions in the catalytic site. Indeed, although HDACs can accommodate some bulky groups, the 
second methyl group probably directs the conformation in such a way that it clashes with active site 
residues.167 

The activity of SAHA-MAA 30 has also been evaluated against Schistosoma mansoni HDAC8 (smHDAC8, 
42% identical to human HDAC8), demonstrating an increased inhibition (IC50= 50 µM) compared to 
human HDAC8 (hHDAC8, IC50= 200 µM). The first crystal structure of an HDACi containing a MAA ZBG 
was obtained from smHDAC8 in a complex with SAHA-MAA (Figure 22 and Figure 24). Unlike the 
docking study performed with hHDAC8, crystallographic data of the complex smHDAC8/SAHA-MAA 
demonstrated a monodentate coordination of the thiol to zinc, while the carbonyl moiety interacted 
with Y341 (Figure 22). The zinc ion coordination was tetrahedral, which likely contributed significantly 
to the HDAC8/SAHA-MAA affinity. Upon binding of SAHA-MAA 30 in contrast to SAHA,172 F151 adopts 
an unusual flipped-in conformation and forms a hydrophobic tunnel together with F216 that 
accommodates a slightly kinked linker. Thus, the binding of the MAA to zinc results in different 
positioning of the hydrophobic linker and cap group.168 This explains that re-optimization of cap group 
and linker unit after installation of a novel ZBG is likely required to further improve inhibition potential 
and that a specific ZBG can induce selectivity, in this case against smHDAC8 or hHDAC8.168  

 

Figure 22 Structural insight into the smHDAC8 inhibition by the mercaptoacetamide inhibitor 30, with a schematic 
representation of the interactions formed by the inhibitor and the smHDAC8 active-site zinc ion and residues. Dashed lines: 
hydrogen bonds, solid lines: metal-coordination interactions.168 

Four years later, in 2018, the X-ray crystal structure of a SAHA-analog containing a MAA as ZBG and a 
modified cap group (compound 34, Figure 23) in complex with the HDAC6 catalytic domain 2 (HDAC6-
DD2) from Danio rerio (zebrafish) was presented (Figure 24). The zebrafish active site is identical to 
the human HDAC6-DD2 and superior for X-ray crystallographic studies.173 Compound 34 inhibited 
HDAC6 240 times more potently than HDAC8. The negatively charged thiolate displaced the zinc-bound 
water molecule and coordinated to the zinc ion in a monodentate manner. This resulted in a slightly 
distorted tetrahedral geometry, similar to the coordination geometry of thiolate-bearing HDACi such 
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as the depsipeptide Largazole in complex with HDAC8157, 158 and polyamine N8-acetylspermidine 
analogs in complex with HDAC10.63, 69  

 

Figure 23 Compound 34 assessed in X-ray studies in complex with HDAC6-DD2.  

Comparison of the crystal structure of SAHA-MAA 30 in complex with HDAC8 and MAA-based 
compound 34 in complex with HDAC6-DD2 showed similar interactions (Figure 24). The zinc-bound 
thiolate group accepts a hydrogen bond from a histidine residue (H573 in HDAC6, H141 in smHDAC8), 
while the carbonyl oxygen engages with the hydroxy group of a tyrosine residue (Figure 24, C and D). 
The latter mimics the activation of the scissile carbonyl group of acetylated lysine. In both cases, the 
carbonyl oxygen is not able to coordinate the zinc ion, which is required to activate the scissile amido 
group for hydrolysis, rendering the amido group of the MAA chemically inert when bound in the HDAC6 
active site. A major difference between both complexes was found in the NH group. In HDAC6, the 
MAA NH group forms a hydrogen bond with H574, which requires that the side chain of H574 is present 
in the neutral form. In smHDAC8, however, the distance is too large for hydrogen bonding, possibly 
because the side chain of H142 is present as the imidazolium cation.173  

The MAA 34 binds in a similar constellation of hydrogen bond interactions and metal coordination as 
SAHA, in which the hydroxamate NH donates a hydrogen bond to H574 (Figure 24, A and C), making 
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the MAA a functional mimic of the HA without the potential mutagenicity associated with the HA via 
the Lossen rearrangement.44, 173  

 

 

Figure 24 Comparison of the interactions of SAHA (hydroxamic acid HDACi) and the mercaptoacetamide analog of SAHA 30 
and mercaptoacetamide-based SAHA derivative 34 in the active site of drHDAC6/smHDAC8 based on crystal structures of 
inhibitor/HDAC complexes. (A) SAHA in complex with drHDAC6-DD2, (B) SAHA in complex with smHDAC8, (C) Compound 34 in 
complex with HDAC6-DD2, (D) Mercaptoacetamide analog of SAHA 30 in complex with smHDAC8. drHDAC6: Danio rerio 
HDAC6-DD2, smHDAC8: Schistosoma mansoni HDAC8, dashed lines: hydrogen bonds, solid lines Zn2+: metal-coordination 
interactions.168, 172, 173 

Antiparasitic activity of MAA 30 has been investigated by treating cultured schistosomula with the 

corresponding thioester 33 (10, 20, 50 µM, 1-5 days treatment), resulting in a dose- and time-

dependent decrease in viability.168 A patent application for MAA 30 and related compounds was filed 

in 2005 but was later abandoned.174 

MAA-based SAHA derivatives with a modified cap group provided effective neuroprotection at 10 µM 
in an in vitro model of oxidative-stress-induced neurodegeneration based on glutathione depletion, 
protecting cortical neurons to approximately untreated control levels. Some of the HA counterparts 
also showed neuroprotection, but all of the HA compounds displayed toxicity, underpinning the 
superiority of MAA-based HDACi.166 Neurotoxicity probably stems from HDAC1 inhibition, since HAs 
generally exhibit good inhibition of this isozyme, and it was shown that HDAC1 is essential for the 
survival of cerebella granule neurons, underscoring the need for isoform-selective HDAC inhibitors, 
especially in the framework of neuroprotective strategies. The MAA-HDACi on the other hand can 
protect neurons from oxidative stress-induced death without any inhibitor-associated toxicity and 
show HDAC6 selectivity. The possibility that the protection results from radical trapping by the sulfur 
group was ruled out by the evaluation of simple thiol antioxidants such as N-acetyllysine and lipoic 
acid, which only induced a therapeutic effect at 100 µM - 1 mM concentrations. This indicated that the 
inhibitor concentrations used were well below the antioxidant level.166 Some of the MAA-HDACi, 
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however, were also effective in preventing glutathione depletion independent from their HDAC6 
inhibitory activity, suggesting an additional neuroprotective mechanism for these compounds.167 

Inspired by the potential of MAA in HDACi, it was expected that other hetero atom-containing 

substrate analogs such as compounds 35 and 36 (Table 1) would inhibit HDACs in a similar way.79 

Evaluation of their HDAC-targeting potential, however, showed that replacing the thiol with an amine 

or alcohol abrogated activity (HeLa nuclear extract, IC50 > 100 µM).77, 79 Adjustment of the 

mercaptoacetamide to a mercaptoethylamide furnished a low micromolar inhibitor 37 (for n= 6, HeLa 

nuclear extract, IC50= 2.35 µM), which similar to MAA, functioned as a bidentate Zn2+ chelator (Figure 

25).82 Removal of the amide carbonyl, resulting in mercaptoethylamine 38, disrupted activity, 

confirming the importance of the amide carbonyl in zinc complexation and inhibition.78, 82 Gu et al. 

questioned the contribution of the nitrogen atom in the amido function and replaced it with a carbon 

atom. The 2-mercaptoethan-1-one 39 was over 15 times more potent against HDACs (HeLa nuclear 

extract) and HDAC8, and potency was even more enhanced upon the acetylation of the mercapto 

group (compound 40, Table 1). Again, alkylation of the thiol (41) abrogated enzyme inhibition.76 

 

Figure 25 Bidentate chelation of Zn2+ by a hydroxamic acid, mercaptoacetamide, mercaptoethylamide, and 
mercaptoethylamine ZBG. Distances of the sulfur and oxygen atom of the mercaptoacetamide from the zinc ion in a complex 
of compound x in HDAC8 are indicated. 

In summary, installation of an (-methylated) MAA can induce (i) selectivity for parasitic over human 

HDAC8 by a differential positioning of linker unit and cap group as a result of the specific MAA binding 

mode, (ii) selectivity for HDAC6 over other HDACs, (iii) potent inhibition of HDACs, even superior to 

hydroxamic counterparts, (iv) potent neuroprotection without toxicity. As a result of these 

characteristics, MAA has been included as a ZBG in several HDAC6-selective inhibitors.121, 164-170, 173, 175  

Overall, if a ZBG contains a thiol as a coordinating moiety, it is observed that protection of the thiol 

moiety by acetylation is needed to ensure cellular activity, but it abrogates activity in enzymatic assays, 

except in mercaptoketones. Alkylation of the thiol always results in loss of activity. Masking the thiol 

as a thiirane could entail a promising strategy, in combination with an activated -methylene moiety 

and an active site-associated base. Together, it shows that the ability to ionize to the free thiolate is 

required for potent inhibition by thiol-based ZBGs. 

3.6.3. Di- and trithiocarbonates and dithiocarbamates 

Tert-butyl-phenylacetyl trithiocarbonates 42 and 43 (Figure 26) have been identified as hits in a high 

throughput screening campaign to identify new starting points for the development of HDACi.83 These 

compounds exhibited submicromolar inhibition of HDACs present in HeLa cell nuclear extract (HDACs 

1-3, 5, 8), with moderate cytotoxicity. First, different alkyl substituents were screened, which serve as 

an affix to the trithiocarbonate head and which could improve activity by exploiting the cavity 

underneath the binding site. Substitution of the tert-butyl group was well tolerated as different alkyl 

and aryl substituents retained HDAC inhibitory activity. The cytotoxic activity, however, was enhanced 

for methyl and ethyl substitutions.  
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Figure 26 Trithiocarbonate hits resulting from a high throughput screening to identify novel HDAC inhibitors.83 

Since the ethyl trithiocarbonate demonstrated superior chemical stability in aqueous media, it was 

selected for incorporation into the SAHA core structure (Table 1). This trithiocarbonate SAHA analog 

44 (HeLa nuclear extract, pIC50= 7.3 µM) was as potent as SAHA (HeLa nuclear extract, pIC50= 7.1 µM) 

in HDACs 1-3, 5 and 8 inhibition, but lacked cellular activity, exhibiting only 40% inhibition of 

proliferation of HeLa cells at 25 µM, possibly due to the high lipophilicity and high protein binding.83 

A stepwise SAR study was performed with compound 45 as a basis (Figure 27). Comparison of HDAC 

inhibition and cytotoxic activity of compounds 45, 46, and 47 demonstrated that the trithiocarbonates 

act as HDAC inhibitors themselves, not as a prodrug for the corresponding thiols. The methyl carbonyl 

moiety is essential for HDAC inhibition. It was assumed that the trithiocarbonate motif complexes Zn2+ 

in the HDAC active site, but this was not further investigated, nor was the role of the methyl carbonyl 

moiety in binding.  

 

Figure 27 Stepwise SAR study performed to investigate the inhibitory mode of action of trithiocarbonates.83 

Broadening of the HDAC isozyme scope showed that the most potent inhibition by compound 45 was 

observed for HDAC6 and that this motif can bind in the active site of HDAC class I and II enzymes.83 

Further structural optimization and analysis of the enzymatic and cellular effects furnished substrate 

competitive, HDAC6-selective inhibitors with nanomolar potency.176 Exchanging the trithiocarbonate 

(HeLa nuclear extract, IC50= 0.375 µM) for a dithiocarbonate was tolerated but reduced the potency 

(HeLa nuclear extract, IC50= 0.811 µM).176  

A decade later, in 2019, the SAHA analogs ethyl dithiocarbonate 48, diethyldithiocarbamate 49, and 

diethyldithiocarbamate coupled as a disulfide 50 were synthesized (Figure 28), varying the linker 

length from five to seven carbon atoms. Disulfide 50 displayed nanomolar inhibition of HDACs (Table 

1) without pronounced selectivity, and potent antiproliferative activity against 293T, MCF-7, HeLa, 

K562, Kasumi-1, and BV173 cell lines (IC50 = 3.44 - 21.05 µM, MTT assay). No proliferation inhibition 

was observed for the other analogs (IC50 > 20 µM) with either linker length, while HDAC inhibition was 

not assessed. Diethylcarbamo(dithioperoxo)thioate 50 was claimed to be a new excellent ZBG, but it 

was not examined whether it serves as a zinc-binding group, or rather as a prodrug for the thiol. 81 The 

lack of activity can possibly be explained by the missing carbonyl methyl motif, which was identified as 

essential by Dehmel et al. and present in the trithiocarbonate 44.83  

 

Figure 28 Thiocarbonyl ZBGs introduced into the SAHA structure.81 
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3.6.4. Sulfones and sulfoxides 

Sulfone 51, sulfonamide 52, and trifluoromethylsulfonamide 53 have been designed as transition state 

analogs (Table 1) since it had been suggested that a sulfonamide sterically and electronically resembles 

the transition state of amide bond hydrolysis.177 Although the geometry is distorted relative to the 

tetrahedral state of the native hydrate,84 these ZBG were expected to bind the catalytic zinc ion in a 

bidentate manner (Figure 29).79 

 

Figure 29 Model for binding of sulfone SAHA derivatives with the zinc ion in the active site of HDACs. Dashed lines: hydrogen 
bonds, solid lines Zn2+: metal-coordination interactions.85 

Despite the similarities, HDAC1/2 inhibition (HeLa extract) was lost upon installation of sulfone as a 

ZBG (IC50 > 100 µM).79 Sulfonamide 52 elicited limited inhibition, less than 50% of all HDAC isoforms at 

100 µM, except for HDAC5, for which 60% inhibition was achieved. Similar observations were made 

for the trifluoromethylated derivative 53, only inhibiting HDAC11 for more than 50% at 100 µM.84 

Hydroxysulfonamide 54 (Table 1) was explored because it was expected to chelate the zinc ion and 

form hydrogen bonds with tyrosine and histidine residues similar to SAHA. This model for interaction 

was based on the binding of hydroxamic acid rather than the negatively-charged hydroxamate. Again, 

no inhibitory activity was observed (IC50 > 100 µM).79, 119 

Methyl sulfoxide was introduced as a monodentate ZBG (compound 55, Table 1), as the partial 

negative charge on the oxygen was expected to enable potent zinc chelation. With an IC50 of 48 µM, 

the oxidized sulfur was inferior to its thiol counterpart.85 

3.7. Fluoroalkenes 

Osada et al. suspected that the amide bond in mercaptoacetamide may be sensitive to hydrolytic 

cleavage and therefore replaced the amido functionality with a mimetic structure. They proposed (Z)-

fluoroalkene as a nonhydrolyzable (s-Z)-amide surrogate, which had been incorporated into 

peptidomimetics.86, 178 Indeed, fluoroethylene is a stable, isosteric, and isoelectronic mimic, albeit with 

a lower dipolar moment value, of the amide bond (Figure 30 and Figure 31). The fluoroalkene can also 

act as a hydrogen bond acceptor, with lower capability than the amide bond, while increasing the 

lipophilicity of the compound. Moreover, it can improve the metabolic stability of bioactive molecules, 

as shown by a significant increase in the half-life in human serum compared to the amide parent 

compound.179  
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Figure 30 Fluoroalkene (A) as an (s, Z)-amide (B) surrogate.86 

This resulted in potent inhibitors 56 (HeLa nuclear extract, IC50= 0.36 µM), superior to SAHA (HeLa 

nuclear extract, IC50= 1.10 µM), with a small fraction of the corresponding disulfides present in the end 

products.86 It was assumed that the fluoroalkene interacts with zinc in a monodentate manner and 

that its -system interacts with the hydrophobic environment.86 

 

Figure 31 Steric and electronic analogies, with dipole moments and vectors illustrating the isosterism between the amide and 
the fluoroethylene function.179-181 

3.8. Phosphorus-based zinc-binding groups 

Phosphorus peptide analogs have been identified as effective inhibitors of several zinc peptidases 

already more then four decades ago, in the search for transition state analogs of amide bond 

hydrolysis.71, 177, 182 In phosphonamidates, specifically, the phosphorus center is tetrahedral, the 

positioning of the heteroatoms mimics the tetrahedral amide bond hydrolysis transition state, and the 

phosphorus-heteroatom bonds are longer than carbon-heteroatom bonds in the ground state and thus 

capable of mimicking the longer bonds of the transition state (Figure 32).71 Considering HDAC 

deacetylation is also an amide bond hydrolysis process involving a tetrahedral transition state, it was 

proposed that phosphorus-based zinc-binding groups could be included in potent HDACi.48, 54 

Analogous to the known metalloprotease inhibitors, phosphonamidate 57, phosphonate 58, and 

phosphinate 59 SAHA derivatives were synthesized and evaluated as HDAC inhibitors (Table 1). All 

three phosphorus-SAHA analogs lacked potent inhibitory activity, demonstrating millimolar IC50s, as 

evaluated using HeLa nuclear extracts and recombinant human HDAC8. Although activity against 

HDAC8 increased over ten-fold compared to activity against the mixture of nuclear HDACs, SAHA is still 

over 1000-fold more potent. The effect of preincubation (10 h) was investigated to assess possible 

slow binding behavior of the inhibitors, as slow binding inhibition had been observed for all three types 

of phosphorus moieties in thermolysin inhibitors. The IC50 of the phosphonamidate changed from 2 

mM to 0.57 mM (HeLa nuclear extract), indicating a possible slow-binding mode, whereas the IC50 of 

the phosphonate and phosphinate remained the same.54  

Compounds 57-59 were also tested for cell growth inhibition in human ovarian A2780 cells. 
Surprisingly, here the phosphorus analogs were equally potent as SAHA (IC50 = 110 -120 µM), possibly 
due to off-target effects or inhibition of other HDAC isozymes. Phosphinate 59 is one atom shorter 
than phosphonamidate 57 and phosphonate 58, which could influence its binding potential.54  
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Figure 32 Model for binding of phosphonamidate and phosphinate ZBG with the zinc ion in the active site of HDAC1.54 

Inspired by the work of Kapustin et al., Pun et al. investigated phosphate, phosphoramidate, and 

phosphorthiolate groups as ZBG and screened the resulting SAHA analogs 60-62 for inhibition of HDAC 

activity in HeLa cell lysates, and inhibition of HDAC3 and HDAC8 (Table 1). An eight hour incubation 

was required to detect significant inhibitory activity, in accordance with the slow-binding behavior of 

the  phosphonamidate inhibitor.54, 87 A five-carbon linker furnished the most potent inhibitors of HDACs 

present in HeLa cell extract for all three ZBG (IC50= 50-70 µM). Phosphorthiolate 62 was the most 

potent inhibitor of HDAC3 and HDAC8, with a two-fold selectivity for HDAC3. Phosphate 60 and 

phosphoramidate 61 were less potent but showed some selectivity for HDAC8 over HDAC3. These 

motifs are more potent compared to the phosphonamidate 57, phosphonate 58, and phosphinate 59 

SAHA analogs, while still considerably less potent than SAHA.87 

3.9.  Urea-based zinc-binding groups 

Hydroxyurea 63 and semicarbazide derivative 64 (Table 1) have been designed to mimic the bidentate 

chelation and hydrogen bonding pattern established by hydroxamic acid HDACi.48, 61, 79, 85 Concurrently, 

Vanommeslaeghe et al. identified N’-hydroxyurea as one of the best possible replacements for the HA 

via a DFT study including acetohydroxamic acid and N-methyl-N’-hydroxyurea.183 This identification 

stemmed from the almost identical binding mode of N-methyl-N’-hydroxyurea compared to 

acetohydroxamic acid, a very similar binding mode to the hydroxamate moiety in the then available X-

ray structures of HDAC(8)/SAHA complexes and the chemical similarities to hydroxamate.46, 48 On the 

contrary, the calculated large energetic penalty upon desolvation may have a detrimental effect on 

binding affinity, consistent with its presumed high polarity.183 The inhibitory activity towards HDACs of 

these urea-based compounds (HeLa nuclear extract, IC50 63 = 80 µM, IC50 64 = 150 µM) was comparable 

to o-amino anilide derivatives 66, but considerably less effective than SAHA. Hanessian et al. studied 

the influence of the linker length (n= 5,6,7) since the active site can accommodate a limited number of 

carbon atoms in an acyclic chain, and this might have influenced the results of Suzuki et al.46, 48, 93 None 

of the hydroxyurea analogs showed HDAC inhibitory activity below 1 µM and no cytotoxicity on 

different, although unspecified, tumor cell lines was observed below 20 µM.93 Adaptation of the cap 

group to a bisthiazole did not furnish potent inhibitors either (IC50 HDAC1, 3, 4, 6 > 10 µM), while the 

hydroxamic acid and trifluoromethyl ketone counterparts were nanomolar inhibitors.134 

Acyl thiourea was also explored as a non-HA ZBG (compound 65), rationalized by the coordination 

potential, which can be either bidentate or monodentate (Figure 33).89 Anionic S,O-chelation is the 

most common for transition metals, resulting in very stable six-membered coordination complexes. 

Monodentate coordination through a neutral S-atom is only observed with softer metal cations such 

as Au(I), Cu(I), Ag(I), Hg(II), Cd(II), Re(I), Ru(II), Pt(II) and Pd(II).184 The interest in this ligand has 
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increased following its successful use in pharmacological, biological and agricultural applications such 

as anticancer, antifungal and herbicidal products.184 HDAC inhibition was not determined, only docking 

experiments were performed showing that the binding affinities of 65 are comparable to or better 

than SAHA in HDAC2 and 7. Assessment of the antiproliferative potential in carcinoma cell lines (HRT-

18 and HC-04) and epithelial cells (HBL-100) demonstrated a dose-dependent effect for the cancer cell 

lines (IC50 HRT-18= 30.42 and 24.12 µM, IC50 HC-04= 30.42 and 24.12 µM, for n= 4 and 5, respectively) 

with limited effect on healthy cells (< 12% inhibition at 100 µM).89  

 

Figure 33 Proposed bidentate (A) and monodentate (B) coordination of Zn2+ by acyl thiourea.89 

3.10. o-Aminoanilides 

The o-aminoanilide (OAA) analog of SAHA 66 (SAHA-OAA, with n= 5) has been synthesized following 
the identification of histacin (histone acetylation inducer) as a selective HDAC1-3 inhibitor (Figure 34). 
Histacin was the hit compound found after screening a library of compounds, containing 1,3-dioxane 
as a central core. Treatment of A549 cells with histacin (20 µM) significantly augmented lysine 

acetylation of histones, without any effect on -tubulin acetylation.185-187  

 

Figure 34 Structure of histacin 67, a 1,3-dioxane with an o-aminoanilide zinc-binding group. 

The OAA-based HDAC inhibitors are often described as the benzamide family. However, benzamide 
OAAs refer to a specific sub-category of the larger o-aminoanilide family (Figure 35).188 Tucidinostat 
(Epidaza), approved by the NMPA for the treatment of hematological and breast cancers, contains a 
benzamide as a ZBG.29, 30 

 

Figure 35 Difference between benzamides and o-aminoanilides.188 

SAHA-OAA 66 (n= 6) displayed moderate inhibition of HDACs present in HeLa nuclear extracts (IC50= 

120 µM, Table 1),79 but appeared more potent in biochemical assays with HDACs 1, 2 and 3 (1.51 µM, 

2.23 µM, and 0.25 µM, respectively). In agreement with the selectivity observed for histacin, no activity 

was detected against HDAC8 or the class IIa/b enzymes up to 50 µM.91 Western blot analysis showed 
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that SAHA-OAA 66 (n= 5) could indeed induce an increase in histone acetylation, without affecting the 

level of tubulin acetylation in A549 cells (20, 50, 100 µM).185, 186 In an attempt to optimize the activity 

of SAHA-OAA 66, a series of analogs were synthesized by Herman et al., varying the linker length, the 

nature of the ZBG rings and the type and position of substituents on the ring (Table 1).90 IC50 values 

were determined using HeLa nuclear extract and structure-activity relationships concerning HDAC 

inhibition could be deduced from the systematic structural changes. The optimal linker length 

depended on the position and nature of the aromatic substituent and could significantly influence the 

inhibitory activity. A five-atom linker (IC50= 78 µM) is somewhat preferred over six carbon atoms (IC50= 

87 µM), as was also observed by Wong et al.186 Some OAA derivatives, on the other hand, seemed to 

be more or less insensitive to changes in linker length. Removal of the o-amino group lowered activity, 

but not as dramatically as one might expect (IC50 68 = 204 µM) considering that in the OAA, this o-

amino group coordinated the active site zinc ion and engaged in hydrogen bonds. When this amino 

group was moved to the meta position, the inhibitory activity was impaired (IC50 69 = 500 µM) for a 

five-carbon linker while activity remained for n= 6. Similarly, p-aminoanilide 70 derivatives were less 

potent than the ortho-parent compounds 66. The activity was only moderately affected when the o-

amino was replaced with an o-methoxy group for n= 5 (IC50 71 = 54 µM) but was lost upon extending 

the linker with one methylene unit, changing the position or adding a second methoxy substituent 

(compounds 72-74, IC50> 380 µM). When the benzyl moiety was replaced with pyridine (75), no large 

change in activity occurred. N-(quinolin-8-yl)amide 76, however, induced a four-fold increase in 

potency compared to the OAA 66, whereas no change in activity was observed upon introduction of 

N-(quinolin-3-yl)amide as a ZBG (77).90
 

Modification of the cap group of SAHA-OAA to a tolyl moiety (Figure 36) resulted in a nanomolar 
inhibitor 78 of HDAC1 (IC50= 13 nM) and HDAC3 (IC50= 380 nM).189 

 

Figure 36 Tolyl derivative of o-aminoanilide-based SAHA.189 

The lack of inhibition of HDAC8 and class II HDACs can be attributed to the differences in the active 

sites. The residues at the bottom of the tunnel leading to the active site differ between HDACs 1-3 on 

the one hand and HDAC8 and class II HDACs on the other hand. In HDAC8, the replacement of a leucine 

residue, present in HDACs 1-3, by a voluminous tryptophane residue (Trp141) interferes with the 

binding of the bulky OAA. This Trp residue is located near the zinc-binding domain and impedes the 

optimal chelation geometry of the OAA. The reduced activity of o-aminoanilides towards class II HDACs 

stems from the limited size of the active site of this class.190 Moreover, HDACs 1-3 contain a secondary 

pocket next to the catalytic Zn2+-ion, which can accommodate the bulky OAA ZBG, increasing its 

inhibitory potential against HDACs 1-3.61, 191, 192  

SAHA-OAA derivatives 66 and the closely related tolyl analog 78 have been evaluated in cell and mouse 

models of Friedreich’s ataxia (FRDA)90, 91, 189, 193 and Huntington’s disease.91, 194 FRDA is characterized by 

abnormally low levels of the essential mitochondrial protein frataxin. In a lymphoid cell model for FRDA 

(GM15850), SAHA-OAA 66 (n= 6) and tolyl derivative 78 were able to increase acetylated histone levels 

and reverse the deficit in frataxin mRNA levels. The concentration required to induce HDAC inhibition 

(1-5 µM) did not affect viability or proliferation in the lymphoid cells, in contrast to SAHA. Remarkably, 

SAHA did not affect the frataxin levels, even though it was more effective in enhancing acetylated 

histone levels (total acetylated H3 and H4). Rai et al. reasoned that the discrepancy between the 

potent HDAC inhibitory activity of SAHA and the inability to restore frataxin levels on the one hand and 
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the ability of SAHA-OAA analogs 66 to promote frataxin levels while being less potent HDACi, on the 

other hand, is due to a difference in kinetics. SAHA-OAA analogs 66 are characterized by unique slow-

on slow-off kinetics, which results in a more persistent histone hyperacetylation than induced by the 

very potent SAHA.189, 195 This was also observed for other OAA-containing HDACi and benzamide-based 

inhibitors.58 Bressi et al. proposed that these kinetics could result from the intramolecular hydrogen 

bond between the ortho-NH2 group and the carbonyl oxygen, present in the unbound state.192 In the 

bound conformation (Figure 37, modeled in human HDAC2), the nitrogen of the ortho-NH2 and the 

carbonyl oxygen interact with the zinc ion. The hydrogens of the ortho-NH2 form hydrogen bonds with 

H145 and H146, whereas the carbonyl oxygen forms a hydrogen bond with Y29. These interactions 

outweigh the ligand desolvation penalty and the disruption of the intramolecular hydrogen bond upon 

binding in the HDAC catalytic site. The anilide nitrogen seems to function as a surrogate for the water 

molecule that hydrolyzes the natural acetylated lysine substrate. 

 

Figure 37 Proposed binding of the anilide ligand in the active site of human HDAC2, based on semi-empirical calculations. 
Dashed lines: hydrogen bonds, solid lines Zn2+: metal-coordination interactions.192 

Herman et al. analyzed the series of SAHA-OAA derivatives 66 (Table 1) for the activation of frataxin 

transcription, which was monitored by RT-qPCR of the frataxin mRNA levels. From this, it was apparent 

that no correlation existed between HDAC inhibition, determined with HeLa nuclear extracts as a 

source of HDACs, and the ability of compounds to enhance transcription of the frataxin gene. The 

authors explained this observation by pointing to the HDAC isozyme composition in HeLa nuclear 

extracts, which they expected to be poor in the true target HDAC isozyme involved in silencing the 

frataxin gene.90  

Beconi et al. revealed that the OAA ZBG can undergo cyclization to an inactive benzimidazole product, 

especially under acidic conditions (Figure 38). They performed an extensive evaluation of the ADME 

profile of SAHA-OAA and unveiled important metabolic liabilities. It is very unstable in plasma (T1/2=  
1.9 h) and liver microsomes (T1/2=  1.9 h, NADPH as cofactor), with M1 and M2 as main metabolites 

(Figure 38). These metabolites are not capable of HDAC inhibition. SAHA-OAA 66 serves as a P-

glycoprotein 1 substrate, resulting in a high systemic clearance and efficient transport out of the brain. 

SAHA-OAA was consequently regarded as unsuitable for in vivo studies in mice by oral administration,91 

contesting the results obtained by Thomas et al. in Huntington’s disease mice models.194 
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Figure 38 Product formed after acid hydrolysis of SAHA-OAA (top) and the two main inactive metabolites M1 and M2, resulting 
from amide hydrolysis.91 

Compared to SAHA, OAA offers the advantage of high selectivity for HDACs 1-3 and possibly more 

persistent histone hyperacetylation, but faces metabolic liabilities, and the induced biological effect in 

disease models appears independent of HDAC inhibition. Compounds incorporating an OAA as a ZBG 

could be useful as selective probes. For therapeutic use, however, the ADME liabilities need to be 

addressed. 

3.11. Hydrazides 

Hydrazide emerged as a potential ZBG in HDACi from a high-throughput screening, which delivered a 

benzoylhydrazide as a lead compound. It selectively inhibited HDACs 1, 2, and 3 in nanomolar 

concentrations.196 Intrigued by these powerful results, an extensive set of potent hydrazide-containing 

HDACi have been synthesized and evaluated by the Chou research group. These compounds exhibited 

high potency, class I selectivity, and a favorable pharmacokinetics profile.39, 98, 197 Antidepressants and 

antituberculosis agents containing a hydrazine/hydrazide motif have been used in the clinic for 

decades.98, 198 To compare the profile of hydroxamic acid and hydrazide as ZBGs, the latter was 

incorporated into the SAHA structure. Hydrazide 79 showed potent inhibition of class I HDACs (IC50= 

20-120 nM, Table 2), comparable to SAHA (IC50= 43-145 nM), and displayed nanomolar anti-

proliferative activity against leukemia cells (MV4-11, IC50= 0.59 µM), with a potency similar to SAHA.95 

Evaluation of the protein-small molecule kinetics showed mixed inhibition kinetics, involving both 

competitive and non-competitive sites. Hydrazide HDACi thus also interact with an allosteric site, 

which was confirmed by docking studies in allosteric and catalytic sites of HDAC1 and HDAC3 and which 

was also observed for other hydrazide-based HDACi.39, 98, 197 Inspection of the docking results clarifies 

that the hydrazide does not act as a zinc-binding group and that the inhibition is the result of the 

hydrogen bonding and hydrophobic interaction profile of the molecule. 

To characterize the binding kinetics, dilution experiments were performed, in which it was expected 

that the complex of a tight-binding inhibitor and the target enzyme would be resistant to dilution. The 

release profile was assessed by Western blot, after washing out the inhibitor after a three-hour 

treatment and subsequently incubating the cells with fresh culture medium for different durations 

(0.5h, 1h, 3h, 6h). Together, this characterized compound 79 as a slow-on-slow-off tight binding 

inhibitor, in contrast to SAHA, which is a fast-on-fast-off reversible HDACi.95 

3.12. Selenocyanates 

As discussed in section 3.6, romidepsine 21 (FK228) is a powerful HDAC inhibitor containing a disulfide 
bond, which is reduced in the cellular environment, liberating the free thiol as the active species.157 
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Desai et al. reasoned that a selenol moiety could similarly inhibit HDACs and synthesized the SAHA 
analogs containing this ZBG in a prodrug form, i.e. the selenium dimer bis(5-phenylcarbamoylpentyl) 
diselenide ([B(PCP)-2Se], also SelSA-1) and 5-phenylcarbamoylpentyl selenocyanide (PCP-SeCN, also 
SelSA-2) 80. It was hypothesized that both species would be reduced in the cellular environment and 
free SeH would be released as the active form. Both the selenocyanate 80 and the selenium dimer 
were potent inhibitors of HDAC activity in HeLa nuclear extract, exhibiting 81% and 95% inhibition at 
50 nM, respectively. The IC50 of the selenocyanate-based compound was established at 8.9 nM, 
showing superior inhibitory activity compared to SAHA (IC50= 196 nM). The IC50 of selenium dimer was 
not determined but was expected to be in the same range.92 
 
In a study performed by Gowda et al., cell killing efficacy of these selenium-containing SAHA analogs 
was investigated against melanoma (various cell lines, see below), pancreatic (MiaPaca-2), breast 
(MDA-MD-231), prostate (PC-3), and sarcoma (HT-1080) cell lines. It was found that these compounds 
could reduce the viability of cancer cells more efficiently than normal human cells (IC50= 0.30-3.28 µM 
versus IC50= 5.27 to > 40 µM) and more potently than SAHA. HDAC activity was higher in melanocytic 
lesion cell lines (WM35, WM3211, WM115, and WM278.1), which were also more sensitive to HDAC 
inhibition compared with metastatic melanoma (A375M and UACC 903). A dose-dependent (0.1-1.0 
µM) decrease in endogenous HDAC activity in WM35 nuclear extract was observed upon treatment 
with SelSA-1 and SelSA-2 80, which was significantly more potent than SAHA. Western blot analysis of 
acetylated histone H3 and H4 levels demonstrated similar gains in protein levels upon treatment (0.25-
2.0 µM) for SelSA-1, SelSA-2 80, and SAHA. Topical application of these selenium SAHA derivatives 
established a decrease in melanoma tumor development by 87% with negligible toxicity on skin cellular 
constituents. Besides the HDAC inhibitory activity, however, these compounds also displayed 
selenium-mediated inhibitory properties that decreased PI3 kinase pathway activity, increasing cellular 
apoptosis rates.199 A similar observation was made by Yun et al., who examined the potential of these 
inhibitors in human lung cancer cell lines (A549, H2126, H1299, H226, H460, H522, H23, and H441). 
Again, it was found that SelSA-1 and SelSA-2 inhibited cell growth to a larger extent than parent-
compound SAHA in a dose-dependent manner, exhibiting IC50 values in low micromolar 
concentrations. Mechanistically, it was found that SelSA-1 and SelSA-2 interfered with ERK and PI3K-
AKT signaling pathways, while simultaneously increasing autophagy in A549 cells.200 
 
Thus, despite exhibiting beneficial off-target effects in particular biological settings, the higher efficacy 
of selenium-based HDAC inhibitors in cancer research is not fully related to the enhancement of the 
HDAC inhibition potency but rather based on interference of the selenium moiety in cell cycle 
progression pathways. 

3.13.  (Hydroxymethyl)oxazolines 

The (hydroxymethyl)oxazoline core has been explored as a zinc-binding group in the context of MMP 
inhibitors by Cook et al., who synthesized inhibitors demonstrating low micromolar activity against 
MMP-9, a zinc-dependent gelatinase.201 It was originally hypothesized that the oxazoline group would 
engage in a strong complex with the zinc ion of the active site and the functional group present in 
position X (Figure 39). R1 substituents could be installed to provide selectivity over other zinc enzymes. 
Moreover, the rigidity of the ring might be beneficial for the drug-likeness of the inhibitors by 
restricting bond rotations 201  
 

 
Figure 39 Hypothetical binding mode for the coordination of the active site zinc ion by oxazoline-based ZBG.201 
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Alcohol and thiol substituents on the X position were evaluated for their activity against MMPs. 
Improved binding of the thiols was expected compared to the alcohols since zinc is thiophilic and it 
was expected to form stronger bonds.159 These sulfur derivatives showed some inhibition, but were 
less active than their alcohol counterparts, indicating that the 5-oxazoline substituent is probably not 
chelating the zinc ion and is most likely pointing out of the active site of MMP enzymes. This was 
corroborated by the observation that the size and electronic nature of the substituent could be varied 
without significant change in activity.201 Nevertheless, this inspired Hanessian et al. to incorporate this 
ZBG in HDAC inhibitors.93 

 

The incorporation of hydroxymethyl-substituted oxazoline as a ZBG in SAHA 81 (Table 1) did not result 

in a potent HDAC inhibitor. No inhibitory activity lower than 1 µM was observed and there was no 

cytotoxic effect on different cancer cell lines. Unfortunately, the biological analyses lacked 

experimental data.93 

3.14. -lactams  

-Lactams, or azetidin-2-ones, comprise an essential part of antibiotics such as penicillins and 

cephalosporins, in which this ring is fused to a five- or six-membered heterocycle. Such a bicyclic -

lactam system has been reported in compounds able to inhibit HDACs as well.202 Monocyclic -lactams 

also demonstrate potent biological activities, as antibiotics against resistant bacteria203 and as enzyme 

inhibitors, for example as matrix metalloprotease inhibitors.96, 204 Analysis of the in vitro inhibitory 

activity of compounds 82-84 against the 11 human HDACs (Table 2) demonstrated an unexpected 

selectivity against HDAC6 (IC50= 74.5-174 µM) and no inhibition of the other HDACs (IC50 > 1000 µM). 

The two stereoisomers only differed slightly in their potency. Removal of the N-hydroxy group 

increased activity to an IC50 of 74.5 µM, whereas addition of an aminophenyl group (85) abrogated all 

activity.  

Table 5 Overview of the SAR performed by Galletti et al.96 to investigate -lactams as potential zinc-binding group in HDAC 
inhibitors. 

Entry Compound number Structure IC50 HDAC6 (µM) IC50 HDAC8 (µM) 

1 86a 

 

0.0004 0.09 

2 87 

 

> 1000 34.3 

3 88 

 

> 1000 11.6 

4 89 

 

> 1000 33.1 

5 90 

 

> 1000 9.6 

6 91 

 

132.0 > 1000 
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7 92 

 

64.1 > 1000 

8 93 

 

76.0 > 1000 

9 94 

 

90.0 > 1000 

a Trichostatin A (TSA) was used as a reference compound. It is a low nanomolar inhibitor of class I and II HDACs.99 

Comparison of the SAHA analogs containing a -lactam ZBG and a double bond in the linker, showed 

a complete switch in selectivity upon introduction of an N-thiomethyl group (Table 5), from inhibition 

of HDAC6 to HDAC8, whereas still no inhibition of other HDACs was observed. Replacing the N-hydroxy 

group in compounds 82-84 could thus also induce a similar change in selectivity.  

 

Figure 40 Calculated bidentate coordination geometry of 1-(methylthio)azetidin-2-one and Zn2+.96 

Galletti et al.96 computationally investigated the binding mode of N-thiomethyl--lactam in HDAC2, 7 

and 8 in order to explain the observed selectivity. Energy and geometry calculations of the zinc ion in 

complex with unsubstituted 1-(methylthio)azetidin-2-one demonstrated a bidentate coordination 

geometry (Figure 40). Computational analysis using the co-crystal structures of HDAC7 (PDB: 3C0Z) 

and HDAC8 (PDB: 1T67) and a 3D structural model of HDAC2 with hydroxamic acid-based inhibitors, 

demonstrated that the bidentate interaction was lost in all complexes upon superposition of the 1-

(methylthio)azetidin-2-one on the hydroxamic acid moiety of these inhibitors. This was the result of a 

steric clash between two conserved glycine residues on the one hand and the methyl group and the 

CH2 on the C4 position of the azetidinone ring on the other hand. Consequently, 1-(methylthio)azetidin-

2-one was modeled as a monodentate ligand and a water molecule was added as a zinc-coordinating 

group. With this model, molecular dynamics simulations were performed, which showed that HDAC2 

can accommodate a larger ZBG, owing to a more accessible space in the catalytic centre. The small S-

Me group, however, cannot engage in favorable interactions in this larger site, which could explain the 

lack of activity. In HDAC7, the S-Me group clashes with a proline residue, which causes the inhibitor to 

adopt a different conformation, in which the sulfur atom coordinates the Zn2+ ion. In HDAC8, the 

carbonyl group of methylthiolated -lactams coordinated the zinc ion.  

Together, this demonstrates that substituted -lactams can be implemented as a zinc-binding moiety 

in HDACi, but would require further optimization to enhance activity. The selectivity could be directed 

towards HDAC6 or HDAC8 by careful selection of the substituents on the nitrogen atom of the -lactam 

ring. 
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3.15. Squaric acid and derivatives 

Squaric acid, also known as quadratic acid (3,4-dihydroxycyclobut-3-ene-1,2-dione), has a unique 

pseudo-aromatic character, rendering an unusually high double acidity (pKa1= 0.54, pKa2= 3.5) due to 

the resonance-stabilization of the squarate dianion (Figure 41).205-208  

 

Figure 41 Double acidity of squaric acid and the resulting resonance stabilized squarate dianion, which has an aromatic 
character.208 

The conjugate base of squaric acid can serve as an electrostatic mimic of negatively charged groups, 

such as carboxylates and phosphates. Therefore, squaric acid and its analogs are used as non-classical 

isosteric replacements for these functionalities, providing potent enzyme inhibitors and receptor 

antagonists.206 Squaramides have historically been mainly considered as thiourea and urea substitutes, 

but have also been used in bioisosteric approaches to drug design for hydroxamic acid and amide 

moieties.209 As Chasák et al. reviewed, this scaffold and related analogs are undergoing a revival with 

several squaramides in (pre)clinical trials, despite mistrust by medicinal chemists because of potential 

in vivo toxicity originating from the reactive functional groups.208 Squaramides 95 have been 

synthesized as vinylogous hydroxamic acids derived from squaric acid and were shown to bind iron(III) 

in an aqueous medium (Figure 42).210  This prompted Onaran et al. to investigate their potential as 

inhibitors of the zinc-dependent metalloprotease-1 (MMP-1).206 It was expected that the N-hydroxy 

squaramide 95 would coordinate the zinc ion in a bidentate manner, establishing a six-membered 

coordination ring (Figure 43, left). Incorporation of a methyl or isopropyl group at R1 was preferred 

over larger groups (cyclohexyl, benzyl) or no substitution (R1= H). No potent inhibition could be 

observed, with IC50 values in the high micromolar to the millimolar range.206 The corresponding squaric 

acid analog 96 also lacked activity (IC50 > 200 µM); not surprisingly, since the bite angle between the 

two oxygen atoms in squaric acid is too large to coordinate Zn2+ in a strong five-membered manner 

(Figure 43, right). A third derivatization performed by Onaran et al. consisted of the conversion of a 

carbonyl group on the 3-cyclobutene-1,2-dione core to a thiocarbonyl (97) to enhance the potency of 

the inhibitors. Some compounds were 2-18 times more potent upon sulfur incorporation, while others 

showed similar IC50 values.206 In spite of the limited inhibitory potencies, this work sparked interest in 

investigating the potential of these ZBGs as potential HDAC inhibitors.88 

 

Figure 42 Squaric acid and derivatives explored as MMP-1 inhibitors: squaramide as vinylogous HA 95, the squaric acid 
derivative of the vinylogous HA 96, and the thiocarbonyl analog of the vinylogous HA 97. 
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Figure 43 (Left) Proposed binding mode of the squaric acid N-hydroxyamide derivative, as suggested by molecular modeling. 
(Right) Five-membered  zinc chelation model for the squaric acid ZBG.206, 210  

Hanessian et al.93 synthesized SAHA-analogs containing squaric acid 98, thiol-based squaric acid 99 and 
the vinylogous HA 100 as ZBG (Table 1). The length of the aliphatic chain was varied to optimize 
accommodation in the active site since the zinc-binding geometry might differ from hydroxamic acids. 
None of the squaric acid analogs showed HDAC inhibitory activity below 1 µM, and no cytotoxic effect 
was observed on different cancer cell lines below 20 µM. The authors provided no experimental 
information on the biological testing. The activity could potentially be improved by optimization of the 
N-alkyl group for increased HDAC binding. Indeed, the N-methyl group was the result of a selection 
procedure of squaric acid derivatives to optimize binding in MMP-1. It should be assessed whether this 
methyl substituent is also preferred for HDAC binding. Replacement of the carbonyl group in the 
vinylogous HA 100 engaging in zinc-binding by a thiocarbonyl could induce an increase in inhibition 
potential as well.206 

4. Conclusions and future perspectives 

Identification of valuable alternative zinc-binding groups currently represents the focal point of current 

HDAC inhibition research efforts. Indeed, HDACs are increasingly recognized as essential to cellular 

function and a wide range of diseases, and safety concerns associated with the hydroxamic acid zinc-

binding group are growing. Inhibitors of several (zinc-dependent) metalloproteases also exhibit this 

trend. This Perspective provides an overview of zinc-binding groups introduced into the well-known 

SAHA (vorinostat) structure, enabling comparison of various approaches and outcomes and 

demonstrating that it is possible to obtain non-hydroxamic acid HDAC inhibitors with an improved or 

similar inhibitory activity and/or lower toxicity toward healthy cells compared to the HA counterpart.  

A variety of strategies to select an alternative zinc-binding group (ZBG) have been employed before 

incorporation into the SAHA structure. Natural products provide a valuable source of information 

regarding the activity of a ZBG in a biological environment and the corresponding requirements (e.g. 

prodrugs for thiol-based ZBG) and selectivity (e.g. hydroxyketones). High-throughput screenings can 

identify active inhibitors, but the resulting compounds often show cellular liabilities, such as weak 

cellular activity (trithiocarbonates) and allosteric inhibition (hydrazides). The introduction of transition 

state mimics as hydroxamic acid substitutes gave rise to both active (trifluoromethyl ketones, -keto 

amides, silane diols) and inactive (sulphonamides, phosphonamidates) compounds. When translating 

structural inspiration from metalloprotease inhibitors to HDAC inhibitors, it is crucial to disseminate 

the key features responsible for potent inhibition, metal complexation and the ones inducing 

selectivity for (specific) metalloproteases. 

Bidentate coordination does not necessarily produce potent inhibitors, as was observed for boronic 

acids, sulfones and sulfonamides, while monodentate complexes (e.g. thiols) can demonstrate strong 

inhibitory activity. Thiol, (-methylated) mercaptoacetamide and 2-mercaptoethan-1-one are potent 

inhibitors, but require transformation into a prodrug for cellular activity. Optimization of the type of 

prodrug could further increase activity and selectivity. 
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Some ZBG show an inherent selectivity for a specific HDAC isozyme or class, as the result of additional 

interactions in the catalytic site (e.g. fluoroalkenes), the size of the cavity, and/or a steric clash with 

specific amino acid residues. The size of the catalytic site can influence selectivity in two ways, it can 

be too small to accommodate certain groups that fit in other isozymes (e.g. o-aminoanilides), or it can 

be too large to form hydrogen bonds or hydrophobic interactions with small ZBGs. The ZBG’s 

substitution pattern, therefore, can play a crucial role in enhancing potency and selectivity. For 

example, N-methyl substitution in amide-based natural substrate mimics appears to be essential for 

activity and probably engages in similar interactions with the catalytic site as the acetylated lysine 

substrate. Moreover, a ZBG’s differential positioning can disrupt the optimal interaction of the 

inhibitor with the protein surface and/or catalytic tunnel, resulting in the need to reoptimize the cap 

group and the linker unit. 

Equipotent HDAC inhibitors can elicit different cellular effects as a result of distinct binding kinetics, 

leading to more persistent hyperacetylation in cellular assays, as observed for o-aminoanilides. A ZBG 

demonstrating moderate activity when introduced into the SAHA structure can be a valuable 

substitute for HA. Combining it with an appropriate cap group and linker unit can result in a potent, 

highly selective inhibitor with an improved pharmacological profile. Weak but selective ZBGs may be 

more interesting than highly powerful ones in that regard. 

In screening platforms for HDAC inhibitory activity, HeLa nuclear cell extracts are often used as a source 

of HDACs. This seems like a reasonable approach for screening for inhibitors of class I HDACs, but it 

overlooks potential candidates with inherent selectivity for a specific HDAC isozyme or class II HDACs. 

Also, a fluorogenic, acetylated peptide substrate is most often used for the assessment of the HDAC 

inhibitory activity of compounds. As HDAC10 is a polyamine deacetylase and HDAC11 is a lysine fatty 

acid deacetylase, this can cause false-negative results, and substrates used in the analysis should be 

adjusted accordingly. Thus, the inhibition potential should rather be determined using recombinant 

HDAC enzymes and appropriate substrates, so as not to miss any inhibitory effects. In addition, it is 

imperative to verify the substrate(s) used for activity measurements when interpreting HDAC 

inhibitory results from literature. 

Some of the compounds demonstrated double inhibitory mechanisms, some by allosteric inhibition 

(hydrazides), and others by concurrent interference with a cell survival pathway (selenium-containing 

ZBGs). When evaluating the HDAC inhibitory activity in cellulo or in vivo, analyses should be included 

to differentiate between HDAC-related effects and allosteric and/or off-target therapeutic effects. It is 

also important to consider effects induced by degradation products or metabolites, before attributing 

observed therapeutic effects to HDAC inhibition. 

In summary, the following guidelines can be considered for the selection of a non-hydroxamic acid 

zinc-binding group in the context of (HDAC) enzyme inhibitor research. A ZBG should be able to engage 

in hydrophobic and hydrogen bonding interactions, as well as exploit differences in size and 

composition of the active site to promote activity and selectivity. Additionally, the desolvation penalty 

and lipophilicity should be taken into account. The zinc-coordinating atom should be able to ionize in 

the catalytic site or bear a partial negative charge and the ZBG should form a stable coordination 

complex with Zn2+. Moderately active ZBGs can be valuable alternatives to hydroxamic acid, but assays 

used to determine inhibitory and/or therapeutic activity should be critically assessed. The optimal 

positioning of an alternative ZBG candidate in the catalytic site can be determined using docking 

studies or, better, crystal structures of the candidate-ZBG combined with a simple or flexible linker in 

complex with the HDAC isoform of interest. An optimized linker and cap group can then be added to 

enhance activity, which should interact with the catalytic tunnel and protein surface, respectively, 

while maintaining the ZBG in its optimal orientation.  
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The binding kinetics has only been assessed for a few non-HA SAHA analogs. More research in that 

regard would be valuable as it could be predictive of the cellular kinetics as has been observed for 

SAHA58 and even of functional and therapeutic effects.211 Knowledge on the kinetic inhibition 

properties is also important for the setup of experiments and analysis. Slow associating/dissociating 

inhibitors, for example, may not have reached equilibrium within the timeframe of IC50 

determination.58 

Potent HDACi devoid of a ZBG have been reported recently,212-214 reminiscent of the “cap-less” HDACi 

introduced by Wagner et al.,215 questioning the typical HDACi pharmacophore. In contrast to the non-

zinc-binding inhibitors which rely on a culmination of weak interactions, the ZBG provides a stronger 

interaction with the protein. The presented work shows that ZBGs can induce specific selectivity, 

enhance or decrease activity, change binding kinetics and could thus be used to optimize or change 

the inhibition characteristics. We expect that a combination of a selected ZBG with a cap group and 

linker unit tailored to this specific ZBG, allowing the ZBG to bind in its optimal conformation and 

maximizing interactions with the protein surface and catalytic tunnel would furnish superior HDACi. 

Valuable additional and/or supportive insights would result from the introduction of zinc-binding 

groups in SAHA that are present in emerging, potent and selective non-HA HDACi. 2-

Methylthiobenzamide, for example, could be incorporated in SAHA to investigate to which extent the 

observed HDAC3 selectivity results from this specific ZBG, and how it compares to o-aminoanilides.216 

Oxadiazoles are emerging as ZBG in HDAC6-selective inhibitors and a dissemination of the 

characteristics when incorporated in SAHA would provide valuable information on the intrinsic 

features responsible for the observed beneficial activity and selectivity, possible opportunities to 

enhance or adapt these and the preferred substitutions.217, 218  
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