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Preface

Hydroxamic acids, which can be represented by a general formula RCONR0OH,
where R, R0 may be aryl or substituted aryl moiety, constitute a very unique family
of chemicals that possess a wide spectrum of biological activities. They act as
selective inhibitors of many enzymes, such as matrix metalloproteinases (MMPs),
peroxidases, hydrolases, ureases, lipoxygenases, cyclooxygenases, histone deace-
tylase and peptide deformylases, and consequently possess hypotensive, anti-
cancer, anti-malarial, anti-tuberculosis and anti-fungal properties. Their CONHOH
moiety has been identified as a key functional group to develop potential thera-
peutic agents targeting cardiovascular diseases, HIV, Alzheimer’s disease, allergic
diseases, metal poisoning and iron overload. Hydroxamic acids are also used
industrially as anti-oxidants, inhibitors of corrosion, for the extraction of toxic
elements, as a means of flotation of minerals and even for their ability to serve as
redox switches for electronic devices. They can also act as nitric oxide donors.
This versatility of hydroxamic acids depends on their ability to act as a bidentate
ligand to chelate with metal ions such as Fe2? and Zn2? at the active site of the
enzymes. Their hydroxamic acid moiety, CONHOH, is not only a strong metal-
binding group but also possesses multiple sites for potential hydrogen bond
interactions with the enzymes. Thus, the metal-chelating property and multiple
hydrogen-bond formation ability of hydroxamic acids have made them an
intriguing family of compounds with a wide spectrum of therapeutic roles. One of
the first therapeutic roles of hydroxamic acids was associated with their use as
siderophores, a class of low molecular weight iron-sequestering agents. Sidero-
phores have vast therapeutic potential to deal with iron overload in transfusion-
dependent patients, such as those suffering from thalassemia. Because of these
enormous therapeutic applications, the hydroxamic acids have greatly drawn the
attention of both theoretical and experimental chemists to make studies on them
for the design and development of drugs against a number of diseases. This book
therefore presents some very interesting chapters on them, written by experts,
covering their various chemical and pharmaceutical aspects.

The book contains 11 chapters in total. Since the multi-faceted activity of hy-
droxamic acids depends on the chemical aspects of these compounds, the very first
chapter written by Gupta and Anjana describes in detail The Chemistry of
Hydroxamic Acids covering their synthesis, structure, chelating, hydrogen-bonding
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and nitric oxide releasing properties, and general mechanism of inhibition of var-
ious enzymes. The second chapter written by Kakkar on Theoretical Studies on
Hydroxamic Acids further adds to their chemistry, discussing their conformation,
tautomerism, metal ion selectivity, and complexation.

Among the various enzymes which have been found to be inhibited by
hydroxamic acids, the carbonic anhydrases (CAs), MMPs and histone deacetylases
(HDACs) have been most widely studied. Therefore, the three consecutive
Chaps. 3–5, namely Hydroxamic Acids as Carbonic Anhydrase Inhibitors by
Supuran, Structure–Activity Relationships of Hydroxamic Acids as Matrix
Metalloproteinase Inhibitors by Patil and Gupta and Hydroxamic Acids
as Histone Deacetylase Inhibitors by Thaler et al. describe vividly the different
types of hydroxamic acids inhibiting these enzymes and their structure–activity
relationships. However, no less important have been hydroxamic acids acting as
inhibitors of ribonucleotide reductase, as the inhibitors of this enzyme have been
developed as potent anticancer agents. Therefore, Chap. 6 Hydroxamic Acids
as Ribonucleotide Reductase Inhibitors written by Basu and Sinha presents a few
kinds of hydroxamates that inhibit carbonucleotide reductase, their mode of action,
and progress in computer-aided SAR studies on them leading to the development
of anticancer drugs.

Inhibitors of MMPs, HDACs, and ribonucleotide reductase have been devel-
oped as potent anticancer drugs. Therefore, a discussion of the inhibitors of these
enzymes that belong particularly to hydroxamic acid class and have been eval-
uated against cancers have been nicely presented by Gupta et al. in Chap. 7 entitled
as Hydroxamic Acid Derivatives as Anticancer Agents. These authors also discuss
in this chapter the future prospects of design of potent anticancer agents based on
hydroxamic acids.

Since HDAC inhibitors have been most attractive as anticancer agents, detailed
quantitative structure–activity relationship (QSAR) studies have also been made
on them in order to find the physicochemical and structural properties of the
compounds governing their activity, so that the design of potent anticancer drugs
may be rationalized. Hadjipavlau-Litina and Pontiki, therefore, presented in
Chap. 8 entitled as Quantitative Structure-Activity Relatioship Studies on Hydro-
xamic Acids Acting as Histone Deacetylase Inhibitors a detailed account of
QSAR studies on hydroxamic acids acting as HDAC inhibitors. All 2D and 3D
QSAR studies pointed out that anticancer activity of these compounds are basi-
cally controlled by their hydrophobic and streric properties.

The activity of the enzyme urease, which is produced in the body by a bac-
terium called Helicobacter pylori (H. pylori), plays a critical role in the patho-
genesis of several diseases, such as urinary tract infections, urolithiasis,
pyelonephritis, hepatic encephalopathy, hepatic coma, cancer, etc. Therefore, the
inhibitors of urease have been greatly studied and hydroxamic acids have occupied
the foremost position among the urease inhibitors. Thus Chap. 9 Hydroxamic
Acids as Inhibitors of Urease in the Treatment of Helocobactor pylori Infections
written by Muri and Barros gives a detailed account of hydroxamic acids acting as
urease inhibitors and of their structure–activity relationships. The chapter also
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describes the new technologies for the delivery of effective urease inhibitors in the
body.

Hydroxamic acid derivatives have recently been recommended for the thera-
peutic treatment of several diseases, such as hypertension, cancer, as well as
inflammations and infectious diseases, due to their ability to chelate metals,
especially in metalloenzymes. In Chap. 10 entitled as Therapeutic Potential
of Hydroxamic Acids for Microbial Diseases, Rodrigues et al. therefore present the
potential use of hydroxamates and their derivatives for the treatment and control of
such diseases, along with a general overview of their structure, synthesis and
inhibition mechanism. Application of hydroxamic acids as chelating mineral
collectors for ore beneficiation is a unique area of their use and has attracted the
attention of limited workers in this unique area. Therefore, a review of the use of
alkyl and aryl hydroxamic acids in mineral processing is finally presented by
Natarajan in Chap. 11 entitled as Hydroxamic Acids as Chelating Mineral
Collectors. In this chapter, basic information on mineral flotation chemistry is
provided for the non-expert.

Thus an attempt has been made to cover all aspects of hydroxamic acids, a
unique class of chemicals having multiple biological activities. Articles covered in
this book are not only of interest to those working in this area but also to general
readers. As an editor of this book, I have greatly enjoyed reading all the chapters
and also hope the readers will do so. I greatly acknowledge the interest and zeal of
all the authors for contributing such interesting and useful chapters.

Meerut (U.P), India Satya P. Gupta
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The Chemistry of Hydroxamic Acids

Satya P. Gupta and Anjana Sharma

Abstract This chapter presents the chemical structure of hydroxamic acids, the
routes of their synthesis, and their chemical properties. A discussion is presented
as to how their metal chelating and hydrogen bonding properties make them a
class of compounds that may have multiple biological activities. A brief
description of all important enzymes that can be inhibited by hydroxamic acids is
also presented. The most important enzymes that are inhibited by hydroxamic
acids are matrix metalloproteinases, TNF-a converting enzyme, angiotensin-
converting enzyme, lipoxygenase, LTA4 hydrolase, urease, peptide deformylase,
histone deacetylase, UDP-3-O-[R-3-hydroxymyristoyl]-GlcNAc deacetylase, pro-
collagen C-proteinase, aggrecanase, and carbonic anhydrase. Thus the hydroxamic
acid moiety plays an important role as a pharmacophore to develop drugs against a
variety of diseases, such as cancer, cardiovascular diseases, HIV, Alzheimer’s,
malaria, allergic diseases, tuberculosis, metal poisoning, iron overload, etc.
Besides, hydroxamic acid moiety has also been exploited to develop potential
insecticides, antimicrobials, antioxidants, anti-corrosive agents, siderophores, and
as a means of flotations of minerals. It is also discussed that hydroxamic acids are
also effective nitric oxide (NO) donors, because of which they produce hypoten-
sive effects.

Keywords Hydroxamic acids � Nitric oxide donors � Siderophores
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Abbreviations

ACE Angiotensin-converting enzyme
CA Carbonic anhydrase
ECM Extracellular matrix
HAT Histone acetylase
HDAC Histone deacetylase
Hedta N-(hydroxyethyl)-ethylenediamine-triacetic acid
HP Helicobacter pylori
HPETEA 5-Hydroperoxy-6, 8, 11, 14-eicosatetraenoic acid
LO Lipoxygenase
LTs Leukotrienes
MMPs Matrix metalloproteinases
MTs Membrane types
NO Nitric oxide
PCP Procollagen C-proteinase
PDF Peptide deformylase
RA Rheumatoid arthritis
Ru-NO Ruthenium nitrosyls
TACE TNF-a converting enzyme
TIMMPs Tissue inhibitors of matrix metalloproteinases
TNF-a Tumor necrosis factor-a
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1 Introduction

Hydroxamic acids, that can be represented by a general formula RCONR0OH,
where R, R0 may be an aryl or substituted aryl moiety, refer to a class of organic
acids, which are much weaker than structurally related carboxylic acids (Marmion
et al. 2004). Hydroxamic acids have been known since 1869 with the discovery of
oxalohydroxamic acid by Lossen (1869). However, the real momentum on studies
on the synthesis and structures of hydroxamic acids and their biological activities
was gained after 1980. These weak acids constitute one of the most important
families of organic bioligands; and one of the first physiological roles of these
compounds was associated with their use as siderophores, a class of low molecular
weight iron-sequestering agents. Siderophores and their analogs have vast thera-
peutic potential, e.g., trishydroxamate siderophore desferrioxamine B (Desferal, 1)
is effectively used to deal with iron overload in transfusion-dependent patients
such as those suffering from thalassemia.

HO

N

O HN

NH

N

NHR'

OH

OO

O

N

R''

O

HO

2

1

5

Besides being used as siderophores, hydroxamic acids play a number of other
biological and pharmacological roles, e.g., they act as potent and selective
inhibitors of a large number of enzymes, such as matrix metalloproteinases (Muri
et al. 2002; Steward and Thomas 2000; Botos et al. 1996; Sani et al. 2004; Tegoni
et al. 2004), peroxidases (Indiani et al. 2003; O0Brien et al. 2000; Tsukamoto et al.
1999), hydrolases (Brown et al. 2004a, b), ureases (Amtul et al. 2002; Benini et al.
2000; Brown et al. 1998; Arnold et al. 1998), lipoxygenases (Muri et al. 2002),
cyclooxygenases (Dooley et al. 2003; Connolly et al. 1999), histone deacetylases
(Marks et al. 2000; Johnstone 2002; Jung 2001; Kelly et al. 2002), peptide de-
formylases (Chen et al. 2004), etc. The detailed role of hydroxamic acid deriva-
tives as enzyme inhibitors has been well described by Muri et al. (2002) and Lou
and Kang (2003). Besides acting as enzyme inhibitors, hydroxamic acids have also
been reported to act as hypotensive (Zamora et al. 1995), anticancer (Steward et al.
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2000; Bouchain and Delorme 2003; Steward 1999; Brammar et al. 2000; Holms
et al. 2001), antimalarial (Mishra et al. 2003; Apfel et al. 2000; Holland et al.
1998; Tsafack et al. 1995; Golenser et al. 1995), anti-tuberculosis and anti-fungal
agents (Miller 1989). Additionally, they have been also found to possess the
potency against HIV, Alzheimer’s disease, and cardiovascular disorders (El Yazal
and Pang 1999, 2000). Now, our interest lies in the discussion of the synthesis,
structure, and physicochemical properties of such a group of chemicals that pos-
sesses a wide spectrum of biological properties.

2 Synthesis and Structure

Hydroxamic acids are generally the products of hydroxylamine (NH2OH) and
carboxylic acids (RCOOH). When an acyl group replaces one of the nitrogen-
bound hydrogens in the hydroxylamine molecule, a monohydroxamic acid,
RCONHOH, is formed. This occurs when an O/N-protected hydroxylamine
molecule is allowed to react with an activated acyl group as shown below:

RCOXþ NH2OH! RCONHOHþ HX ð1Þ

Devocelle et al. (2003), however, reported a convenient two-step procedure for
the parallel synthesis of low molecular weight hydroxamic acids from carboxylic
acids and hydroxylamine with the use of polymer supported 1-hydroxybenzotri-
azole (Fig. 1) (Marmion et al. 2004). A simple one pot method for the synthesis of

N
H

S

N

N

N

O O OH

+
HO R

O

R N
H

OH

O

+ N
H

S

N

N

N

O O OH

i) activation or loading step

ii) coupling step

Fig. 1 The route of polymer supported synthesis of hydroxamic acids
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hydroxamic acids in high yields has also been described by Giacomelli et al.
(2003). The recent development of more efficient methods for the synthesis of
hydroxamic acids can be found in a review by Yang and Lou (2003).

The monohydroxamic acid has been found to exist in two tautomeric forms as:

R C

O

N

H

OH R C

OH

N OH

Keto form Enol form

and both forms exhibit the geometrical isomerism as

N

R

O OH

H

Z-keto

N

R

O H

OH

E-keto

HO

N

R

OH
HO

N

R OH

Z-enol
E-enol

These structures of monohydroxamic acids have been related to the derivatives
which contain the system

C C

O

N

OH

H

or C C

OH

NOH

resembling the structure of hydroxyureas or carbamyl hydroxamic acids as shown
below

N C

O

N

H

OH

or N C

OH

NOH

Hydroxyureas Carbamylhydroxamicacids

In aqueous solution, the monohydroxamic acids behave as weak acids; for
example, the ionization constant of acetohydroxamic acid is 2.8 9 10-8.
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3 The Chelating and Hydrogen Bonding Properties of
Hydroxamic Acids

It is well established that several biomedical applications of hydroxamic acids
arise as a result of their strong chelating and H-bond forming abilities. They can
also act as monodentate and as well as a bidentate ligand through their deproto-
nated hydroxamate moiety and carbonyl oxygen atom as represented by Fig. 2. As
discussed by Scolnick et al. (1997), a hydroxamic acid can also act as a mono-
dentate ligand through its nitrogen atom (Fig. 3).

As apparent in Fig. 2, a hydroxamate can form a stable five-membered chelate
and, as can be seen in Fig. 4, its chelating behavior can be enriched by incorpo-
rating secondary coordinating groups at adjacent sites in the molecule. Figure 4
shows the formation of a dinuclear complex of Cu (II) with an a-aminohydroxa-
mate with two modes of hydroxamate coordination, O, O- and as well as N, N-
coordination, each giving a five-membered ring (Kurzak et al. 1986, 1987).

When b-aminohydroxamic acids form complexes, their N,N-coordination gives
a six-membered ring, while O,O-coordination gives only a five-membered ring as
shown in Fig. 5 for the complex of Cu (II) with a b-alaninehydroxamic acid
(Kurzak et al. 1991).

The ability of the H-bond formation of hydroxamic acids plays no less
important role than their chelating ability in their biomedical applications. As
shown in Fig. 3, a hydroxamic acid can form H-bonds through its OH group, NH
group, and carbonyl oxygen. OH and NH groups can act both as H-bond donor and
H-bond acceptor and the carbonyl oxygen as an H-bond acceptor. Thus depending

O

OH

HO
N_

ZnII

His 119
His 94

His 96

Thr-199

F

F
F

O

NH

Fig. 3 Monodentate
N-bonded complex formation
of a hydroxamate with
carbonic anhydrase enzyme

C

O

H
N

O

M

(a)
HN

C
O

M

O
(b)Fig. 2 Representation of a

monodentate (a) and a
bidentate (b) complexation of
a hydroxamate
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upon number of sites available in receptor, hydroxamic acids can form 3–5
hydrogen bonds, strengthening drug–receptor interactions.

4 Nitric Oxide Releasing Property

While most of the medicinal properties of hydroxamic acids depend on their
ability to inhibit many enzymes because of their chelating and hydrogen bonding
properties, there is one pathophysiological role of these acids which depends on
their ability to release nitric oxide (NO). There are numerous pathological con-
ditions where NO plays an important role (Adams et al. 1999; Stuehr 1999;
Saavedra and Keefer 2000; Kumar et al. 2013). NO is of critical importance as a
mediator of vasodilation in blood vessels. It also acts on cardiac muscle to
decrease contractility and heart rate and thus saves from coronary artery disease.
Marmion et al. (2000) have shown that hydroxamic acids are effective NO donors
and they readily transfer NO to ruthenium (III) to form highly stable ruthenium
nitrosyls, Ru–NO, which cause vascular relaxation of rat aorta by NO-mediated
activation of the Fe(II) heme-containing enzyme, guanylate cyclase. In this
respect, benzohydroxamic acid (C6H5CONHOH) has been found to be the best
NO-releasing agent. Acetohydroxamic acid and salicylhydroxamic acid, however,
also act as good NO-releasing agents. Hydroxamic acids react with [Ru(He-
dta)Cl]- (Hedta: N-(hydroxyethyl)-ethylenediamine-triacetic acid) in aqueous
solution at room temperature to produce the ruthenium nitrosyl complex,
[Ru(edta)(NO)Cl]2-.

H2N

Cu
N

O

Cu

O

N
H2

N

OH2
OH2

OH
O

Fig. 4 A Cu (II) complex of
amino acid exhibiting two
modes of hydroxamate
coordination: O, O- and N,
N-coordination

N

O

Cu

O

Cu

Cu

O

Cu

O

N

N

Cu

O

O

O

H2N

O

NH2

N
H2

H2N

Fig. 5 The structure of a
complex of Cu (II) formed
with a b-alaninehydroxamic
acid showing the formation of
six-membered ring with N,
N-coordination and a five-
membered ring with O, O-
coordination of the
hydroxamate
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5 Inhibition of Enzymes

The enormous biological and pharmacological applications of hydroxamic acids
can be attributed to their ability to inhibit a large number of enzymes whose over-
activations are responsible for variety of diseases. Some of the important enzymes
that have been targeted by hydroxamic acids to develop variety of drugs are
discussed below with respect to their biological roles and the diseases caused by
their over-activation.

5.1 Matrix Metalloproteinases

Matrix metalloproteinases (MMPs) are a class of zinc-containing enzymes that
degrade and remodel essentially all the components of extracellular matrix (ECM),
such as membrane collagens, aggrecan, fibronectin, and laminin (Brinckerhoff and
Matrician 2002; Burzlaff 2006; Gupta 2007; Sternlicht and Werb 2001; Verma and
Hansh 2007; Yadav et al. 2011; Whittaker et al. 1999; Verma 2012). To date at least
26 MMPs are known, which have been classified into six groups based on their
structural homology and substrate specificity: collagenases (MMP-1, -8, -13, and
-18), gelatinases (MMP-2 and -9), stromelysins (MMP-3, -10, and -11), matrilysins
(MMP-7, and -26), membrane types (MTs) (MMP-14, -15, -16, -17, -24, and -25),
and others (MMP-12, -19, -20, -21, -22, -23, -27, and -29) (Yadav et al. 2011;
Overall and Lopez-Otin 2002; Supuran and Scozzafava 2002; Verma and Hansch
2007; Visse and Nagase 2003; Whittakar et al. 1999; Verma 2012). MMPs are
involved in a variety of physiological processes that require degradation of con-
nective tissues, such as tissue remodeling or repair, bone remodeling, cervical
dilation, embryonic development, wound healing, etc. However, over-activation of
these MMPs results in an imbalance between them and their endogenous regulators
called tissue inhibitors of matrix metalloproteinases (TIMMPs) that can lead to
wide array of disease processes such as tumor metastasis (Heath and Grochow
2000; Skiles et al. 2000), rheumatoid arthritis (Eliott and Cawston 2001), osteo-
arthritis (Leff 1999; Shlopov 1997), periodontal disease (Overall et al. 1987),
multiple sclerosis (Yong et al. 1998), congestive heart failure (Li and Feldman
2001), etc. The development of MMP inhibitors as potential therapeutic agents for
the treatment of cancer and rheumatoid arthritis has recently been an area of intense
interest among medicinal chemists (Whittaker et al. 1999; Skotnicki et al. 1999).

5.2 Tumor Necrosis Factor-a Converting Enzyme

TNF-a converting enzyme (TACE) is an another member of the family of zinc-
containing metalloproteinases, which cleaves a membrane bound protein
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(pro-TNF-a), releasing to the circulation a 17 kDa proinflammatory and immu-
nomodulatory cytokine, TNF-a (Black et al. 1997; Moss et al. 2001). The release
of this cytokine in blood circulation may lead to inflammatory diseases, such as
rheumatoid arthritis (RA), multiple sclerosis, and Crohn’s disease (Vassali 1992).
Therefore, there has been a great deal of interest in design and development of
TACE inhibitors in order to suppress the amount of circulating TNF-a (Nelson and
Zask 1999; Newton and Decicco 1999).

5.3 Angiotensin-Converting Enzyme

Angiotensin-converting enzyme (ACE) is a part of renin–angiotensin system,
where it is used to convert a decapeptide, angiotensin I (AI), to an octapeptide,
angiotensin II (AII), which stimulates G-protein coupled angiotensin II (type I)
receptors causing a potent vasoconstriction. Inhibition of ACE decreases the level
of AII in the body leading to a decrease in the blood pressure. ACE has been
extensively exploited as the target for designing the anti-hypertensive agents. The
design and development of its inhibitors have been extensively presented in some
reviews (Hooper 1996; Whittaker et al. 1999).

5.4 Lipoxygenase

The enzyme 5-lipoxygenase (5-LO) is involved in the biosynthetic pathway of
leukotrienes (LTs) where it converts arachidonic acid to 5-hydroperoxy-6, 8, 11,
14-eicosatetraenoic acid (5-HPETEA) leading to LTs. These oxygenated eicosa-
noids are implicated in inflammatory and allergic reactions (Rokach 1989), in
which LTC4, LTD4, and LTE4 are potent bronchoconstrictors and are involved in
bronchial asthma, inflammation, tissue injury, liver diseases, and shock. LTs may
also lead to arthritis and psoriasis. Therefore, 5-LO inhibition represents potential
approach for designing drugs against these diseases (Summers et al. 1990).

5.5 Leukotriene A4 Hydrolase

Leukotriene A4 (LTA4) hydrolase belongs to the family of zinc-containing
enzymes that catalyzes the hydrolytic conversion of LTA4 to LTB4 in the meta-
bolic pathway of arachidonic acid. LTB4 is potent chemotactic factor and plays an
important role in the inflammatory response by stimulating the adhesion of cir-
culating neutrophils to the vascular endothelium and directing their migration
toward the inflammation sites. Thus, the inhibition LTA4 hydrolase has drawn
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great attention of chemists for designing effective anti-inflammatory agents (Hogg
et al. 1995, 1998; Ollman et al. 1995).

5.6 Urease

Urease is an enzyme that is produced by a bacterium called Helicobacter pylori
(HP). This enzyme catalyzes the hydrolysis of urea to ammonia and carbamic acid
resulting finally into carbon dioxide and ammonia. This ammonia elevates the
level of pH in the stomach and breaks the gastric mucosa (Sidebotham et al. 1991)
and ammonia itself inhibits the consumption of oxygen and reduces the production
of ATP in gastric mucous cells or in mitochondria (Tsujii et al. 1992). Thus, urease
activity plays a critical role in the pathogenesis of several diseases, such as urinary
tract infections, urolithiasis, pyelonephritis, hepatic encephalopathy, hepatic coma,
cancer, etc. The presence of urease in the body results from HP infections. The
urease activity in the soil leads to significant environmental and economic prob-
lems by releasing large amount of ammonia into the atmosphere during nitrogen
fertilization with urea. This release of ammonia induces plant damage by ammonia
toxicity and increase in the pH of the soil.

5.7 Peptide Deformylase

Peptide deformylase (PDF) is an essential enzyme in both gram-positive and gram-
negative bacteria, where it helps the synthesis of protein for the bacteria. In eu-
bacteria, the protein synthesis is initiated with N-formyl methionine, and the newly
synthesized polypeptide is converted to mature protein by first removing N-formyl
group by PDF and then methionine by methionine amino peptidase. Thus, PDF is a
potentially attractive target for antibacterial drug design. The activity of PDF may
also lead to bacterial infections. The fact that PDF is metalloproteinase of which
there is no analogous human MMP makes the enzyme an especially attractive
target for antibacterial drug discovery (Hackbarth et al. 2002).

5.8 Histone Deacetylase

Histone acetylases (HATs) and histone deacetylases (HDACs) are a group of
enzymes that catalyze acetylation and deacetylation of lysine residues in the N-
terminal tails of core histones. HDACs catalyze the removal of acetyl groups for
the e-amino groups of lysine residues clustered near the amino terminus of
nucleosomal histones. The cell-cycle progression and differentiation depends on
the activity of HDACs and the deregulation of their activity is associated with
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several cancers (Kouzarides 1999), and therefore HDAC inhibitors are thought to
have great potential to be developed as new anticancer drugs (Marks et al. 2001).
Some of them have already been found to act as potential anticancer drugs in vivo,
and currently are in clinical trials in cancer patients. To date, at least 11 different
isoforms of HDAC have been recognized (Gray and Ekstrom 2001) and many of
them have been exploited to develop the drugs for the treatment of cell prolifer-
ative diseases (Marks et al. 2000; Johnstone 2002; Jung 2001; Kelly et al. 2002).

5.9 UDP-3-O-[R-3-Hydroxymyristoyl]-GlcNAc Deacetylase

This enzyme is involved in the second step of lipid A biosynthesis, and therefore is
a good target for development of novel antibiotics (Onishi et al. 1996).

5.10 Procollagen C-Proteinase

The enzyme Procollagen C-Proteinase (PCP) is involved in the production of
collagen, but its overactivity leads to excessive production of collagen which can
lead to many fibrotic diseases, including arthritis and adult respiratory distress
syndrome. Therefore, the inhibition of this enzyme may lead to develop drugs for
the treatment of these inflammatory conditions.

5.11 Aggrecanase

Aggrecanase is supposed to play an important role in the catabolism of aggre-
canase in human arthritic diseases (Arner et al. 1999), and therefore its selective
inhibitors are thought to be useful in the prevention of joint destruction.

5.12 Carbonic Anhydrase

The ubiquitous enzyme carbonic anhydrase (CA) is a well characterized metal-
loenzyme, containing one zinc ion (Zn2+) per polypeptide chain. Its main physi-
ological function is to catalyze the reversible hydration of carbon dioxide to
bicarbonate ion as shown below:

CO2 + H2O� HCO�3 + Hþ
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This interconversion of carbon dioxide and bicarbonate in animals leads to
maintain acid–base balance in blood and other tissues, and to help transport carbon
dioxide out of tissues. By producing protons and bicarbonate ions, CA plays a key
role in the regulation of pH and fluid balance in different parts of our body. In our
stomach lining, it plays a role in secreting acid, while the same enzyme helps to
make pancreatic juices alkaline and our saliva neutral. The transport of the protons
and bicarbonate ions produced in our kidney and eyes influence the water content
of the cells at these locations. In higher vertebrates, including humans, a number of
isozymes of CA have been investigated (Supuran et al. 2004), which perform
different functions at their specific locations, and their absence or malfunction can
lead to diseased states, ranging from the loss of acid production in the stomach to
kidney failure. Thus the study of their inhibition has been found to be of great
value to develop the drugs acting as antiglaucoma agents, diuretics, antiepileptics,
and in the management of mountain sickness, gastric and duodenal ulcers, neu-
rological disorders, or osteoporosis (Supuran and Scozzafava 2000; Supuran et al.
2004).

6 General Mechanism of Inhibition

Since, as already discussed, hydroxamates act as bidentate ligands and are able to
form the hydrogen bonds, they can act as powerful inhibitors of any enzyme that
contains metal ion and residues able to act as hydrogen-bond donors or acceptors.
Almost all the enzymes discussed above, except a few, contain Zn2+ ion, and hence
are easily coordinated with any hydroxamic acid derivative. In most of the zinc-
containing enzymes, hydroxamates bind bidentately to their catalytic Zn2+ ion to
create a distorted trigonal bipyramidal geometry around the Zn2+ as shown in

O
H2O

O

NH

Zn

Pro238

R

His

His

His
O

O
OH

O

Glu219

Ala182

Organic

residue

2+

Fig. 6 A schematic diagram
showing the interaction of a
hydroxamate with a
representative zinc-
containing enzyme
(matrilysin) and conserved
water molecule. Adapted with
permission from Browner
et al. (1995). Copyright 1995
American Chemical Society
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Fig. 6, representing a schematic diagram for the interactions of a hydroxamate
with matrilysin, as an example (Browner et al. 1995). Figure 6 also shows that in
addition to the chelation, the hydroxamate anion (RCONH–O-) of the inhibitor
can also form a short but strong H-bond with the neighboring carboxylate moiety
of Glu 219 and its –NH-moiety an H-bond with the neighboring carbonyl oxygen
of Ala182. Additionally, the van der Waals and hydrophobic interactions are also
possible that can stabilize the inhibitor–enzyme complex. Figure 6 also shows that
the inhibitor also interacts with the conserved water molecule.

7 Conclusion

Hydroxamic acids possess multiple biological activities due to their ability to
chelate the metal ions bidentately and form strong hydrogen bonds. Because of
their these properties, they interact with a variety of metal-containing enzymes,
such as matrix metalloproteinases, TNF-a converting enzyme, angiotensin-
converting enzyme, lipoxygenase, LTA4 hydrolase, urease, peptide deformylase,
histone deacetylase, UDP-3-O-[R-3-hydroxymyristoyl]-GlcNAc deacetylase, pro-
collagen C-proteinase, aggrecanase, carbonic anhydrase, etc. By targeting these
enzymes, hydroxamic acids have been developed as drugs against variety of dis-
eases, such as cancer, cardiovascular diseases, HIV, Alzheimer’s, malaria, allergic
diseases, hypertension, tuberculosis, glaucoma, ulcers, metal poisoning, iron
overload, etc. Besides, they have also been developed as insecticides, antimicro-
bials, antioxidants, anti-corrosive agents, siderophores, and as a means of flotations
of minerals. Hydroxamic acids are also effective NO donors and they readily
transfer NO to ruthenium (III) to form highly stable ruthenium nitrosyls, Ru–NO,
which cause vascular relaxation of rat aorta by NO-mediated activation of the
Fe(II) heme-containing enzyme, guanylate cyclase. Thus, hydroxamic acids con-
stitute an important class of chemicals of immense therapeutic importance.
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Theoretical Studies on Hydroxamic Acids

Rita Kakkar

Abstract Hydroxamic acids find many applications in chemistry and biology and
have been the subject of many experimental investigations. Theoretical studies are
not as frequent. However, the smallest homolog, formohydroxamic acid (FHA),
has been studied at various levels, including high-level ab initio and density
functional with large basis sets. All studies indicate that it exists as the Z-amide
tautomer and deprotonation occurs from the nitrogen. Many combined experi-
mental and theoretical studies confirm these conclusions. The interaction of for-
mohydroxamic acid with solvent molecules and its adducts with various
compounds have also been theoretically investigated. The higher homologs have
not been studied as much. Acetohydroxamic acid, also known as Lithostat, has
also been investigated at various levels of theory and experiment. Interest in this
compound arises from the fact that it is a known inhibitor of urease. Other
investigated hydroxamic acids include benzohydroxamic acid, whose conforma-
tional properties have also been investigated. Because of their association with
inhibition of the urease enzyme and matrix metalloproteinases, as well as their
application as siderophores, the complexation chemistry of hydroxamic acids is
very important. However, very few theoretical studies aimed at deciphering the
complexation of hydroxamic acids have appeared in the literature. Studies on
metal ion selectivity of hydroxamic acids reveal that the affinity toward Ni(II), the
metal ion present in urease, is due to its electrophilic nature. However, several
QSAR and docking studies have appeared in the literature relating to applications
of hydroxamic acids as inhibitors.
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1 Introduction

According to the IUPAC Gold Book (McNaught and Wilkinson 1997), hydroxa-
mic acids are ‘‘Compounds, RC(=O)NHOH, derived from oxoacids RkE(=O)-
l(OH)m (l = 0) by replacing –OH by –NHOH, and hydrocarbyl derivatives
thereof. Specific examples are preferably named as N-hydroxy amides’’. They
contain the oxime (–N–OH) and the carbonyl (C=O) groups and have the
following structure:

N

OR

H OH

Hydroxamic acids are hydrophilic organic compounds that can exhibit
keto-iminol tautomerism, and both tautomers may exist as Z (zusammen) or
E (entgegen) diastereomers. They are much weaker acids than the structurally
related carboxylic acids RC(=O)OH, and produce hydroxamate ions. The depro-
tonation could be either from the nitrogen or the oxygen, making them N-acids or
O-acids. The hydroxamic acid grouping imparts chelating properties to these acids
and their N-substituted derivatives, which serve as bidentate di-oxygen ligands
toward many metal ions such as Fe(III) and Cu(II). The complexes are highly
colored and are useful for the spectrophotometric (Agrawal and Patel 1980) and
gravimetric (Agrawal and Roshania 1980) analysis of the metal ions.

Hydroxamate ions are best known as iron chelators (Miller 1989). Some
hydroxamates are siderophores, which are compounds produced by microorgan-
isms for the abstraction of iron from iron-deficient environments (Kehl 1982;
Raymond et al. 1984; Weinberg 1989). Hydroxamate siderophores have been
studied extensively due to their role as Fe(III)-specific sequestering agents, and
potential pharmacological applications connected either with the microbial Fe(III)
transport role or with the in vivo decontamination of Fe(III)-overload patients.
Though the relationship between the biological effects and the strong chelating
ability of hydroxamic acids is well established, very little is known about the metal
complexes formed with natural cyclic monohydroxamic acids (Hiriart et al. 1985;
Tipton and Buell 1970). This is due to the decomposition of these compounds in
solution and precipitation in the presence of metal ions such as Cu(II).
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Hydroxamic acids have particular affinities for ‘hard’ cations such as Fe(III),
Np(IV), and Pu(IV) (Baroncelli and Grossi 1965; Barocas et al. 1966; Desaraju
and Winston 1986; Taylor et al. 1998) with which they form five-membered
chelate rings. The strong complexation of hydroxamic acids with plutonium has
been used for the elimination of actinides and other hazardous metal ions from
radioactive wastewater streams and for the recovery of plutonium and its extrac-
tion. They can also reduce a range of metal ions, such as Np(VI), which is very
rapidly reduced to Np(V) (Colston et al. 2000).

On acid hydrolysis of free hydroxamic acids, hydroxylamine and the parent
carboxylic acid are formed (Ghosh 1997). Metal ions bound to hydroxamates also
hydrolyze, and complexes of Pu(IV) with formohydroxamic and acetohydroxamic
acids (AHA) are slowly reduced to free Pu(III) ions (Todd and Wigelund 2006).

The chelating ability of hydroxamic acids has been used to link pharmaceuti-
cally useful ions such as radioactive or paramagnetic ions to monoclonal anti-
bodies that direct the ion to a desired target tissue for tumor or tissue imaging or
therapy purposes.

The use of hydroxamate coordination polymers as molecular magnets (Kahn
2000) has also been explored (Milios et al. 2002). Due to all these applications, the
coordination chemistry of hydroxamates has evoked much interest (Brown et al.
2001; Gaynor et al. 2001; Marmion et al. 2004).

A variety of hydroxamic acid derivatives have recently been touted for their
potential use as inhibitors of hypertension, tumor growth, inflammation, infectious
agents, asthma, arthritis, and more. Other biological applications include inhibition
of enzymes such as prostaglandin H synthase, peroxidases, ureases, and matrix
metalloproteinases (MMPs) which degrade the barriers holding cells in place and
are involved in tumor growth. Investigations of DNA cleavage by hydroxamic
acids in the presence of metal ions (Chittari et al. 1998; Hashimoto and Nakamura
1995, 1996; Hashimoto et al. 1992, 1966, 1997, 1998; Joshi and Ganesh 1992,
1994a, b) have yielded promising results.

A recent theoretical study has been carried out on a new application of
hydroxamic acids, as collectors for selective flotation of diaspore over alumino-
silicates. Jiang et al. (2012) carried out a Density Functional Theory (DFT) study
of the effect of carboxyl hydroxamic acids on the flotation behavior of diaspore
and aluminosilicate minerals. Gece and Bilgiç (2010) studied the corrosion inhi-
bition characteristics of two hydroxamic acids, i.e. oxalyldihydroxamic acid and
pimeloyl-1,5-di-hydroxamic acid, on carbon steel using DFT. The authors related
the inhibition efficiency to quantum chemical parameters such as EHOMO, ELUMO,
calculated using B3LYP/6-31+G**, in order to elucidate the inhibition mechanism
of these compounds. They found the inhibition to be due to the E isomer.

However, in spite of their various applications, very little was known about
their structures for more than even 100 years after they were first reported by
Lossen (1869). In the absence of spectral data, it was difficult to assign the correct
structure from the various possible isomeric and tautomeric structures, and
rotamers thereof in solution (Brown et al. 1982, 1991, 1996) and no experimental
gas phase data concerning their structures were available. Added to that is the fact
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that the various structures are close in energy, and accurate computational methods
were not available at that time to distinguish between the structures. It could also
not be established whether they are O-acids or N-acids, i.e., whether deprotonation
takes place from –OH or –NH.

However, the correct assignment of their structures is extremely important
because most of the applications of hydroxamic acids arise from their chelating
ability, for which the correct orientation of the chelating atoms is essential. The-
oretical methods can help provide information about the ground state conforma-
tion, and, if it is not the right conformation for chelation, the energy required to
attain the required conformation.

It is no surprise, therefore, that a number of experimental and theoretical studies
directed toward the elucidation of the structures and properties of hydroxamic
acids have appeared in the literature. This article reviews the present-day
knowledge of simple hydroxamic acids and their properties obtained from theo-
retical studies. The article is organized as follows: the simplest hydroxamic acid,
formohydroxamic acid (FHA) has been the subject of various theoretical studies,
ranging from semiempirical to ab initio and density functional. The former were
found to be inaccurate for predicting the relative energies of tautomers, and so the
literature concerning this acid from ab initio and density functional studies is first
reviewed. This is followed by a description of the higher analogs and some simple
aromatic acids. Literature pertaining to their complexation behavior is next
reviewed, followed by theoretical studies on their biological activities.

2 Formohydroxamic Acid

The simplest hydroxamic acid, FHA, has been the subject of various experimental
and theoretical investigations in the vapor and solution phases (Bagno et al. 1994;
Bauer and Exner 1974; Blom and Günthard 1981; Bordwell et al. 1990; Bracher
and Small 1970; Brown et al. 1991, 1996, 1998; Decouzon et al. 1990; Exner
1964; Fishbein and Carbone 1965; Fitzpatrick and Mageswaran 1989; García et al.
2000; Guo and Ho 1999; Larsen 1988; Lipczyñska-Kochany and Iwamura 1982;
Mora-Diez et al. 2006; Remko and Šefčíková 2000; Remko 2002; Remko et al.
1993; Sałdyka and Mielke 2002, 2003a; Sant’Anna 2001; Turi et al. 1992; Ventura
et al. 1993; Wang and Houk 1988; Wiberg and Laidig 1988; Wu and Ho 1998;
Yazal and Pang 1999; Yen et al. 2000). In view of the diverse results obtained
from previous calculations and experimental observations, Kakkar et al. (2003)
carried out a systematic study of the structures of some primary and secondary
hydroxamic acids: –RCONR0OH; R = H, CH3, C2H5; R0 = CH3 (formo-, aceto-,
propano-, and N-methylacetohydroxamic acids). They determined the relative
acidities and stable configurations and tautomers of the neutral and deprotonated
hydroxamic acids, which can serve as model hydroxamic acids used in cancer drug
design, since these acids contain the smallest unit C=O…NH that can bind to the
DNA helix.
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All the systems may exist in three tautomeric forms, viz. two rotamers of the
keto form (1E, 1Z), two rotamers of the iminol form (2E, 2Z), and one zwitter-
ionic iminol form, 3. The various forms and their interconversions are depicted in
Fig. 1 (Wu and Ho 1998).

2.1 Relative Energies

FHA, being the smallest member of the family, has been studied at various levels
of theory. Bauer and Exner (1974) reported that the keto forms, 1E and 1Z
(Fig. 1), are favored over the iminol forms, 2E and 2Z. Low-level ab initio cal-
culations suggested that the 1E tautomer exists preferentially in the gas phase, but
inclusion of correlation energy shifted the preference to 1Z (Turi et al. 1992; Wu
and Ho 1998). This conclusion was confirmed by Remko et al. (1993). The order
of gas phase stability, as determined by Wu and Ho (1998) by ab initio theoretical
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Fig. 1 The tautomeric forms of hydroxamic acids (R = H, CH3, C2H5) and the transition states
interconnecting them
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calculation, is 1Z [ 2Z [ 1E [ 2E. However, experimental studies on the
structure of FHA using X-ray (Larsen 1988) and 17O NMR (Lipczyñska-Kochany
and Iwamura 1982) indicated that the most stable structure is 1E in its crystals and
1Z in solution.

DFT calculations at the B3LYP/6-311++G**//B3LYP/6-31G* level (Kakkar
et al. 2003) place the order of gas phase stabilities as 1Z [ 1E [ 2Z [ 2E [ 3.
Again, the keto tautomers were found to be preferred over the iminol ones, but the
order of stabilities of the two rotamers of the keto form was found to be different
from that reported by Wu and Ho (1998). The finding that 1Z is more stable than
1E agrees with the expectation based on stabilization of 1Z due to intramolecular
hydrogen bonding (see Fig. 1), and the smaller value of the dipole moment of 1Z
(3.00 D compared to 3.37 D of 1E), which also agrees with the finding (Wang and
Houk 1988; Wiberg and Laidig 1988) that the rotamer with the smaller dipole
moment is always more stable in vacuum. However, the difference in energy
between the 1Z and 1E rotamers is very small, and we may conclude that 1Z and
1E coexist in the gas phase, as found experimentally from IR spectra (Sałdyka and
Mielke 2003a). At 298.15 K and 1 atm pressure, the Gibbs energy difference
between the 1Z and 1E forms was found to be only 0.6 kcal mol-1 (Kakkar et al.
2003), which implies that 1Z is present to the extent of *75 %. However, none of
the two semiempirical methods, AM1 and PM3, were able to give the correct order
of stabilities. The two keto forms (1Z and 1E) were found to be nonplanar,
whereas the two iminol forms, 2E and 2Z, are nearly planar. Since the crystal data
pertain to the 1E form (Larsen 1988), the calculated optimized geometries for 1E
were compared with the experimental ones, and the agreement was found to be
within 2 %, validating the DFT method.

These predictions were confirmed by later theoretical and experimental studies.
Sałdyka and Mielke (2007) investigated the keto-iminol tautomerism of AHA and
FHA isolated in argon matrixes by full Xe arc irradiation. For FHA, the relative
abundances of 1Z, 2Z, and 1E were found to be 94.3, 2.5, and 3.1 %, respectively,
in agreement with their MP2/6-311++G(2d,2p) predicted values (85, 3.99, 11, and
0.0062 %) based on calculated DEZPE energies 1.43, 1.25, and 5.29 kcal mol-1 of
2Z, 1E, and 2E relative to 1Z.

2.2 Intramolecular Proton Transfer

The potential energy profiles for the intramolecular proton transfer of FHA tau-
tomers (Fig. 1) have also been investigated at the G2 (Wu and Ho 1998) and DFT
(Kakkar et al. 2003) levels. The energies of the transition states reflect their
different respective ring strains, and the energy order is TS2 [ TS3 [ TS1, since
the three transition states involve three, four, and five membered rings, respec-
tively. Wu and Ho (1998) discussed in detail the transformation from the keto form
(1Z) to the enol form (2Z). They concluded that, of the two possible pathways for
the transformation (2Z, see Fig. 1), the first pathway, that is, 1Z ? 3 ? 2Z,
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involves the highly strained three-centered transition state (TS2) and does not
seem likely. The second pathway, 1Z ? 1E ? 2E ? 2Z, involves the relatively
less strained four-center-like transition state, TS3, and should be thus preferred.
However, they did not take into account the substantial rotational barrier from 2E
to 2Z. At the B3LYP/6-311++G**//B3LYP/6-31G* level (Kakkar et al. 2003), the
barrier is 45.2 kcal mol-1, which is much higher than the general rotational barrier
for C–N bonds, in the range 10–15 kcal mol-1 (Blom and Günthard 1981). This is
to be expected, since in this case the rotation is about the C=N double bond. In
fact, the transition state has a higher energy (51.0 kcal mol-1) than either TS1 or
TS3. It is therefore quite likely that the 2E tautomer formed initially does not
undergo subsequent isomerization to the more stable rotamer, 2Z. The calculated
rotational barrier separating 1Z and 1E is, however, much smaller (17.3 kcal -
mol-1). The path for the transformation of 1E to 2E via the transition state TS3
was found to have an activation energy of 43.4 kcal mol-1, as compared with the
calculated G2 (Wu and Ho 1998) barrier of 42.4 kcal mol-1. Both theoretical
results are in close agreement. Thus, DFT calculations, which can be performed at
a fraction of the cost of the high level G2 calculations, perform as well. The overall
activation energies for the two pathways are 53.5 and 51.0 kcal mol-1, respec-
tively, and the latter is only slightly preferred.

B3LYP/6-311++G* calculations on the tautomerism in some hydroxamic acids
in the gas phase, in solvent, and in the presence of 1–3 water molecules (Tavakol
2009) also revealed the greater stability of the 1Z tautomer. The calculations
showed that the energy barrier of gas phase tautomerism is very high, but the
presence of water molecules decreases the barrier.

Besides intramolecular hydrogen bonding that stabilizes the 1Z tautomer,
intermolecular hydrogen bonding with solvent molecules has also been theoreti-
cally investigated.

2.3 Intermolecular Hydrogen Bonding

Of the monohydrates of the 1Z and 1E forms of FHA, shown below, 1Z�H2O was
found to be more stable than 1E�H2O by 2.5 kcal mol-1 (Kakkar et al. 2003).
Thus, 1Z becomes more strongly favored in aqueous solution.
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The reaction enthalpy for the process

1Z þ H2O! 1Z � H2O

was found to be -8.3 kcal mol-1 and that for

1E þ H2O! 1E � H2O

as -6.3 kcal mol-1. Thus, hydrogen bonding with water stabilizes 1Z to a greater
extent than 1E. Kaur and Kohli (2008) investigated the intra- and intermolecular
hydrogen bonding in FHA at the MP2/6-31+G* level. They reported that
intramolecular hydrogen bonding exists only in the 1Z isomer, though there are
multiple hydrogen bond donor and acceptor groups present in the other isomers.
Adduct formation with a water molecule results in intermolecular hydrogen
bonding, which is stronger than the intramolecular hydrogen bonding. However,
their results are at variance with the experimental observation (García et al. 2003,
2005) that complexation with free hydroxamic acids is slower than that with the
anions, indicating that the intramolecular hydrogen bond is hard to break, and
blocks the reaction site. NMR studies have also shown lack of exchange of this
proton.

Senthilkumar and Kolandaivel (2006) applied ab initio and DFT methods to
study the hydrogen bonding in the complexes formed between FHA and water
molecules. They found that FHA has the 1Z form in all the complexes. 1H and 13C
NMR, combined with B3LYP/6-311++G(d,p) chemical shifts in DMSO solution,
revealed that 2-(hydroxyimino)propanohydroxamic acid forms hydrogen bonds
with solvent molecules in solution (Kaczor and Proniewicz 2005), but exists as
dimers in the solid state.

Sałdyka and Mielke (2005a) studied the complexes of FHA with water and
ammonia using FTIR matrix isolation spectroscopy and MP2/6-311++G(2d,2p)
calculations. Their analysis of the experimental spectra of the FHA/H2O(NH3)/Ar
matrixes indicated formation of strongly hydrogen-bonded complexes in which the
NH group of FHA acts as a proton donor toward the oxygen atom of water or the
nitrogen atom of ammonia. Though theoretical calculations indicate that the most
stable complexes are the cyclic structures in which the water or ammonia mole-
cules are inserted within the intramolecular hydrogen bond of the FHA molecule
and act as proton donors for the CO group and proton acceptors for the OH group
of FHA, these were not observed in the matrixes, which indicates high energy
barrier for their formation.

Sałdyka and Mielke (2004a, b) recorded the argon matrix infrared spectra of the
complexes formed between FHA and nitrogen/carbon monoxide. In the case of
nitrogen, two isomeric complexes with the nitrogen atom attached to the NH or
OH group of FHA were found. Theoretical vibrational frequencies at the MP2/6-
311++G(2d,2p) level were found to be in good agreement with the experimental
data. Three isomeric complexes were formed with carbon monoxide: in two of the
complexes, the carbon atom of carbon monoxide interacts with the NH or OH
group of FHA and, in the third, the oxygen of carbon monoxide interacts with –NH
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of FHA. Again, the observed vibrational frequencies were found to be in good
agreement with the calculated B3LYP/6-311++G(2d,2p) values.

Kaur and Kohli (2012) investigated the hydrogen-bonding abilities of a few
amino acid side chains through aggregation of methylamine, methanol, and acetic
acid with formo- and thioformohydroxamic acids using MP2/6-31+G* calculations.

Denis and Ventura (2001) carried out a density functional study of the neutral
and ionic chelates of boric acid with FHA. The calculated IR spectrum for the
bis(hydroxamate) boron chelate was found to be in excellent agreement with the
experimental spectrum.

The structures and gas phase metal affinities of FHA derivatives were studied
using B3LYP/6-311+G(d,p) and CPCM solvations (Šille et al. 2010). The stability
order of the alkali metal ion complexes (Li+ [ Na+ [ K+) was found to be as
expected on the basis of the ionic radii of the alkali metal ions.

2.4 Aqueous Phase Calculations

The calculated Gibbs energies of 1E, 2Z, and 2E in aqueous solution relative to 1Z
(Kakkar et al. 2003) were found to be 7.5, 5.0, and 7.2 kcal mol-1 at 298.15 K and
1 atm. Thus, the 1Z form becomes more emphatically favored in aqueous solution,
in agreement with experiment (Lipczyñska-Kochany and Iwamura 1982), and the
iminol forms also become apparent (stability order: 1Z [ 2Z [ 2E [ 1E).

Aqueous solvation reduces the C–N bond length considerably, and there is a
concomitant increase in the carbonyl bond length, signifying that delocalization of
electrons takes place from the carbonyl bond to the carbon–nitrogen bond. The
N–C and C=O stretching frequencies increase by 39 cm-1 and decrease by
174 cm-1, respectively. The carbonyl oxygen is also involved in intermolecular
hydrogen bonding with water molecules. The variation in the C–N, O–N, and O–C
bond lengths in the isolated, complexed with one water molecule and in bulk water
environments for the two rotamers is interesting. Solvation in 1Z considerably
reduces the C–N and O–N bond lengths, but lengthens the C–O bond only slightly.
This shows that the intramolecular hydrogen bond remains intact in aqueous
solution, in agreement with experimental observations (García et al. 2003, 2005).
For 1E, however, it is the C–O bond that shows the largest increase. In both cases,
while the other two bonds show a constant increase or decrease in going from the
isolated molecule to a complex with a single water molecule and then to bulk
water, the O–N bond is shortest in the single water molecule complex, accounting
for the destabilization.

2.5 Anions

Since the 1Z form seems to be the favored one in the gas phase and in aqueous
solution, dissociation could occur either from the NO–H group leading to the anion
1a, both cis and trans forms of which are possible (Fig. 2), making FHA an
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O-acid. However, if the N–H proton were to dissociate, it would be an N-acid,
leading to the anion 1b. In addition, there is a possibility of dissociation from the
NO–H group of the almost equally stable 1E, leading to structure 1c, and making
FHA an O-acid (see Fig. 2).

The 1b anion was found (Kakkar et al. 2003) to be the most stable, followed by
1a-cis, 1a-trans, and 1c in that order. The finding that 1b is more stable than the
other anions agrees with other high-level ab initio (Ventura et al. 1993; Bagno
et al. 1994) calculations. The greater stability of 1b over 1a-cis, both of which are
derived from 1Z, can be easily explained. In the former, an electron resonance
involving the N–C=O bonds is possible, which should stabilize the two unshared
electron pairs on the nitrogen atom. That this occurs is confirmed by the following:
The C–N bond length in 1b reduces to 1.318 Å from 1.361 Å in 1Z, and its
vibrational frequency also increases by 56 cm-1. Similarly, the carbonyl bond
length increases to 1.276 Å compared to 1.225 Å in 1Z. Its vibrational frequency
also reduces by 96 cm-1. This implies that a resonance exists between the keto and
iminol forms, as shown below:
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IR studies (Exner 1964) also show a red shift in the carbonyl frequency,

indicating that it is in resonance with the nitrogen lone pairs. From the calculated
partial atomic charges on the various atoms in 1Z and 1b, it is seen that the largest
increase in negative charge occurs at the carbonyl oxygen, followed by the change
at the nitrogen on formation of the anion 1b from 1Z. This again supports the
concept of resonance in the anion, as the deprotonated FHA may be considered as
the nitrogen-deprotonated keto form, or, alternatively, the C-hydroxy oxygen-
deprotonated iminol form.
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In contrast, if the proton dissociates from the oxygen atom to form 1a-cis, no
such electron resonance is possible, which can stabilize the anion, but the
originally existing intramolecular hydrogen bonding also disappears, increasing
the instability of the resultant anion. The greater stability of 1b implies that FHA is
an N-acid in the gas phase, and this is in accord with most experimental and
theoretical conclusions (Remko et al. 1993; Wu and Ho 1998). The calculated gas
phase basicity for the formohydroxate ion is 347.2 kcal mol-1. However, it may
be mentioned that, as the three forms 1Z, 1E, and 2Z are in equilibrium in the gas
phase, it may also be considered as an O-acid as a result of deprotonation from the
oxygen of the 2Z form. This is supported by the structure of the anion, which is a
resonance hybrid of the two forms.

Wu and Ho (1998) also argued for N-acid behavior of hydroxamic acids thus:
since structure 1Z is the most stable conformation of FHA in the aqueous phase, its
acidity would depend on which hydrogen atom (attached to the N atom or the O
atom) can be dissociated easily. Since the barrier to the transformation 1Z ? 3 is
smaller than that for the intramolecular proton transfer (1Z ? 1E ? 2E ? 2Z),
the former reaction takes place faster and the proton on O4 (H5) is not available for
dissociation, as it remains between the two oxygens, O4 and O3. The 1Z to 2Z
transformation, which involves the transfer of the proton (H7) attached to N2,
however, is more difficult and thus this proton is relatively easy to dissociate.

Leung (2006) applied ab initio molecular dynamics (AIMD) to study the
hydration structures and electronic properties of the formohydroxamate anion in
water. It was found that, in the O-deprotonated anions, the negative charge is
concentrated on the oxime oxygen, while in the N-deprotonated case, it is partially
delocalized between the nitrogen and the adjoining oxime oxygen atom.

Senthilnithy et al. (2006) carried out ab initio calculations on isomers of
N-phenylbenzohydroxamic acid derivatives and their deprotonation process. They
found that the acid dissociation constants obtained using CBS-QB3 gas phase
energies and HF/6-31+G(d)/CPCM hydration energies closely agree with the
experimental values, provided that the most stable isomer for the molecule and the
anion in water are taken as the Z-isomer. Senthilnithy et al. (2008) treated the first
hydration shell of the O-deprotonated and N-deprotonated anions explicitly using
HF/6-31+G(d), and the rest of the solvent as a continuous dielectric using CPCM,
and found that the O–H bond dissociation is favored in aqueous medium. They
supported their cluster calculations with a molecular dynamics (MD) simulation.
Dissanayake and Senthilnithy (2009) presented a thermodynamic cycle to calcu-
late pKa values of hydroxamic acids, including the gas phase N–H deprotonation
of the hydroxamic acid, the solvent phase transformation of the N-ion to the O-ion
and the solvation of the hydroxamic acid molecule and the O-ion in water. Kaur
et al. (2009) also calculated the pKa values for deprotonation from formo- and
thioformohydroxamic acids and concluded that these are N-acids.

The photodecomposition of FHA yielding the hydrogen-bonded complexes
HNCO–H2O and NH2OH–CO has been studied both experimentally and theoret-
ically (Sałdyka and Mielke 2003b). B3LYP/6-311++G(2d,2p) calculations
provided support for the proposed structures.
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3 Higher Homologs

3.1 Aceto- and Propanohydroxamic Acids

The next two higher homologs of FHA are aceto- and propanohydroxamic acids.
The former (AHA) is also known as Lithostat, a drug used to cure kidney ailments,
although it has several side effects, such as hemolytic anemia, blood clotting, and
headaches. Fishbein and Carbone (1965) first reported its function as an inhibitor
of the enzyme urease.

A similar trend in energy is observed in the case of these two molecules
(Kakkar et al. 2003), with the energy gap between the 1E and 1Z forms becoming
smaller with each substitution, until for propanohydroxamic acid, the 1E form
becomes favored over 1Z. X-ray crystallographic analysis of AHA revealed the
stable structure to be the 1Z form in the solid state (Bracher and Small 1970). The
greater stability of the 1E form for propanohydroxamic acid in the gas phase seems
contrary to the fact that an intramolecular hydrogen bond in the 1Z form is
disabled in 1E. However, the small differences in energy suggest that both aceto-
and propanohydroxamic acids exist in the 1Z and 1E forms that are in equilibrium
in the gas phase. This prediction is consistent with previous ab initio calculations
(Yazal and Pang 1999). Mora-Diez et al. (2006) also reported the greater stability
of the 1Z form based on their MP2(FC)/AUG-cc-pVDZ level calculations.

Sałdyka and Mielke (2007) reported that the relative abundances of the 1Z, 2Z,
and 1E isomeric structures in the AHA/Ar matrixes, obtained by deposition of the
vapor over solid AHA sample heated to 301 K, are 95.1, 3.7, and 1.2 %,
respectively. The results of their calculations at the MP2/6-311++G(2d,2p) agreed
with the experimentally determined order of stability of the AHA isomers.

As far as the activation barriers are concerned, for the pathway from 1Z to 2E
involving TS3, the overall barriers are 43.4, 40.8, and 39.0 kcal mol-1, respec-
tively, for formo-, aceto-, and propanohydroxamic acids (Kakkar et al. 2003). The
barriers decrease slightly with every methyl substitution.

Theoretical and experimental studies of the solvent effect on the protonation of
AHA have been carried out (García et al. 2000; Munoz-Caro et al. 2000). Mora-
Diez et al. (2006) calculated the structures of the aggregates of the neutral and
anionic forms of AHA with a water molecule at the MP2(FC)/AUG-cc-pVDZ
level of theory, in order to evaluate the effect of intermolecular hydrogen bond
formation on the deprotonation processes of AHA. They reported that the intra-
molecular hydrogen bonding is preserved in the 1Z�H2O aggregate, as found for
FHA (Kakkar et al. 2003), but the 1E�H2O system represents the most stable
aggregate.

The observation that 1b is the most stable form of the anion (Kakkar et al.
2003) agrees well with high-level ab initio and density functional calculations
(Yazal and Pang 1999). Decouzon et al. (1990) measured gas phase acidities of
AHA as well as those of its N-methyl and O-methyl derivatives, concluding that it
behaves essentially as an N-acid in the gas phase, with a gas phase basicity of the
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N-anion equal to 339.1 ± 2 kcal mol-1. The theoretically calculated value of
337.1 kcal mol-1 (Kakkar et al. 2003) agrees well with this value. For propa-
nohydroxamic acid, the calculated value is 335.3 kcal mol-1. Other authors
(Bordwell et al. 1990; Ventura et al. 1993; Bagno et al. 1994; Mora-Diez et al.
2006; Vrcek et al. 2008) also confirmed N-acid behavior for hydroxamic acids in
gas phase and in DMSO solution. Kaczor and Proniewicz (2004) carried out DFT
(6-311++G(d,p)) calculations of NMR spectra in DMSO solution for FHA and
oxalodihydroxamic (OXHA) acid aggregates with two DMSO molecules via
hydrogen bonding between the labile protons of the acids and the oxygens of the
solvent molecules. They found excellent correlation between the calculated and
observed NMR spectra. Again, the Z forms were found to be more stable, with
OXHA existing exclusively in this form.

Ab initio molecular orbital calculations with 4-31G//4-31G, 6-3lG*//4-31G,
and 6-31+G//4-31G basis sets were used to examine the structure, relative energy,
protonation, and deprotonation of a series of seven hydroxamic acids in the gas
phase (Yamin et al. 1996). The results showed that the most probable protonation
site is the carbonyl oxygen atom, while deprotonation proceeds by loss of the NH
hydrogen. MP2(FC)/AUG-cc-pVDZ calculations and NMR, spectrophotometric,
and potentiometric measurements of the isomers of AHA and their deprotonation
processes (Senent et al. 2003) gave essentially the same results: the 1Z conformer
is most stable in the gas phase and deprotonation occurs from the nitrogen in
aqueous solution. García et al. (2000) carried out an experimental and theoretical
study at the B3LYP/cc-pVDZ level on the solvent effect on protonation of AHA.
They also found that the carbonyl is the most active site for protonation.

Sałdyka and Mielke (2005b) studied the dimerization of the keto tautomer of
AHA using FTIR matrix isolation spectroscopy and B3LYP/6-31+G(d,p) calcu-
lations. Analysis of the AHA/Ar matrix spectra indicated formation of two dimers
in which the intramolecular hydrogen bonds within the two interacting AHA
molecules are retained.

Binary AHA…HX complexes of AHA with hydrogen halides, HX (X = F, Cl,
Br) were investigated using the second order perturbation theory (Joshi and Gejji
2005). In the case of the complex with hydrogen fluoride, the latter acts as both a
proton-donor to the carbonyl oxygen and as a proton-acceptor from the hydroxyl
group. In the case of the chloro- and bromo-substituted derivatives, however,
hydrogen-bonded interactions exist with the carbonyl oxygen and the methyl
protons of AHA.

3.2 N-Methylacetohydroxamic Acid

In contrast to the situation for the above acids, in N-substituted derivatives, there is
no possibility of the enol form as the nitrogen lacks a hydrogen atom for transfer to
the carbonyl oxygen. In this case, too, it was found (Kakkar et al. 2003) that, like
propanohydroxamic acid, the 1Z form is less stable than 1E by 0.8 kcal mol-1.
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However, the small difference suggests that both forms are in equilibrium in the
gas phase. For the anion, it is found that the 1a-trans form is more stable than 1a-
cis by 10.9 kcal mol-1. This agrees with the prediction of previous ab initio
calculations (Yazal and Pang 1999). The gas phase basicity of the anion
(343.4 kcal mol-1) agrees with the experimental value (Decouzon et al. 1990) of
346.9 ± 2 kcal mol-1.

3.3 Arylhydroxamic Acids

Aromatic hydroxamic acids have also been extensively studied. García et al.
(2005) carried out a theoretical and experimental study on the conformations,
protonation sites, and metal complexation of benzohydroxamic acid (BHA). Their
calculations at the RHF/cc-pVDZ level, refined by the B3LYP/AUG-cc-pVDZ
method, indicated that, in the gas phase, 1Z is the most stable structure of both
neutral and deprotonated BHA. In acetone solution at -80 �C, the E/Z ratio was
estimated as 3. They also experimentally observed the formation of E–E, Z–Z, and
E–Z dimers, which dissociate in aqueous solution. The theoretical results showed
that, as in AHA, intramolecular hydrogen bonding is strong. This agrees with the
experimental observation in the dynamic 1H NMR spectrum of BHA (García et al.
2005) in acetone solution (with residual water) that the coalescence temperature
between the two proton singlets of the E isomer increases from -10 to 5 �C when
the proportion of residual water of the solvent is increased by 30 %. This indicates
that water hinders the interchange between the two protons of the E–NHOH group,
probably due to hydrogen bond formation. The authors (García et al. 2003, 2005)
also observed that the rate of complexation of Ni(II) with 1Z hydroxamic acids is
slower than that with the corresponding anions. This indicates that in aqueous
solution, intramolecular hydrogen bonding is stronger than the intermolecular
hydrogen bonding with water molecules, and this blocks the reaction site, slowing
down the rate of complexation. Recently, the structure of BHA was investigated at
the B3LYP, MP2, and MP4(SDQ) levels of theory and compared to the corre-
sponding structures of formyl analogs (Al-Saadi 2012). All levels of theory pre-
dicted the molecule to exist predominantly in a near-planar structure adopting a cis
conformation where the hydroxyl group eclipses the carbonyl bond.

For salicylhydroxamic acid (SHA) and p-hydroxybenzohydroxamic acid, Gar-
cía et al. (2007) found evidence for extended aggregation. B3LYP/AUG-cc-pVDZ
level calculations showed that the most stable gas phase conformer is 1Z, a
structure with all three phenolate, carboxylate, and hydroxamate oxygen atoms in
the cis position. The most stable monoanion is the N-deprotonated 1Z.

For the three isomeric aminophenylhydroxamic acids, too, the 1Z keto form
was found to be the most stable (Kakkar et al. 2006a) in each case. Among the
three isomers, 2-aminophenylhydroxamic acid was found to be the most stable,
despite the two hydrogens in close proximity in the former. Hyperconjugative
interactions with nitrogen and intramolecular hydrogen bonding reduce the
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carbonyl bond order in the Z isomers of the acids. In the anions formed by
deprotonation of –OH, only the hyperconjugative interactions operate, but these
too reduce the carbonyl bond order to *1.6.

All three acids are stabilized by intramolecular hydrogen bonding and the
Z forms are more stable than their E counterparts by several kcal mol-1, unlike the
case of the simple hydroxamic acids. Besides, the E forms are nonplanar and do
not represent energy minima in the case of 2-aminophenylhydroxamic acid, which
possesses a small imaginary vibrational frequency (155 cm-1) and the 4-amino-
phenyl isomer, for which the imaginary frequency is 45 cm-1. In this case, too, the
acids are N-acids, as the b anion is more stable than a in all cases. The difference
in energies between the two anions is highest for the anion of 2-amin-
ophenylhydroxamic acid (19.5 kcal mol-1), as there is extensive hydrogen
bonding in the b anion in this case (see Fig. 3). This partly explains why this
isomer has a tendency to form complexes by deprotonation from both nitrogen and
oxygen, while the other acids undergo deprotonation at oxygen only on complex
formation.

4 Metal Ion Chelation

By far, the most important application of hydroxamic acids is as metal ion che-
lators. The coordination chemistry of hydroxamic acids has been reviewed (Codd
2008), laying emphasis on the expansive role of hydroxamic acids in chemical
biology.

Metal-hydroxamate complexes exhibit structural diversity (Dessi et al. 1992;
Farkas et al. 1998a, b, 2000; Gaynor et al. 2001; Kurzak et al. 1992; Marmion et al.
2000; Milios et al. 2002). Hydroxamate ions have two oxygen atoms and may
bond to the metal ion in two different ways: monodentate or bidentate

Fig. 3 Structure of the
b anion of 2-
aminophenylhydroxamic
acid, showing the extensive
hydrogen bonding. Distances
are in Å
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configurations. Besides, they may also coordinate through the nitrogen atom and
one oxygen atom. However, the bulk of experimental data favor the bidentate
mode using two oxygen atoms. An X-ray diffraction study of the Fe(III) complex
showed that the chelation involves the oxygen belonging to the carbonyl and
NHOH groups (Lindner and Göttlicher 1969). Investigations on the complex
formation with simple primary hydroxamic acid ligands in aqueous solution
demonstrated clearly that, depending on the pH, two (O,O) binding modes of the
ligands are accessible to metal ions like Cu(II) and V(IV) (Dessi et al. 1992;
Farkas et al. 1998a). The more common hydroxamato (1-) type mode arises from
the first deprotonation step and involves the coordination of the NHO- moiety.
The hydroximato (2-) form of the ligand is produced by further metal-induced
deprotonation of the NHO- at high pH. The coordination of the nitrogen atom of
the hydroxamic moiety was never found in metal complexes formed by simple
hydroxamic acids. Hydroxamic acids have been found to bind in other coordina-
tion modes as well (Milios et al. 2002).

However, in order to chelate to metal ions, the acid should adopt the required
cis (Z) conformation. The reaction scheme shown in Fig. 1 entails rotations about
the C–N bond for the interconversion between the two pairs of rotational isomers
1Z, 1E and 2Z, 2E. While the latter barrier is quite high, the smaller barrier to the
CN rotation from 1Z to 1E plays an important role in metal ion chelation. The
effects of this barrier are also reflected in kinetic parameters obtained from the
sequestration of iron by hydroxamic acids from the polynuclear iron complex,
[Fe11O6(OH)6(O2CPh)15]. The substituents at nitrogen and carbon can modify the
cis/trans (Z/E) ratio, as was found for a series of monohydroxamic acids (Brown
et al. 1991, 1996). As the required conformation for the formation of a normal
(O,O) chelate is cis, correlation between the Z/E ratio and the stability of the
chelate (both thermodynamic and kinetic), can be expected.

4.1 Barriers to Rotation

For FHA, the calculated (Kakkar et al. 2003) rotational barriers at the DFT level in
the gas phase and in aqueous solution are, respectively, 17.9 and 20.2 kcal mol-1,
respectively. For AHA, the gas phase barrier is calculated as 16.7 kcal mol-1.
Thus, the rotational barriers increase on aqueous solvation. Although the MP2/6-
311G** calculations (Brown et al. 1998) predict otherwise, the rotational barriers
decrease with increasing methyl substitution for the gas phase. Part of the dis-
crepancy between the DFT results and those of Brown et al. (1998) could be due to
underestimation of the stability of the Z form in their calculations, because of non-
inclusion of diffuse functions that could lead to an incorrect description of
hydrogen bonding effects. For N-methyl acetohydroxamic acid, the calculated
rotational barrier from the more stable 1E form is 16.6 kcal mol-1, as compared
with a value of 16.0 kcal mol-1 from MP2/6-311G** calculations (Brown et al.

Theoretical Studies on Hydroxamic Acids 35



1998). Niño et al. (2000) compared their MP2(FC)/cc-pVDZ and B3LYP/cc-
pVDZ results for barriers to nitrogen inversion and methyl rotation in AHA, and
found large differences in the two results.

4.2 Choice of an Appropriate Methodology

Hydroxamic acids are known to inhibit urease, a nickel-containing metalloenzyme.
Three factors determine the specificity of a given metal-binding site for a partic-
ular transition metal ion (Bertini et al. 1995; Rulísék and Vondrášek 1998): the
coordination geometry, the size of the preformed cavity in more complex ligands,
and the affinity of functional groups participating in metal–ligand bonds for a
specific transition metal ion. The third factor, and probably the most difficult one
to address, is the different affinities of a particular ligand for different transition
metal ions, which is often based on qualitative or semi-quantitative theories or
principles such as the hard and soft acids and bases (HSAB) principle of Parr and
Pearson (1983) and Pearson (1963) and the Irving-Williams (IW) series of stability
constants (Sigel and McCormick 1970; Martin 1987). Nevertheless, a quantitative
evaluation of the affinity is feasible only with accurate quantum chemical calcu-
lations on model systems, which is why a reliable computational scheme for the
calculation of transition metal complexes containing metal–ligand bonds with
ionic character is desired.

However, due to several reasons, there are very few quantum mechanical cal-
culations on the electronic effects in the interaction of metal ions with biological
systems. The first reason is the large number of electrons and spin states that must
be considered for transition metal ions owing to their partially filled d orbitals,
which makes it difficult to assign the ground spin state. Unrestricted calculations,
which take up twice as much time as the restricted calculations, need to be per-
formed on these systems in order to identify the ground state. Often the basis sets
for these metal ions are also unavailable. The SCF convergence is also slow, owing
to the mixing of the d orbitals with the s orbitals. Moreover, Jahn-Teller distortions
remove symmetries, making the calculations even more computationally expen-
sive. Nevertheless, advances in computational methodologies have now made it
possible to perform accurate DFT calculations at modest cost and with reasonable
accuracy, which sometimes even surpasses experimental determinations. In par-
ticular, Generalized Gradient Approximation (GGA) combines accuracy with
reasonable computational cost.

Hydroxamic acids, particularly AHA, are known inhibitors of the urease
enzyme. They block the Ni(II) ion of the enzyme by binding selectivity to it. The
particular affinity of hydroxamic acids for Ni(II) was investigated (Kakkar et al.
2006b). In this study, the authors compared the complexation behavior of selected
hydroxamic acids toward eight divalent ions, including Pd(II), Cd(II), Hg(II),
Mn(II), Co(II), Ni(II), Cu(II), and Zn(II). All these metal ions are important
constituents of metalloproteins and are also major pollutants of the environment,
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and hence a scheme for their removal from the environment is essential. Several
binding modes were considered in the work.

However, as very few theoretical studies on the complexation behavior of
hydroxamic acids were available at that time, the authors (Kakkar et al. 2006a)
first tested their methodology against the Cu(II) complexes of the three isomeric
aminophenylhydroxamic acids, since their crystal data are available (Gaynor et al.
2001). They tested two LDA functionals and eight GGA functionals, employing
numerical basis sets of double-n quality plus polarization functions (DNP) to
describe the valence orbitals.

Although hydroxamate ions usually bind to metal ions through the two oxygen
atoms (i.e., as (O,O)-bidentate chelating agents), other binding modes are also
possible, and this range can be greatly increased if the hydroxamate ligand con-
tains secondary binding groups, resulting in many diverse and intriguing structures
(Milios et al. 2002). This was found in the complexes formed between the isomeric
aminophenylhydroxamic acids (AphaH2) and CuSO4�5H2O (Gaynor et al. 2001).
While 4-aminophenylhydroxamic acid (4-AphaH2) gives the simple square planar
complex Cu(4-AphaH)2�2H2O, 2-aminophenylhydroxamic acid (2-AphaH2) gives
a fused ‘dimeric’ metallocrown of the formula [Cu5(2-Apha)4(l-SO4)�(H2O)2]2, in
which the metal ions display extensive magnetic coupling (with potential appli-
cations in the field of magnetoelectronics). The complex has a ‘clam-like’ struc-
ture, in which (2-Apha2-) is doubly deprotonated 2-aminophenylhydroxamic acid.
The coordination is through deprotonated nitrogen and it contains bridging hy-
droximate (-2) functions, combined with the {O,l2-O0} chelating/bridging mode.
3-aminophenylhydroxamic acid (3-AphaH2) gives a trinuclear helical polymer of
formula [Cu3(3-AphaH)4SO4�(H2O)]n�8H2O, which has a supramolecular structure
with large open cavities, which can be useful in trapping guest molecules.

The ability to accurately describe the three structurally diverse complexes by
different pseudopotentials was discussed by the authors (Kakkar et al. 2006a). The
following conclusions were drawn: both the LDA geometries, particularly VWN,
are in good agreement with experiment, but the gradient-corrected DFT methods
tend to exaggerate the Cu–O1 bond length when compared with the experimental
(Gaynor et al. 2001) value. On the other hand, LDA-VWN overbinds the Cu–O4

bond, yielding a bond length that is too short by 0.034 Å. Some of the GGA
functionals, namely BOP, RPBE, and HCTH, are particularly bad when it comes to
predicting Cu–O bond lengths. The only GGA functional that gives good agree-
ment with experiment is PBE (Perdew et al. 1996), for which the error is only
1.6 % in relation to experiment, in spite of the fact that the latter refer to the solid
state, which is subject to deformation because of solid state effects. In particular,
this is the only method that produces equal Cu–O1 and Cu–O2 bond lengths (see
Fig. 4) for the two rings, in agreement with experiment. All other methods predict
asymmetry in the two rings. In most cases, the overall errors are smaller for bond
angles than for bond distances.

The authors proceeded with the GGA-PBE method on the complexes. The
2-aminophenylhydroxamic acid isomer was found to be the most stable of the
three, but the complexation energy values indicate slightly greater stability of
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the 4-aminophenylhydroxamic acid complex. In each complex, both five-mem-
bered Cu-hydroxamate rings were found to be planar, causing delocalization of
electrons in the O1C2N3 moiety. The C2C6 bond is essentially single, permitting
the phenyl ring to rotate about this bond. The phenyl rings are twisted with respect
to the hydroxamate grouping by *20� in each case.

The group charge of the hydroxamate ligand changes from a value of -1.0 in
the free state to *-0.3 in the three complexes, signifying electron transfer from
the ligand to Cu(II) and coordination bond formation. The complexes were found
to have sizable covalent character, each Cu–O bond having a covalent bond order
slightly higher than 0.5.

Kakkar et al. (2006a) also observed that Mulliken charges are unreliable, as
they are basis-size dependent. Plots of the electrostatic potential maps for the three
complexes are shown in Fig. 5. These maps give an idea about the range of
electron density around the complex. For 2- and 3-aminophenylhydroxamate
complexes, the 0.016 au (10 kcal mol-1) isoelectronic contour is plotted.
However, for the 4-aminophenylhydroxamate complex, the potential extends only
between -5.1 9 10-4 and 2.9 9 10-7 au, and hence the 1 9 10-10 au contour is
plotted.

The three maps demonstrate the differences in the electronic behavior of the
three complexes. The 2- and 3-aminophenylhydroxamate complexes exhibit
similar contours. However, the map for the 4-aminophenylhydroxamate complex
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Fig. 4 Structure of the
Cu(II) complex of 4-
aminophenylhydroxamic acid

Fig. 5 Isopotential maps for
the Cu(II) complex of 2- and
3-aminophenylhydroxamic
acid (Isovalue = 0.016 au),
and 4-
aminophenylhydroxamic acid
(Isovalue = 1 9 10-10 au)
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bears no resemblance to that of the other two. The smaller extent of the potential in
the case of the 4-aminophenylhydroxamate complex may explain its reluctance to
polymerize.

4.3 Metal Ion Selectivity

Having shown that the GGA-PBE functional combined with the DZP basis set
gives a satisfactory description of the bonding in the Cu(II) aminophenylhydr-
oxamic acid complexes, Kakkar et al. (2006b) proceeded with DFT calculations on
a number of square planar hydroxamate chelates of several divalent metal ions in
order to determine their respective affinities for hydroxamic acid ligands. Except
Mn(II), which prefers the quartet spin state, the metal ions were seen to prefer the
low-spin state. Though the favored geometry is square planar, the Zn(II) complex
is considerably distorted (Fig. 6).

The calculated binding mode (–NOH deprotonated) was found to be in
agreement with experiment. The complexation energies follow the order
Cd(II) \ Mn(II) \ Hg(II) \ Zn(II) \ Pd(II) \ Co(II) \ Cu(II) \ Ni(II), which is
almost the IW series, with two notable exceptions, Pd(II) and Ni(II), both of which
are d8 ions. The authors explained the lesser stability of Pd(II) complexes than that
predicted from the IW series on the basis of the HSAB principle. The hydroxamate
ligand contains negatively charged carboxylate-like oxygens, and is hence hard,
and should not prefer the soft metal ions, Cd(II), Hg(II), and Pd(II). In fact,
palladium shows a preference for the hydroximate binding mode (Hall et al. 2002).
The other exception is Ni(II), for which the binding energy was found to be the
largest. This was explained on the basis of higher covalent character in the Ni(II)
complex.

Extensive calculations showed that, although the interactions are mainly
dominated by electrostatic forces, there is a covalent contribution as well that
introduces subtle variations in binding affinities of various metal ions. Thus,
although a reasonable correlation was found between the complexation energies
and reciprocals of the ionic radii of the metal ions, deviations were attributed to
some covalent character of the metal–ligand bonds, which modify a ligand’s
affinity for a metal ion and introduce subtle variations that are ultimately
responsible for their biological action. A linear relationship between the partial
charge on the metal ion and the LUMO energy showed that metal ions with lower
lying vacant orbitals are able to form covalent coordination with the FHA ligand.
The covalent bond order of the metal–ligand bonds is quite high. The affinity of the
formohydroxamate ion for Ni(II) is satisfactorily explained on the basis of larger
charge transfer from the ligand, and is reflected in the Ni(II) ligand bond orders,
which are close to unity. The authors (Kakkar et al. 2006b) discussed the bonding
characteristics of the investigated complexes, as well as the optimum size of the
metal binding site. Some other hydroxamic acids were also investigated in the
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Fig. 6 Optimized structures of the cis and trans forms of the formohydroxamate complexes of
Zn(II) and Ni(II). Color code: H-white, C-grey, N-blue, O-red. The top ring contains the M–O2–
C–N–O1–(M = Zn, Ni) five-membered ring. The corresponding atoms of the lower ring are
numbered with a prime
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work. For hydroximate complexes and complexes with other hydroxamic acids,
the Ni(II) complex was again found to be the most stable.

The plots of the highest occupied molecular orbitals of the ligand, the Ni(II)
complex and the Zn(II) complex (Fig. 7) show that the ligand orbitals are retained
in the HOMO of the complexes, but, in the case of Ni(II), the metal d orbital also
becomes a part of the HOMO, showing an interaction between the Ni(II) d orbitals
and the ligand. There is no participation of the metal orbitals for the Zn(II)
complex.

The authors (Kakkar et al. 2006b) applied the knowledge gained about coor-
dination bonding to investigate the metalloprotein urease and its inhibition by
AHA.

5 Urease Inhibition

The interactions of transition metal ions with biomolecules (metalloproteins,
peptides, DNA, RNA molecules, etc.) represent one of the fundamental aspects
exploited by living organisms in performing their essential tasks. The role of
transition metal ions in the structure and function of these systems is immense,
though often unknown at the atomic or electronic level. One of the most important
properties of bioinorganic systems is the relationship between molecular structure
and energetics. Molecular structures can be efficiently studied by atomic resolution
experimental techniques, but they do not provide any energy values. Thus, it is
very tempting to complement bioinorganic experiments with energy evaluations,
which can be presently achieved by state-of-the-art quantum mechanical
calculations.

The metalloenzyme urease holds a very important place in the history of
enzymology (Lippard 1995). Sumner (1926) crystallized the enzyme, but only
some 50 years later was urease found to contain Ni(II) (Dixon et al. 1975) a
transition metal previously recorded as an oddity with respect to biological
activity. Urease catalyzes the hydrolysis of urea to ammonia and carbamate
according to the equation

Fig. 7 Plot of the HOMOs
for a formohydroxamate
anion, and the trans
formohydroxamate
complexes of b Ni(II), and
c Zn(II)
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CO NH2ð Þ2þ H2O! H2NCOO� þ NH4
þ

in plants, algae, fungi, and several microorganisms (Ciurli et al. 1999). The car-
bamate produced simultaneously decomposes, at the physiological pH, to give a
second molecule of ammonia and bicarbonate, according to the equation

H2NCOO� þ H2O! HCO3
� þ NH3

The hydrolysis of urea is difficult; the uncatalyzed reaction has never been
observed (Blakeley et al. 1982). The stability of urea is attributed to its resonance
energy (30–40 kcal mol-1) (Wheland 1955). The enzyme converts urea into
products at a rate 1014 times faster than the spontaneous decomposition rate
(Blakeley et al. 1982).

Crystal structures of urease from three different microorganisms, Klebsiella
aerogenes (KAU), Bacillus pasteurii (BPU), and Helicobacter pylori (HP), have
been reported, providing a detailed picture of the active site (Jabri et al. 1995;
Benini et al. 1999; Pearson et al. 2000; Ha et al. 2001). Hydroxamic acids are an
important family of urease inhibitors. The most studied derivative is AHA, shown
to behave as a slow-binding inhibitor (Dixon et al. 1975; Ciurli et al. 1999). The
structure of the AHA-inhibited C319A mutant of KAU has been reported (Koga
et al. 1998). The structure of the AHA-inhibited BPU has also been solved at
1.55 Å resolution (Benini et al. 2000). Manunza et al. (1999) performed MD
calculations on the active site of urease from KAU and its adducts with urea,
hydroxamic acid and N-(n-butyl)-phosphoric triamide (NBPT).

The quantum mechanical approach was used to model urease and its inhibition
by AHA (Kakkar et al. 2006b) using the GGA-PBE DFT functional. For each of
the ureases from two different microorganisms, KAU and HP, for which crystal
structures have been determined (Jabri et al. 1995; Pearson et al. 2000; Ha et al.
2001), calculations were carried out for the uninhibited urease and its AHA
inhibited structure. The urease from BPU has a similar structure to that from KAU,
and was hence omitted from the analysis.

As the structures are too large for DFT calculations to be performed on the
entire system, the active site consisting of the two nickel atoms and the ligands
bound to them were modeled only, resulting in structures still having a formidable
number of around 320 atoms.

5.1 Klebsiella Aerogenes Urease

The active site for in the native urease consists of two nickel atoms, complexed
with His 133, His 135, His 245, His 271, KCX 216, Asp 359, and HOH 500–502.
When complexed with AHA, the active site again consists of the two nickel atoms,
His 133, His 135, His 245, His 271, KCX 216, and Asp 345, but HOH 500–502 are
replaced by AHA, HAE 558, which bridges the two nickel atoms.
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The final structures, labeled A (native) and E (complexed with AHA) are
depicted in Fig. 8. In A, it can be seen that one Ni(II) atom is complexed with
KCX via Ox1, His 246 via ND1, HOH 500 and 501 via their oxygens and His 272
via NE2. Likewise, the second nickel atom is also pentacoordinate, being linked to
His 134 and His 136 via NE2, KCX via Ox2, Asp via OD1, and HOH 500 and 502
via their oxygens. HOH 500 serves as a bridging group, and is present as the
hydroxyl ion. The Ni…Ni distance is long (3.743 Å) because of the bridge. The
overall charge on this fragment is +1.0.

In E, on the other hand, one of the nickels (Ni(1)) is four coordinate. Hy-
droxamate is a bidendate ligand and binds to the two nickel atoms. Thus, Ni(2)
coordinates to KCX via its oxygen Ox2, His 133, and His 135 via their nitrogens
NE2, Asp 345 via OD1, and HAE via O1. Ni(1) is coordinated to His 245 via its
nitrogen ND1, His 271 via its nitrogen NE2, KCX via Ox1, and HAE via O2. The
overall charge on the fragment is +1.0. The Ni…Ni distance decreases slightly to
3.699 Å as a result of the hydroxamate bridging.

The electrophilic nature of the two nickels is obvious from the drastic decrease
in positive charge from +2.0 each to *0.2. Contrary to expectations, the bridging
OH group is positively charged and cannot behave as a nucleophile, as envisaged
by most proposed reaction mechanisms for urease action. In fact, it is the free
oxygen of the aspartate residue that has the maximum negative charge, and which
probably behaves as a nucleophile to extract a proton from urea, causing it to
decompose to ammonia and a bound cyanate (Barrios and Lippard 2000). Such a
mechanism is in accord with the experimental observation of a rate of urea
hydrolysis independent of pH, since this confirms that an internal atom is involved
in the proton extraction. The electrostatic potential map for A, shown in Fig. 9,
also shows a negative potential only near the aspartate oxygen.

For the acetohydroxamate-complexed urease, too, there is a negative potential
only near the aspartate oxygen (Fig. 9). This complex is further stabilized by
hydrogen bonding between the aspartate oxygen and the NH proton of

Fig. 8 Final structures of the native A and complexed with acetohydroxamic acid E taken for the
study. Color code: carbons-cyan, nitrogens-blue, oxygens-red, nickels-white. Hydrogens have
been omitted for clarity
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acetohydroxamate. Further, there is an overall slight positive charge (0.151) on the
bound hydroxamate moiety. This is smaller than the positive charge on the OH
moiety (0.538) it replaces, and is also reflected in an increase in the positive charge
of the two nickels in the AHA-bound complex.

5.2 Helicobacter Pylori Urease

The active site for the native urease consists of two nickel atoms, complexed with
His 136, His 138, His 248, His 274, KCX 219, Asp 362, and HOH 572. For the
AHA-bound complex, the active site again consists of the two nickel atoms, His
136, His 138, His 248, His 274, KCX 219, and Asp 362, but HOH 572 is replaced
by AHA, which bridges the two nickel atoms.

The final structures of Z (native) and Y (complexed with AHA) are depicted in
Fig. 10. In Z, it can be seen that one Ni(II) atom is complexed with KCX via Ox2,

Fig. 9 Isopotential maps of A and E

Fig. 10 Final structures of the Y and Z fragments taken for the study. Color code: carbons-cyan,
nitrogens-blue, oxygens-red, nickel-white. Hydrogens have been omitted for clarity
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the other Ni, His 274 via NE2, water via its oxygen and His 248 via ND1.
Likewise, the second nickel atom is also pentacoordinate, being linked to His 136
and His 138 via NE2, KCX via Ox2, Asp via OD1, and the other nickel atom. The
overall charge on this moiety is +2. The Ni…Ni distance is short (2.128 Å). The
overall charge on this fragment is +2.0.

In Y, on the other hand, one of the nickels (Ni(2)) is hexacoordinate.
Hydroxamate is a bidendate ligand and binds to the two nickel atoms. The octa-
hedral coordination comes from the fact that in this case, there is coordination of
this nickel atom with both the oxygens of KCX. Thus, Ni(2) coordinates to KCX
via both oxygens Ox1 and Ox2, His 248 via ND1, His 274 via NE2, and HAE via
O1 and O2. Ni(1) is coordinated to both His 136 and His 138 via their nitrogens
NE2, KCX via its Ox2, Asp 362 via OD2, and HAE via O1. The overall charge on
the fragment is +1.0. The Ni…Ni distance increases to 3.125 Å as a result of the
hydroxamate bridging.

The nickels, especially Ni(1), in this case have higher positive charges (*0.5).
The electrostatic potential map for Y, shown in Fig. 11, also shows a negative
potential only near the aspartate oxygen, although the negative charge on the
aspartate oxygens is slightly smaller in this case.

6 Other Biological Applications

Hydroxamic acids exhibit a wide variety of biological activities (Kehl 1982). This
has resulted in investigations on their role in biology, besides urease inhibition.
Most of these studies have been directed at AHA. For instance, its interaction with

Fig. 11 Isopotential map of
Y
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the vanadate ion has been studied both experimentally and theoretically (Duarte
et al. 1998; Santos et al. 2003). Vanadate is a phosphate analog and can act as both
an inhibitor of phosphate-metabolizing enzymes as well as an activator. It was
found in these studies that AHA plays a role in the V(IV)/V(V) redox reaction.

Hydroxamic acids have also been investigated as siderophores (Santos et al.
1998; Edwards et al. 2005; Domagal-Goldman et al. 2009). In this connection,
experimental and DFT studies have been performed (Edwards et al. 2005;
Domagal-Goldman et al. 2009) on complexes of Fe(III) with desferrioxamine B
(DFO-B), the most extensively studied siderophore with respect to mineral dis-
solution. DFO-B is a linear trihydroxamic acid composed of 1,5-diaminopentane
and succinic acid residues.

Besides inhibition of urease, hydroxamic acids also inhibit a large number of
other enzymes. Quantitative Structure Activity Relationship (QSAR) studies, MD,
quantum mechanical, and docking studies directed toward the development of
hydroxamic acid inhibitors for histone deacetylases (HDACs) (Dallavalle et al.
2009; Guo et al. 2005; Ragno et al. 2008), lipoxygenase (Hadjipavlou-Litina and
Pontiki 2002), peptide deformylase (PDF) (Wang et al. 2006, 2008), MMPs (Hu
and Shelver 2003; Kumar and Gupta 2003; Tuccinardi et al. 2006), and collage-
nase (Kumar and Gupta 2003) have been reported.

7 Conclusions

Hydroxamic acids find a number of applications in chemistry, biology, and
geochemistry due to their roles as chelating agents, inhibitors of various enzymes,
nitric oxide donors, siderophores, and many others. A large number of experi-
mental and theoretical studies have been directed at understanding their unique
chemistry. Theoretical studies have mostly focused on elucidation of the ground
state structures and acidities. In particular, the smallest homolog, FHA, because of
its small size, has been the subject of several theoretical studies ranging from
semiempirical to high level ab initio and density functional. It is now well-
established that this acid prefers the Z keto structure, in which there is strong
intramolecular hydrogen bonding, and proton dissociation takes place from the
nitrogen. It is also established that protonation of FHA occurs at the carbonyl
oxygen. In solution, hydroxamic acids form intermolecular hydrogen bonds with
the solvent, but the solvent is not able to dislodge the strong intramolecular
hydrogen bonds. Hence, deprotonation from –OH is difficult, and this is reflected
in the slower rate of complexion with metal ions.

It is heartening to note that the theoretical calculations complement experi-
mental determinations. In fact, much of the literature concerns combined experi-
mental and theoretical studies, and both are in accord with each other. This goes a
long way in affirming belief in state-of-the-art theoretical calculations, which have
now become possible, for small to medium-sized molecules, at least.
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In spite of the fact that most of the applications of hydroxamic acids arise from
their chelating abilities, very few theoretical studies have been reported, probably
because of the difficulties in accurately modeling transition metal complexes. It is
to be hoped that, with further increase in computational power and accurate basis
sets for transition metals, we shall come close to completely deciphering metal-
loenzyme action. Some of the results obtained so far have shown that the hy-
droxamic acids are selective toward Ni(II) because of its electrophilicity and
consequent covalent bond formation with the hydroxamate ligand, which uses the
(O,O) coordination mode in its complexes. One of the most important applications
of hydroxamic acids is as inhibitors of urease. Examination of the structures of
urease from two organisms, KAU and HP, and their AHA complexes reveals that
the Ni(II) ions are highly electrophilic and attract charge density from the bonded
ligands. Most mechanisms hitherto proposed in the literature for urease action
(Barrios and Lippard 2000) invoke a nucleophilic attack by the bridging OH on the
electron deficient carbon of urea. Alternate mechanisms for urease action and
inhibition (Milios et al. 2002) involve the extraction of a proton from the urea NH2

group or the hydroxamic acid by the bridging hydroxyl. However, theoretical
studies emphatically rule out the involvement of the bridging OH on two counts.
The first is the positive charge on this group due to its proximity to two highly
electrophilic Ni(II) ions and the other is the absence of this bridge in the urease
from HP. Rather, the involvement of the oxygen of the aspartate ion, which is
negatively charged, was proposed (Kakkar et al. 2006b). The formation of a
hydrogen bond between the oxygen and the NH of AHA confirms its role in the
binding. We feel that this examination of the urease active site should pave the
way for the design of more efficient urease inhibitors.
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Hydroxamates as Carbonic Anhydrase
Inhibitors

Claudiu T. Supuran

Abstract The 14 different mammalian carbonic anhydrase (CA, EC 4.2.1.1)
isozymes as well as many such enzymes isolated up to now in other organisms,
play important physiological functions such as pH regulation, signaling, biosyn-
thetic reactions, electrolyte secretion, etc. Unsubstituted sulfonamides act as high
affinity inhibitors for the first type of these enzymes, whereas hydroxamates were
also shown to strongly inhibit many of them. The investigated hydroxamates as
CA inhibitors (CAIs) include N-hydroxyurea, the aliphatic/aromatic hydroxamates
of the type RCONHOH (R = Me, CF3 and Ph), as well as sulfonylated amino acid
hydroxamates of the type RSO2NX-AA-CONHOH (X = H; benzyl; substituted
benzyl; AA = amino acid moiety, such as those of Gly, Ala, Val, Leu). The most
salient feature of the hydroxamates as CAIs regards their high versatility as zinc-
binding groups (ZBGs). Indeed, depending on the nature of the R moiety of a
hydroxamate of the type RCONHOH, the hydroxamate moiety can adopt different
coordination modes to the catalytic zinc ion within the CA active site: mono-
dentate through the deprotonated N atom; bidentate trough the NH and OH groups,
or bidentate through the OH and O atoms (deprotonation at the OH moiety). These
findings suggest that the enzyme-inhibitor interaction of the hydroxamate CAI
class can be largely modulated by exploring different substitution patterns at the R
group, thus providing interesting hints for the development of new CAIs of the
non-sulfonamide type with pharmaceutical applications in the treatment of various
diseases
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1 Introduction on Carbonic Anhydrases

The ubiquitous enzyme carbonic anhydrase (CA, EC 4.2.1.1), is present in pro-
karyotes and eukaryotes as five genetically different families of enzymes, the
a-CAs (mainly in vertebrates and in some green bacteria, fungi, and plants), b-CAs
(mainly in bacteria, fungi, algae, and green plants), c-CAs (in Archaea and
mitochondria of plants) and the d- and f-CA families, present in diatoms (Supuran
2008, 2010, 2011; Neri and Supuran 2011; Alterio et al. 2012). In higher verte-
brates, 16 different CA isozymes were described up to now, which are involved in
crucial physiological processes connected with respiration and transport of
CO2/bicarbonate between metabolizing tissues and the lungs, pH homeostasis,
electrolyte secretion in a variety of tissues/organs, biosynthetic reactions, such as
the lipogenesis, gluconeogenesis, and ureagenesis among others (Supuran 2008,
2010, 2011; Neri and Supuran 2011; Alterio et al. 2012). Some of these isozymes
are cytosolic (such as CA I, CA II, CA III, CA VII, CA VIII, CA X, CA XI, and
CA XIII), others are membrane-bound (CA IV, CA IX, CA XII, CA XIV, and XA
XV), CA VA, and CA VB are present only in mitochondria, whereas CA VI is
secreted in saliva; several isoforms are acatalytic (CA VIII, CA X, and CA XI)
(Supuran 2008, 2010, 2011, 2012; Neri and Supuran 2011; Alterio et al. 2012).

In addition to the physiological reaction, the reversible hydration of carbon
dioxide to bicarbonate, CAs also catalyze a variety of other reactions, such as the
aldehyde hydration; the hydrolysis of carboxylic acid esters, as well as esters of
sulfonic or phosphoric acids (Alterio et al. 2012; Supuran 2012). On the other
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hand, CAs do not possess at all peptidase activity, which in turn is the only
reaction catalyzed by the proteases of the matrix metalloproteinase (MMP) family
with very great efficiency (Alterio et al. 2012). We mention this class of enzymes,
the MMPs here, because the hydroxamates, compounds constituting the main topic
of this chapter, are the most important class of MMP inhibitors (Nagase and
Woessner 1999; Lovejoy et al. 1999; Borkakoti 2000; Borkakoti et al. 1994;
Bottomley et al. 1998).

Specific inhibitors of both these types of zinc enzymes are well-known, and
some of them were clinically used for more than 60 years (the sulfonamide CAIs)
(Supuran 2008, 2010, 2011). Inhibition of CAs by aromatic/heterocyclic sulfon-
amides has been and it is successfully used in the treatment of a variety of diseases
such as glaucoma, epilepsy, obesity, congestive heart failure, mountain sickness,
gastric and duodenal ulcers, tumors, or as diuretic agents (Supuran 2008, 2010,
2011). MMPs on the other hand became targets for the drug design more recently,
with several hydroxamate drugs in clinical use in the last decade (Whittaker et al.
1999; Supuran and Scozzafava 2002).

CAs and MMPs possess very similar metal coordination spheres within their
catalytic sites, consisting of a Zn(II) ion coordinated by three histidines, with the
fourth ligand being a water molecule/hydroxide ion, which is the nucleophile
intervening in the catalytic cycle of both enzymes (Fig. 1) (Christianson and
Ippolito 1991; Coleman 1998; Supuran and Winum 2009).

The main structural difference between these two types of enzymes regards the
residues with which the zinc-bound water molecule/hydroxide ion interacts: in
CAs, the non-protein zinc ligand forms a hydrogen bond with the hydroxyl moiety
of Thr199 (hCA II numbering), which in turn is hydrogen-bonded to the car-
boxylate of Glu106, leading thus to a dramatic enhance of nucleophilicity of the
water molecule/hydroxide ion (Scozzafava and Supuran 2000a; Supuran and
Winum 2009). In the case of MMPs, the zinc-bound water molecule interacts with
the carboxylate moiety of a conserved glutamate residue (Glu198 in MMP-8),
probably forming two hydrogen bonds with it (Scozzafava and Supuran 2000a).

Zn
2+

OH

His 94
His 96

His 119

OH

Thr 199

O

OH

Glu 106
Zn

2+

OH2

His 197
His 201

His 207

OH

O

Glu 198

hCA II MMP-8

-

Fig. 1 Active site coordination of the Zn(II) ion in human CA isozyme II (hCA II) and human
collagenase 2 (MMP-8). The non-protein zinc ligand of hCA II is a hydroxide ion (as shown
above) or a water molecule, depending on the pH of the solution (Scozzafava and Supuran 2000a)
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Thus, a very effective nucleophile is formed again, which will attack the amide
scissile bond of the peptide substrate. The principal difference between the
enzymatic mechanisms of CAs and MMPs consists in the fact that the nucleophilic
adduct formed after the attack of the zinc-bound nucleophile to the substrate is the
reaction product in the case of CAs (the bicarbonate ion), whereas the nucleophilic
adduct is only a reaction intermediate in the case of the MMPs (Scozzafava and
Supuran 2000a). This is also of crucial importance for the interaction of these
enzymes with their inhibitors.

Inhibition of both CAs as well as MMPs is correlated with the coordination of the
inhibitor molecule (in neutral or ionized state) to the catalytic metal ion, with or
without substitution of the metal-bound water molecule (Supuran 2008; Scozzafava
and Supuran 2000a). Thus, CA and MMP inhibitors (abbreviated as CAIs and
MMPIs, respectively) must contain a zinc-binding group (ZBG) attached to a scaffold
that will interact with other binding regions of the enzymes (Supuran and Winum
2009). In the case of CAIs, unsubstituted aromatic/heterocyclic sulfonamides as well
as N-hydroxy-sulfonamides proved to be very effective inhibitors, with affinities in
the low nanomolar range for isozymes such as CA I, CA II, CA IV, etc. These
derivatives bind monodentately, as anions (RSO2NH-) to the Zn(II) ion within CA
active site, interacting also with several other active site residues, by means of
hydrogen bonds or hydrophobic interactions (Supuran 2008, 2010, 2011). It has been
observed that CAIs possessing elongated molecules, able to interact with amino acid
residues situated at the edge of the active site entrance (and obviously, with the zinc
ion, as mentioned above), are among the most efficient ones (Scozzafava et al. 1999).

Depending on the ZBG contained in their molecule, MMPIs belong to several
chemical classes, such as the carboxylates, the hydroxamates, the thiols, the
phosphorus-based ligands, or the sulfodiimines, among others (Whittaker et al.
1999; Supuran and Scozzafava 2002). The strongest and most investigated class of
MMPIs is constituted by the hydroxamates, as mentioned above (Whittaker et al.
1999; Supuran and Scozzafava 2002). The interaction of the catalytic domain of
several MMPs with some inhibitors has been investigated by means of X-ray
crystallography (Fig. 2) (Whittaker et al. 1999; Supuran and Scozzafava 2002).
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Fig. 2 Schematic
representation for the binding
of a succinate hydroxamate
inhibitor to MMP-7, as
determined by X-ray
crystallography. The Zn(II)-
ligand and hydrogen bond
interactions in the enzyme-
inhibitor adduct are
evidenced (Supuran and
Scozzafava 2002)
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As seen in the above figure, hydroxamates bind bidentately to the catalytic
Zn(II) ion of the MMP, which acquires a distorted trigonal bipyramidal geometry
in this way (Whittaker et al. 1999; Supuran and Scozzafava 2002). The hy-
droxamate anion forms a short and strong hydrogen bond with the carboxylate
moiety of Glu219, which is orientated toward the unprimed binding regions,
whereas the NH hydroxamate participates in a hydrogen bond with the carbonyl
oxygen of Ala182. Thus, several strong interactions are achieved at the zinc site,
without any significant unfavorable contacts (Whittaker et al. 1999; Supuran and
Scozzafava 2002). However, we will not insist on the MMP inhibition of the
hydroxamates as this topic is treated in other chapters of the book.

However, investigating hydroxamates which act as strong MMPIs, also as
CAIs, was quite logical considering the similar active site architecture of the two
classes of such enzymes. Such studies started some years ago with the report of
Christianson’s group of the X-ray crystal structure of two aliphatic hydroxamates
complexed to CA II (Scolnick et al. 1997). They were followed by the report of
N-hydroxyurea (the simplest hydroxamate) as CAI against all the catalytically
active mammalian isoforms (Supuran and Scozzafava 2003). The X-ray structure
of this compound complexed to CA II has also been reported subsequently
(Temperini et al. 2006). A rather large number of amino acid hydroxamates have
been thereafter designed and investigated as CAIs (in addition to their MMP
inhibition studies) (Scozzafava and Supuran 2000a, b, c), and more recently,
aromatic hydroxamates have also been investigated as CAIs (Di Fiore et al. 2012).

2 N-Hydroxyurea as CA Inhibitor

The idea to investigate N-hydroxyurea as CAI started after the discovery that urea
acts in such a way (Briganti et al. 1999). Indeed, our group discovered that
cyanamide acts as a suicide inhibitor of CA, being transformed to urea (actually
ureate) which thereafter coordinated to the Zn(II) from the CA active site. We thus
investigated whether N-hydroxyurea, the simplest stable hydroxamate (H2N-CO-
NHOH) may inhibit CAs and discovered that it inhibits several mammalian CA
isoforms with inhibition constants in the micromolar–submicromolar range
(Supuran and Scozzafava 2003). Hydroxyurea acts as a weak, non-competitive
inhibitor of both CA I and II isozymes, for their 4-nitrophenyl acetate esterase
activity. The spectrum of the adduct of hydroxyurea with the Co(II)-substituted
CA II was similar to the spectra of tetrahedral such adducts (e.g., with sulfamide,
acetazolamide, or cyanamide), proving a direct interaction of the inhibitor mole-
cule with the metal center of the enzyme, whose geometry remains tetrahedral.
Based on the X-ray crystal structure of the adducts of hCA II with ureate and
hydroxamate inhibitors, the hypothetical binding of hydroxyurea was proposed to
be achieved in deprotonated state, with the nitrogen atom coordinated to Zn(II),
and the OH group of the inhibitor making a hydrogen bond with Thr199. This
binding was thereafter confirmed when the X-ray crystal structure of the adduct of
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CA II complexed with N-hydroxyurea has been reported (Fig. 3a). The crystal-
lographic structure of the human (h) hCA II/N-hydroxyurea adduct showed that
this molecule binds to the Zn2+ ion of hCA II active site in a bidentate mode, by
means of the oxygen and nitrogen atoms of the NHOH moiety. Additional
hydrogen bonds involving the hydroxyl and the carbonyl moieties of the inhibitor
and the enzyme residue Thr199 were also observed (Fig. 3a).91 Worth noting is
that the related acetohydroxamic and trifluoroacetohydroxamic acids, although
containing the same hydroxamate functionality, were demonstrated to adopt a very
different binding mode (see next section).

3 Aliphatic Hydroxamates

Christianson’s group investigated two simple hydroxamates (methyl- and trifluo-
romethyl hydroxamates) as CAIs, and reported the X-ray structure of such an
adduct (hCA II–CF3CONHOH) (Scolnick et al. 1997). The second compound
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Fig. 3 Binding of
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(c) to hCA II, as determined
by X-ray crystallography
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binds to hCA II with an affinity of 3.8 lM but its interaction with the Zn(II) ion of
CA active site is very different from that of the classical sulfonamide inhibitors.
Thus, the ionized nitrogen atom of the hydroxamate moiety of both compounds,
was directly coordinated to Zn(II), whereas a fluorine atom of the trifluoromethyl
moiety also participated in the interaction with the metal ion (Fig. 3b, c). In
addition, hydrogen bonds between the hydroxamate OH and active site residue
Thr199 were also evidenced, which further stabilize the E–I adduct (Fig. 3b, c).

It may be thus observed a highly versatile behavior of the hydroxamate ZBG in
the three simple ‘‘aliphatic’’ CAIs investigated so far by means of X-ray
crystallography.

4 Amino Acid Hydroxamates

Based on the data presented above for N-hydroxyurea and aliphatic hydroxamates
acting as CAIs, a large series of sulfonylated amino acid hydroxamates were
investigated as CAIs (Scozzafava and Supuran 2000a). The following types of
compounds were included in the study: (i) sulfonylated amino acid hydroxamates
possessing an unsubstituted RSO2NH-amino acyl moiety. The amino acid hy-
droxamates included in the study were the Gly, Ala, Val, and Leu derivatives
(Table 1); (ii) sulfonylated amino acid hydroxamates possessing a substituted
RSO2NX-amino acyl moiety, where X is generally a benzyl or a 2- or 4-substituted
benzyl group (the same amino acid hydroxamates as above were included in the
study, Table 1). For all these types of compounds, three different examples have
been employed (R moieties) from the large series of available aliphatic, aromatic,
and heterocyclic derivatives reported previously by our group. They included the
perfluorobutyl, the pentafluorophenyl, and the 4-methoxyphenyl sulfonyl moieties,
and were chosen in such a way as to include a very potent, a slightly weaker, and
an even weaker MMPI. Anyhow, all these three groups incorporated in amino acid
hydroxamates, generally led to potent MMPIs, with affinities (for the most active
derivatives) in the (low) nanomolar range (5–15 nM) for the different MMPs as
well as for the Clostridium histolyticum collagenase (ChC) (Van Wart and
Steinbrink 1981; Scozzafava and Supuran 2000a).

The inhibition data with compounds 1–39, presented in Table 1 led to the
following observations: (i) sulfonyl amino acyl hydroxamates possessing moieties
of the type RSO2NH-amino acyl (such as 1–3; 7–9; 13–15; and 19–21) generally
acted as efficient CAIs, and were relatively weak MMP and ChC inhibitors. Thus,
for CAs, these inhibitors generally showed affinities in the range of 7–50 nM (hCA
I); 8–45 nM (hCA II); and 10–40 nM (bCA IV), whereas for the different MMPs
investigated here and ChC, their affinities were in the range of 40–[200 nM. For
the three types of investigated derivatives, the most active were the penta-
fluorophenylsulfonyl derivatives, followed by the corresponding perfluorobutyl
ones, whereas the least active were the corresponding 4-methoxyphenyl-substituted
compounds. For CA inhibition, best activity was observed for the Gly derivatives,
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followed by the corresponding Ala derivatives, which in turn were more active
than the corresponding Val and Leu derivatives. Just the opposite was generally
true for MMP and ChC inhibition, with the bulkier Val and Leu derivatives
generally more inhibitory than the corresponding Ala and Gly derivatives
(Table 1); (ii) sulfonyl amino acyl hydroxamates possessing RSO2N(benzyl/
substituted benzyl)-amino acyl moieties (such as 10–12; 16–18; 22–241; and
28–45) were weak or very weak CA inhibitors, but showed excellent MMP and
ChC inhibitory properties. Thus, these compounds were generally 4–8 times
weaker CA inhibitors as compared to the corresponding unsubstituted compounds
mentioned above, whereas their affinities for MMPs were very much enhanced as
compared to those of the corresponding unsubstituted compounds. It was in fact
reported that the benzyl moiety of this type of hydroxamate inhibitors fits well
within the S20 site of the protease, contributing substantially to the formation of
strong E–I adducts. Obviously the different MMPs possess quite diverse affinities
for these derivatives, with important differences between the deep pocket (MMP-2;
MMP-8; and MMP-9) and the short pocket enzymes (MMP-1). Thus, as already
shown previously by us for some structurally related derivatives, the deep pocket
enzymes MMP-2, MMP-8, and MMP-9 are much more susceptible to be inhibited
by this class of hydroxamates (KI-s in the range of 0.6–20 nM) than collagenase 1,
MMP-1 (KI-s in the range of 7–60 nM). Again the pentafluorophenylsulfonyl
derivatives were the most active inhibitors, followed by the corresponding per-
fluorobutyl ones, whereas the least active were the corresponding 4-methoxy-
phenyl-substituted compounds. The Leu derivatives were generally more active
than the corresponding Val derivatives, which in turn were more inhibitory than
the Ala and Gly derivatives; (iii) further substitution (with nitro or chloro moieties,
in position 2 or 4) of the P20 benzyl moiety, such as in compounds 25–39 lead to a
slight enhancement of the MMP inhibitory properties, to an enhancement of the
ChC inhibitory effects, and to a drastic reduction of the CA inhibitory properties of
the corresponding compounds (Table 1) (Scozzafava and Supuran 2000a). A
putative binding mode for these compounds to the CAs was also proposed and is
shown in Fig. 4, but this binding mode has not yet been confirmed by means of
X-ray crystallography. An interesting QSAR study of these compounds has also
bee reported by Gupta et al. (2003).

NH
M

His

N

His
His

R1
OH

S
R

O

O

O

-

94
119

96

2+

Fig. 4 Proposed binding of a sulfonylated amino acid hydroxamate (as monoanion) to the metal
ion within the active site of CA (M = Zn(II) for the native enzyme or Co(II) for the cobalt-
substituted one) (Scozzafava and Supuran 2000a)
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The data of Table 1 proved that potent CAIs can be obtained from the class of
investigated sulfonylated amino acid hydroxamates (Scozzafava and Supuran
2000a). Although it was noted that in addition to MMPs, hydroxamates also inhibit
other metalloproteinases, such as leucine aminopeptidase, neprilysin, thermolysis,
and tumor necrosis factor-alpha among others (Supuran and Winum 2009),
affinities as high as for the CAs (in the nanomolar range) were not evidenced up to
now (Scozzafava and Supuran 2000a). Thus, such results are quite promising for
the eventual design of novel types of potent CAIs, or of compounds with a dual
activity, both as CAIs and MMPIs (Fig. 5). In fact, such derivatives were subse-
quently reported (Santos et al. 2007; Marques et al. 2008).

Compounds 40 reported using this dual drug approach (Santos et al. 2007;
Marques et al. 2008) are iminodiacetic derivatives which possess the following
derivatization type in their scaffolds: (i) one of the COOH moieties of the imin-
odiacetic moiety has been transformed to the hydroxamate ZBG; (ii) the other
COOH moiety has been derivatized by transforming it to the amide, by reaction
with 4-aminoethyl-benzenesulfonamide, a well-known CAI (Supuran 2008). This
part of the molecule should interact only with the CAs, whereas the hydroxamate
part may interact both with CAs as well as MMPs (Santos et al. 2007; Marques
et al. 2008); (iii) the central imino moiety has been transformed to a secondary
aromatic sulfonamide, and (iv) an isopropyl moiety may be present or absent on
one of the CH2 spacers coming from the iminodiacetic moiety.

Some of these compounds were low nanomolar CAIs and MMPs against sev-
eral such enzymes (isoforms) involved in tumorigenesis (e.g., CA IX, CA XII,
MMP-8, MMP-9, MMP-13, etc.) (Santos et al. 2007; Marques et al. 2008).

5 Aromatic Hydroxamates

The simple compound phenylhydroxamate, PhCONHOH 41, has recently inves-
tigated by means of kinetic and X-ray crystallographic techniques, for its inter-
action with all mammalian CA isoforms, CA I–XIV (Di Fiore et al. 2012).
Hydroxamate 41 inhibited all CA isoforms, with inhibition constants in the range
of 0.94–179 lM, being thus less effective as CAI compared to the sulfonamides,

N
N
H

O

N
H

O

OH SO2NH2

A

S

R

O O

A = H, i-Pr

R = Ph, 4-MeO-C6H4, 4-PhO-C6H4

Fig. 5 Dual CA/MMP
inhibitors of the hydroxamate
type (Santos et al. 2007;
Marques et al. 2008)
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which usually are micro–nano molar CAIs (Supuran 2008). However, there were
several notable features of the inhibition profile of compound 41. Thus, the
dominant, offtarget isoform hCA II was the least inhibited by 41 (KI of 179 lM).
The other highly abundant cytosolic isoform hCA I was also relatively resistant to
inhibition by 41 (KI of 83.1 lM). An interesting aspect of the hydroxamate 41 was
that it strongly inhibited two transmembrane isoforms, hCA XII and XIV, with
inhibition constants in the range of 0.94–9.51 KI of 179 lM. As many trans-
membrane isoforms are important drug targets for the development of antiglau-
coma or anticancer therapies, this class of underexplored CAIs may constitute an
interesting starting point for compounds with increased selectivities for such
isoforms over the cytosolic, highly abundant offtarget ones hCA I and II. It should
be also noted that many of the investigated CA isoforms (e.g., hCA III, IV, VA,
VB, VI, VII, and XIII) were modestly inhibited by 41, with KIs in the range of
23.0–84.7 KI of 179 lM. Hydroxamate 41 inhibited most efficiently hCA XIV (Di
Fiore et al. 2012).

But the most interesting facts emerged when the X-ray crystal structure of 41
complexed to hCA II has been resolved (Di Fiore et al. 2012). The binding of the
inhibitor molecule did not cause any significant change in the overall protein
structure. Hydroxamate 41 binds to the hCA II active site with the CO and OH
groups which simultaneously coordinate to the zinc ion to form an energetically
favorable 5-membered chelate complex (Fig. 6a, b). The inhibitor binding was
also stabilized by several other interactions with enzyme active site residues; in
particular, the nitrogen atom forms a hydrogen bond with the Thr200OG1 atom
(N- - -Thr200OG1 = 3.12 Å), whereas the phenyl ring, whose position is rather
well superimposable to that of the phenyl ring in the hCA II/acetohydroxamic acid
adduct (Fig. 6c), was involved in a number of van der Waals interactions with the
side chains of residues Gln92, Val121, Phe131, Leu141, Val143, Leu198, and
Thr200 (Fig. 6a). Although, several controversial data have been reported on the

Fig. 6 (a) Active site region in the hCA II–41 complex. The simulated annealing omit 2|Fo|-|Fc|
electron density map inhibitor, contoured at 1.0 sigma, and associated to the inhibitor molecule is
also shown. (b) Zn2+ coordination geometry of N-(Hydroxy)-benzamide 41. (c) Zn2+ coordination
geometry of acetohydroxamic acid (PDB code 1AM6) (Di Fiore et al. 2012)
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putative deprotonation site of hydroxamates of type R-CONHOH, highlighting
that the solvent and the environment can play a key role in favoring the
N-deprotonation or the O-deprotonation, the observation that compound 41
coordinates to the catalytic zinc ion through its CO and OH groups suggests that in
this case the O-deprotonated form is the most probable (Di Fiore et al. 2012). For
this reason, the deprotonated oxygen atom cannot form a hydrogen bond with the
Thr199OG1 atom, although being at a distance of only 2.74 Å from it. Indeed, the
Thr199OG1 atom is known to be involve in the classical H-bond with Glu1061,23

and thus it does not have further hydrogens to donate to the hydroxamate func-
tionality (Fig. 6b). It is worth noting that the zinc ion coordination observed in the
adduct here reported is identical to that described for the majority of the MMP/
hydroxamate complexes so far structurally characterized (Whittaker et al. 1999),
but is completely different from that observed in other CA/aliphatic hydroxamate
adducts studied earlier (Scolnick et al. 1997) and discussed above. The observation
that hydroxamate derivatives of type R-CONHOH can adopt such completely
different coordination modes to the CA catalytic zinc ion, depending on the nature
of the R substituent, strongly suggests that this ZBG is very versatile and can
represent an interesting alternative to the classical sulfonamides for the develop-
ment of more selective CAIs.

6 Conclusion

As MMPs, the main class of metalloenzymes interacting with the hydroxamates,
CAs is also zinc enzymes possessing at the active center a Zn(II) ion coordinated
by three His residues and a water molecule/hydroxide ion. The latter one is crucial
for catalysis and is many times replaced by inhibitors binding to the metal center.
The 14 different mammalian CAs as well as many such enzymes isolated up to
now in other organisms, play important physiological functions such as pH reg-
ulation, signaling, biosynthetic reactions, electrolyte secretion, etc. Unsubstituted
sulfonamides act as high affinity inhibitors for the first type of these enzymes,
whereas hydroxamates were also shown to strongly inhibit some of them. The
investigated hydroxamates as CA inhibitors include N-hydroxyurea, the aliphatic/
aromatic hydroxamates of the type RCONHOH (R = Me, CF3 and Ph), as well as
sulfonylated amino acid hydroxamates of the type RSO2NX-AA-CONHOH
(X = H; benzyl; substituted benzyl; AA = amino acid moiety, such as those of
Gly, Ala, Val, Leu). The most salient feature of the hydroxamates as CAIs regards
their very high versatility as ZBGs. Indeed, depending on the nature of the R
moiety of a hydroxamate of the type RCONHOH, this ZBG can adopt different
coordination modes to the catalytic zinc ion within the CA active site: mono-
dentate through the deprotonated N atom; bidentate trough the NH and OH atoms,
or bidentate through the OH and O atoms (deprotonation at the OH moiety). These
findings suggest that the enzyme-inhibitor interaction of the hydroxamate CAI
class can be largely modulated by exploring different substitution patterns at the R
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group, thus providing interesting hints for the development of new CAIs of the
non-sulfonamide type with pharmaceutical applications in the treatment of various
diseases.
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Structure–Activity Relationship Studies
of Hydroxamic Acids as Matrix
Metalloproteinase Inhibitors

Vaishali M. Patil and Satya P. Gupta

Abstract The chapter specifically deals with the structure–activity relationship
studies on various classes of hydroxamates acting as matrix metalloproteinase
(MMP) inhibitors. Among all classes of MMP inhibitors, hydroxamates are
important in that their zinc-binding group CONHOH makes them a bidentate
ligand to act with any metal-containing enzyme. Most of the MMP inhibitors
developed by pharmaceutical companies belong to this category of compounds.
The position of hydroxamate nitrogen suggests that it is protonated and forms a
hydrogen bond with carbonyl oxygen of the enzyme backbone. In addition to zinc-
binding affinity, several other properties of the hydroxamic acids depending upon
their structures control their MMP inhibition activity. Various categories of hy-
droxamates such as succinyl, malonic acid, sulfonamide-based, aryl acid-based,
sulfone-based, N-benzoyl aminobutyric acids, aminoproline-based, aminopyrrol-
idine-based, and phosphonamide/phosphinamide-based hydroxamates have been
found to act as MMP inhibitors. A detailed structure–activity relationship (SAR)
study of all these categories of hydroxamates has been presented.

Keywords Hydroxamates � MMPIs � Succinyl hydroxamates � Malonic acid
hydroxamates �Sulfonamide-based hydroxamates �Aryl acid-based hydroxamates �
Sulfone-based hydroxamates � Phosphonamide/phosphinamide-based hydroxamates �
Structure–activity relationships
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1 Introduction

More than 100 years ago, Lossen discovered the first hydroxamic acid and in the
present time it is one of the well-studied compounds having numerous applica-
tions. The pharmacological potential of hydroxamic acids in a variety of disease
conditions, such as viral diseases (Torres 1995; Szekeres et al. 1997), malaria,
Alzheimer’s disease (Parvathy et al. 1998; El Yazal and Pang 2000), allergic
diseases (Igeta et al. 2000; Valapour et al. 2002), tuberculosis (Miller 1989;
Shingledecker et al. 2000), cancer, cardiovascular diseases (Jeng and Lombaert
1997), and metal poisoning (Domingo 1998; Weisburger and Weisburger 1973) is
well reported. This diverse profile of hydroxamic acids can be attributed to their
efficiency in blocking a variety of enzymes, viz., ureases (Zhang et al. 1999;
Mishra et al. 2002), peroxidases (Tsukamoto et al. 1999), matrix metalloprotein-
ases (MMPs) (Leung et al. 2000; Hidalgo and Eckhardt 2001), hydrolases (Brown
et al. 2004a, b), lipoxygenases (Muri et al. 2002), cyclooxygenases (Dooley et al.
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2003; Connolly et al. 1999), histone deacetylases (Marks et al. 2000; Johnstone
2002; Jung 2001; Kelly et al. 2002), peptide deformylases (Chen et al. 2004), etc.
In the past decades, an extraordinary work has been carried out on their design,
synthesis, and structure–activity relationships (SARs) which support their diverse
therapeutic properties (Lipczynska-Kochany 1988). Here we focus on the SAR
studies of several groups of hydroxamic acids/hydroxamates relevant to their
biomedical applications as matrix metalloproteinase inhibitors (MMPIs).

2 Structural Features of MMPIs

MMPs belong to the family of proteolytic enzymes and regulate a plethora of
physiological and pathological functions. Their complex role also contributes to
unintended side effects during clinical trials. For more than three decades, MMPs
have been heralded as promising targets for the treatment of different diseases as
discussed before and scientists have been involved in finding potent inhibitors for
them. The unique site specificity and selectivity of MMPIs for different MMP
targets (Gupta and Patil 2012) have been the focus of recent research. Over
activation of MMPs results in an imbalance between the activity of MMPs and
tissue inhibitors of metalloproteinases (TIMPs) that can lead to a variety of
pathological disorders (Aranapakam et al. 2003a, b; Venkatesan et al. 2004;
Brown et al. 2004a). Although the role of each MMP is not known for certain, the
study of their inhibition has evoked great interest. A variety of connective tissues
and proinflammatory cells including fibroblasts, osteoblasts, endothelial cells,
macrophages, neutrophils, and lymphocytes excrete these MMPs, of which most
are expressed as inactive zymogens, that are subsequently processed by other
proteolytic enzymes, e.g., serine proteases, furin, plasmin, and others, to generate
the active forms. Under normal physiological conditions, the proteolytic activity of
the MMPs is controlled at any of the following three known stages: transcription,
activation of the zymogens, or inhibition by TIMPs. In pathological conditions,
this equilibrium is shifted toward increased MMP activity leading to tissue deg-
radation (Cheng et al. 2000; Kontogiorgis et al. 2005).

Since all MMPs belong to the family of zinc-containing enzymes, all contain, in
common, a zinc atom (divalent cation Zn2+), and through this metal atom they
affect the amide bond hydrolysis. In the amide hydrolysis, this Zn2+ ion is gen-
erally tetrahedrally coordinated to three donor groups from the enzyme and a water
molecule (Leung et al. 2000; Gupta 2007). Based on the conclusions drawn by
various research groups, the basic structural features required for an effective
MMPI are: (i) the presence of a functional group, such as a carboxylic group
(COOH), hydroxamic group (CONHOH), and sulfhydryl group (SH), that may be
able to chelate the active site Zn2+ ion of the enzyme (such a group is referred to as
a zinc-binding group, ZBG), (ii) at least one functional group capable of hydrogen
bonding with the enzyme backbone, and (iii) one or more side chains that can have
effective van der Waals interactions with the enzyme subsites. Based on these
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requirements, a large number of synthetic MMP inhibitors (MMPIs) have been
reported by various research groups from industry and academia (Supuran and
Scozzafava 2002).

Many of the MMPIs have been investigated by employing computational
methods like substrate-based design (Johnson et al. 1987), structure-based design
(Babine and Bender 1997), and combinatorial chemistry (Shuttleworth 1998;
Whittakar 1998). In the development of synthetic MMPIs, substrate-based design
has been the principal approach and three classes of compounds have been
developed, viz, (a) compounds that have amino acid residues on both sides of
ZBG, e.g., Pn– —P2–P1–ZBG–P10–P20—— –Pn0; (b) compounds that have amino
acids residues on only right-hand side of the ZBG, e.g., ZBG–P10–P20 ————
–Pn0 and are called right-hand (RHS) inhibitors; and (c) compounds that have
amino acids residues on only left-hand side of the ZBG, e.g., Pn– —P2–P1–ZBG
and are called left-hand side (LHS) inhibitors (Here P’s and P0’s refer to the
standard nomenclature of amino acid residues as defined in peptide substrates)
(Babine and Bender 1997).

3 Hydroxamates as MMPIs

Among all the classes of MMPIs, the hydroxamates, that contain hydroxamic acid
group (CONHOH), have been more extensively studied. The synthetic MMPIs
have been categorized in structure-based drug design into three classes, i.e.,
compounds with amino acid residues on both sides of ZBG, compounds with
amino acid residues on only the right-hand side of ZBG, and compounds with
amino acid residues on only the left-hand sides of ZBG. Among all these three
classes, the right-hand side inhibitors were mostly found to be more potent (Gupta
2007; Whittaker et al. 1999). Further, the hydroxamic acid-based MMPIs have
been categorized based on their structural features as:

(1) Succinyl hydroxamates
(2) Malonic acid-based hydroxamates
(3) Sulfonamide-based hydroxamates
(4) Aryl acid-based hydroxamates
(5) Anthranilic acid-based hydroxamates

Hydroxamates are among one of the most explored zinc-binding compounds for
the development of MMPIs, and most interestingly the first three MMPIs used to
treat cardiovascular diseases are from the hydroxamate category (Whittaker et al.
1999). In 1978, Nishino and Power (1978) first introduced a hydroxamate as a
ZBG for designing an inhibitor, thermolysin, which provided an encouragement to
develop hydroxamate-containing MMPIs (Moore and Spilburg 1986a, b).

At Pfizer, Robinson et al. (2000) designed some nonpeptidic and sulfonamide
hydroxamates with an objective to improve the selectivity and were successful in the
development of pyrrolidinone-based hydroxamates, e.g., a (Fig. 1), having good
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selectivity for MMP-1. Further structural modifications led to novel series of imi-
dazolidine-based MMPIs, such as b (Fig. 1), as strong inhibitors of MMP-13
(Robinson et al. 2001). Simultaneously, compound c (Fig. 1) has been developed for
the treatment of osteoarthritis (Aranapakam et al. 2003a, b) and SAR studies con-
cluded a better potency of aromatic sulfonyl compounds than that of aliphatic/
heteroaromatic sulfonyl derivatives. Some tetrahydopyran-centered sulfone hy-
droxamates, such as d (Fig. 1),were developed as selective inhibitors of MMP-13 at
Pfizer (Noe et al. 2004) and further structure optimization led to the development of
e (Fig. 1) having sub-nanomolar potency against MMP-2 (Salvino et al. 2000).

4 Story of Some Clinical Success

The designing of earlier MMPIs was based on the knowledge of the amino acid
sequence of collagen at the site of cleavage by MMP-1 (collagenase-1). Among
the very first hydroxamates studied, batimastat (BB-94, 1) and marimastat
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Fig. 1 Structures of some important hydroxamates developed at Pfizer
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(BB-2516, 2) that were initially found to be clinically useful were the peptidic
inhibitors. It was observed that for this type of inhibitors, the presence of a P10

residue (a to the hydroxamate moiety) leads to a broad-spectrum activity against a
variety of MMPs (Whittaker et al. 1999; Bottomley et al. 1998). However, both
were withdrawn after clinical trials for cancer due to poor selectivity and poor
bioavailability. These studies concluded that compounds which mimicked the
sequences of the right-hand side of the cleavage site (primed sites P10, P20, P30,
etc.), with a hydroxamic acid moiety incorporated as the zinc-binding group,
exhibited better inhibition (Yao et al. 2001).
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Among the non-peptide MMPIs, the sulfonamide hydroxamate derivatives
CGS27023A (3a) and CGS25966 (3b) have entered clinical trials (Heath and
Grochow 2000). In this case, NMR spectroscopy and the three-dimensional
solution structure were used to define the mode of binding with MMP-3 (Zhang
et al. 2000). The isopropyl and pyridylmethyl substituents were found to accom-
modate the hydrophobic S1 and S20 subsites. Compound 4 from the similar
chemical category was found an MMP-13 inhibitor at subnanomolar range
(Kimura et al. 2001).
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Some sulfone MMPIs (5, 6) having hydroxamic acid moiety were found to have
bidentate interactions with MMP-13 in the reported X-ray crystal structures. The
selectivity of these compounds for MMP-13 was attributed to their affinity for the
S10 pocket. This class of inhibitors mimics a carbonyl interaction in peptide-based
inhibitors and one of the oxygen of sulfone group serves as the hydrogen bond
acceptor from the amide group of Leu185. However, of these two, 6 was with-
drawn from Phase II clinical trials for osteoarthritis due to musculoskeletal side
effects (Tu et al. 2008).
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Simultaneously, a series of reverse hydroxamate peptides (7–9) were reported
as broad-spectrum inhibitors of tumor necrosis factor-a (TNF-a) converting
enzyme (TACE) and MMPs (Andrews et al. 2000). Compound 7 had IC50 values
of 19, 20, 16, and 42 nM for MMP-1, -3, -9, and TACE inhibition, respectively,
but failed to show any specificity for TACE against MMPs and this may be the
reason behind their side effects such as tendonitis and musculoskeletal effects.
Compound 9, prepared in a combinatorial fashion, was found to inhibit MMP-3
and -13 (IC50 [ 100 nM) as well as TACE and TNF-a (IC50 \ 100 nM).
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5 SAR Studies

5.1 Succinyl Hydroxamic Acid Derivatives

Succinyl hydroxamates have been found to be much stronger MMPIs than those
belonging to other groups (Johnson et al. 1987) and thus they have been the most
widely studied MMPIs until recently. Compounds 1 (batimastat) and 2 (marim-
astat) are a few of the potent MMPIs that belong to this category (Whittaker et al.
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1999; Supuran and Scozzafava 2002; Levin et al. 2004). Both the compounds
showed very good activities in several disease models and another compound (10)
was found to be orally bioavailable. The bioavailability of 10 was attributed to the
presence of a hydrophilic OH moiety at a-carbon, which could probably increase
the water solubility of the compound (Levin et al. 2004). Some compounds were
obtained by incorporating cis-(1S, 2R)-amino-2-indanol scaffold and optimized as
potent, selective, and orally bioavailable inhibitor of
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aggrecanase. A series of 13- and 14-membered macrocyclic amines, such as 11
and 12, were developed by linking P1 and P20 groups of succinic acid-based
inhibitors. The selectivity profile of compound 12 against MMP-8 and -9 was
attributed to the macrocyclic template and the long phenylpropyl P1 group
accommodating in the deep S1 pocket.
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A large series of succinyl hydroxamates (13) having variations in P10 and P30

groups and P20 as t-butyl group had been evaluated against MMP-2 and -3 (Fray
et al. 2001; Fray and Dickinson 2001). The SAR conclusions drawn in the studies
were that at P10 position, the phenylpropyl substituent was conducive to MMP-2
and -3 inhibition and that the o-F and o-Me at phenyl ring showed remarkable
improvement in MMP-3 selectivity as compared to larger groups like Et, OMe,
and CF3 which caused significant loss of activities. These authors concluded that
the size of R1- and R2-substituents contributes toward MMP-2 selectivity. At R2

position, the Me and t-Bu groups were well tolerated in comparison to the cy-
cloalkyl group. It was also noted that chirality of R2 plays an important role, i.e.,
R-enantiomer retains potency similar to Me analog against MMP-3 but leads to a
loss of potency against MMP-2. Compound 14 was identified as a potent and

78 V. M. Patil and S. P. Gupta



selective MMP-3 inhibitor having 303 times selectivity against MMP-2 (Fray and
Dickinson 2001).
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5.2 Malonic Acid-Based Hydroxamates
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The malonic acid-based hydroxamates were observed to exhibit nonsubstrate-

like binding, e.g., compound 15 binds with the Zn2+ of MMPs in the same manner
as normal hydroxamates do, but its secondary binding is quite different. The C-
terminal Ala-Gly-NH2 moiety adopts a bent conformation that is inserted into the
S10 pocket. Thus, it exhibited nonsubstrate-like binding to the active site and
consequently represented a new interesting lead for obtaining malonic acid-based
MMP inhibitors (Roedern et al. 1998; Krumme et al. 1998). The SAR studies have
shown hydrophobic interactions at S1 subsite of the substituents like isobutyl,
(CH2)2Ph, CH2Ph, or Ph. For S10 subsite the OEt and N-morpholide were not
favored while the C-terminal aromatic groups were found to improve inhibitory
potency. There is further improvement in activity with NH-n-octyl substituent.

5.3 Sulfonamide-Based Hydroxamates

Sulfonamide-based hydroxamates, as represented by 16, contain a sulfonamide
moiety and involve hydrogen bonding as well as direct hydrophobic interaction
with S10 pocket to improve the enzyme-inhibitor binding. Some of these inhibitors
(3, 4) were reported to act as efficient MMPIs (Shuttleworth 1998; Whittaker et al.
1999; Supuran and Scozzafava 2002) and further change in their structural features
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could lead to better inhibitors (Jeng et al. 1998; Whittaker et al. 1999; Hannessian
et al. 1999).
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While analogs of 16 were found to possess nanomolar potencies against MMP-
1, -2, -8, and -9 (Supuran and Scozzafava 2002), 17 (a sulfone derivative) was
observed to be very strong, highly selective, and orally bioavailable MMP
inhibitor (Whittaker et al. 1999).

All the sulfonamide-based hydroxamates studied were derived from a-amino
acids, with a single sp3-hydridized carbon atom separating the sulfonamide
nitrogen and the zinc chelating hydroxamic acid moiety. Assuming that an
increase in this separation, with connecting atoms held rigidly, may lead to more
potent compounds, Levin et al. (2001) attempted to design aryl acid-based sul-
fonamide hydroxamates as represented by an anthranilic acid-based scaffold (18).
They prepared three regioisomeric (ortho, meta, and para) analogs of 18 with
R1 = CH2Ph and R2 = OCH3. Of these, the ortho analog 19 was found to be the
most potent inhibitor with an IC50 value below 1 lM against MMP-1, -9, and -13.
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Similarly, a new class of N-substituted arylsulfonamido-based hydroxamic acid
inhibitors was developed by Rossello et al. (2004) having at the sulfonamido
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nitrogen either an oxyalkyl side chain (20) or simply an alkyl side chain (21),
instead of simply hydrogen atom.
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Compounds belonging to the series of 20 were found capable of blocking tumor
cell invasion by potent and selective inhibition of MMP-2 and -9. Compound (R)-
22, an analog of 20 with R-configuration at carbon a to hydroxamic group, showed
a very good inhibitory activity profile toward MMP-2, -9, and -14 with IC50 equal
to 0.41, 16, and 7.7 nM, respectively (Rossello et al. 2005a).
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In continuation to this, Rossello et al. (2005b) further reported some twin
hydroxamic acids ((R,R)-23) using some suitable linkers as ‘a’ and ‘b’. Among the
series, only compounds having hydroxyl and hydroxylamine substituents at R-
position had shown activities against MMP-1, -2, -9, and -14, but were found to be
poorly active as compared to the monomeric compound (R)-22. The hydroxamic
acid moiety was found to be essential as proven by the loss of activity of
carboxylic analog toward MMP-2 and -9 and it was not evaluated against MMP-1
and -14.
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In a series of tetrahydroisoquinoline-based sulfonamide hydroxamates (24)
studied by Ma et al. (2004), most compounds were found to display potent inhi-
bition activity for some selected MMPs and it was observed that

• The variation of substituents at the 6- and 7-positions and arylsulfonyl group
showed marked differences in potency and selectivity and also imparted some
subtle isozyme selectivity. Thus these positions plays some role toward activity
as seen by alteration of activity due to 6-hydroxyl/benzoxyl and 7-methoxy
substituents.

• Among the 6-hydroxy analogs, the 40-Me substituted derivative was found to be
more potent than 40-H or 40-OMe substituted, however, the latter was found to
be the most favored for MMP-15 inhibition.
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Yang et al. (2008) reported a few promising series of b-N-biaryl ether sulfonamide
hydroxamates (25–30) as novel gelatinase (MMP-2 and -9) inhibitors, in which
analogs of 28 were observed to have great selectivity for MMP-9/MMP-2 over
MMP-1. Here the group attached to the sulfonamide nitrogen is referred as P10. Some
preliminary SAR conclusions were derived which demonstrated the advantage and
potential of a b-N-biaryl ether sulfonamide moiety in the design of MMP inhibitors.

• The pairing of methanesulfonyl group with biaryl ether type P10 moiety affords
single-digit nanomolar activity against MMP-9.
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• A b-N-biaryl ether sulfonamide with a methyl substituent at P10 (28; R = H;
IC50 = 6.6 nM) was found to be about 5-fold more potent than an a-N-biaryl
ether sulfonamide (25; R2 = Me; IC50 = 31 nM) against MMP-9.

• The introduction of small a-substituents (such as OMe/OH/Me at R-position) in
28, 29, and 30 and the chirality of the a-position (R vs. S) in 26 and 28 had
marginal influence on the IC50 and potency.

• Various substituents on the sulfonamide had the rank order for potency against
MMP-2 and -9 as: methyl [ ethyl [ n-propyl [ iso-propyl [ NMe2 [ phenyl.

• The potency was restored to double-digit nanomolar range against MMP-9 on
replacing the phenyl with a benzyl group at R1-position.

• The preference shown by analogs having para-substituted phenyl moiety at R1-
position in 29 for MMP-2 over MMP-9 enzyme could be attributed to the
tunnel-like S10 subsite of MMP-2, which shows better tolerance of the longer
P10 moiety than the S10 pocket of MMP-9.

• In 29, R2 = Cl or CH3 was observed to be more important than any other R2-
substituent.

• Replacement of the phenyl ring with a heteroaryl moiety in 29 (Y = N) was
found to reduce potency as the hydrophobic residues surrounding the S10 pocket
typically favor a more lipophilic P10 moiety.
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In a new series of arylsulfonamidic scaffold (31), selective for MMP-13 inhi-
bition (Nuti et al. 2009), the following structure–activity relationships were
observed.
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The 4-substituted biphenyl group at Ar was found contributing toward the
inhibitory profile especially against MMP-2 as compared to the unsubstituted
biphenyl for all tested enzymes without affecting the selectivity profile. Among the
various substitutions on biphenyl moiety, the 4-methylthio (32) and 4-chloro-
benzoxy substituents were found to be most significant for inhibition of MMP-13
(IC50 = 7.2 and 19 nM, respectively). It also exhibited a slight to good selectivity
over MMP-1, -2, -3, -14, -16, and TACE. Compound with an isopropyl group as
P1 substituent (R-substituent) was identified to be a promising slow-binding
inhibitor of MMP-13 at nanomolar concentration, but with very high selectivity for
it as compared to MMP-1, -14, and TACE.

In a series of 4-butylphenyl(ethynylthiophene)sulfonamido-based hydroxa-
mates (33) studied by Nuti et al. (2011) for the inhibition of MMP-3, -8, -9, -14,
and -25 and for the effective treatment of glioma, a compound having benzo-
phenone substituent (R = –PhCOPh) was identified to have nanomolar potency
against MMP-2, -9, and -25 but to be weaker against other members of MMP
family. It was also observed that the MMP-2 inhibition activity of 33 was gov-
erned by its P10 group, i.e., 4-butylphenylethynylthiophene, but its enzyme’s
selectivity profile by its P1 group (a-substituent). The elongated a-chain contrib-
utes toward selectivity. The compound with benzophenone moiety was indentified
to have highest selectivity over MMP-1, -3, -8, and -14.
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5.4 Sulfone-Based Hydroxamates

Some a- and b-piperidinesulfone hydroxamic acids (34–38) were studied by
Becker et al. (2005) as potent inhibitors of MMP-2, -9, and -13. Among them, 35
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with R = propargyl (SC-276) was selected for further development as it demon-
strated excellent antitumor activity against MX-1 breast tumor in mice when dosed
orally as monotherapy or in combination with paclitaxel. This work culminated in
the discovery of a thioether sulfone hydroxamate (36, R = propargyl) having
excellent efficacy in murine xenograft tumor models and antiangiogenesis assays
and exhibited excellent potency for target enzymes and selectivity against MMP-1.
The unsubstituted a-sulfone (37) maintained good inhibitory potency against
MMP-13 (IC50 = 5 nM) and -2 (IC50 = 2.6 nM) and was selective against MMP-
1 (IC50 = 6600 nM). It was, therefore, concluded that the a-sulfone hydroxamates
could be developed as potent MMP inhibitors (Becker et al. 2001b; Barta et al.
2003). Consequently, Beckers et al. (2001a) prepared an a,a-dimethyl analog (38)
that had nanomolar potency better that b-sulfones against MMP-13 and -2
(IC50 = 0.25 for MMP-13 and 0.1 for MMP-2).
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5.5 Sulfone N-Formylhydroxylamines (Retrohydroxamates)

An N-formylhydroxylamine (retrohydroxamate) 39 (ABT-770) was investigated
by Curtin et al. (2001) to be a potent inhibitor with selectivity for inhibition of
MMP-2 over MMP-1. It was moderately active against MMM-9. But in the next
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communication, the same group of authors (Wada et al. 2002) reported that the
replacement of the ether group of 39 by sulfone group led to a compound (40)
which had substantially increased MMP-9 inhibition activity but with a loss of
selectivity for inhibition of MMP-2 and -9 over MMP-1 and diminished oral
exposure. Further, replacement of the biphenyl P10 substituent in sulfone retro-
hydroxamates with a phenoxyphenyl group provided compounds (41) that were
highly selective for inhibition of MMP-2 and -9 over MMP-1. In this series,
optimization of the substituent R adjacent to the retrohydroxamate center in this
series led to a clinical candidate (42, ABT-518) which was found to be a highly
potent, selective, and orally bioavailable MMP inhibitor that could significantly
inhibit tumor growth in animal cancer models.

A small library of N-aryl piperazine a-sulfone hydroxamic acid derivatives was
designed to explore the effect of substituent on the distal aryl rings of 43a and 43b
(Kolodziej et al. 2010a). Compounds having N-aryl piperazine a-sulfone moiety
failed to show any measurable potency for MMP-1 (IC50 [ 1000 nM) but had
1000 times MMP-13 selectivity over MMP-1. N-aryl piperazines (44a and 44b)
had nanomolar potency for MMP-13 and -2 but moderate selectivity for the former
over the latter. Some of their derivatives were found equipotent. As compared to
ortho and meta substituted derivatives of 46, the para-substituted derivatives
maintained high potency and selectivity for MMP-13.
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Kolodzeij et al. (2010b) derived another series of inhibitors (45) by varying the
substituent at the aryl ring of 43b. In order to boost the MMP-2 and -13 selectivity,
they studied para-substituted analogs and found that the MMP-2 selectivity
depended on the size of the substituent, with methoxy being optimal: H \ Cl,
OH \ CH3, CF3 \ OMe, OEt, and 4-F-C6H4. The decrease in affinity for MMP-13
was attributed to steric effects. The additional substituents like 2,3-
(CH=CH)naphthyl, methyl, and methoxy showed increased MMP-2 potency and
the para-substituted N-aryl piperazines showed superior MMP-13 potency.
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Some orally active and MMP-1 sparing a-tetrahydropyranyl (a-THP) sulfone
hydroxamates, such as 46, and several a-piperidine sulfone hydroxamates (47)
were synthesized and found to be potent inhibitors of MMP-2, -9, and -13 by
Becker et al. (2010) with oral efficacy in inhibiting tumor growth in mice and left-
ventricular hypertrophy in rats and in the bovine cartilage degradation explant
system. In most cases, the a-piperidines exhibited greater exposure than the a-THP
analogs. An analog of 47 (R = methoxyethyl; SC-78080/SD-2590) was selected
for development toward the initial indication of cancer, while its another analog
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(R = cyclopropyl; SC-77964) and 46 (SC-77774) were identified as backup
compounds.
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In N-arylsulfonyl-based MMPIs, the poor bioavailability is the major drawback
for the development of this family of molecules. To enhance the water solubility,
Attolino et al. (2010) applied a structure-based approach and performed structural
analysis of 48 (NNGH) with MMP-12 to find that the sec-butyl residue was not
directly involved in the binding with MMP. A new series of compounds (49) was
then studied, where sec-butyl residue was replaced with hydroxamic acid moiety,
to get water soluble potent inhibitors.
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All the newly prepared analogs of 49 were evaluated, using NNGH as refer-
ence, against MMP-1, -7, -8, -9 -12, and -13 to find that all of them had low
nanomolar Ki values for the MMPs tested except for MMP-1 and -7.

Analogs of 49 prepared with fluorine and biphenyl substituents instead of
methoxy group to compliment the characteristic shape of the S10 binding pocket
were not found beneficial. The lack of favorable interactions of Arg214 with
fluorine contributed toward the low affinity of the inhibitors and micromolar Ki
value for MMP-1. A decrease in hydrophilicity of the compounds was found and
thus the necessity of at least one hydroxyl group was felt.
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5.6 N-Benzoyl Aminobutyric Acid Hydroxamates

Nakatani et al. (2006) studied a series of N-benzoyl 4-aminobutyric acid hydroxa-
mate analogs (50–54) as inhibitors of MMP-1, -2, -3, and -9. Most of the compounds,
like N-[4-(benzofuran-2-yl)benzoyl]-4-amino-4S-hydroxymethyl butyric acid hy-
droxamates, were found to be highly potent inhibitors of the gelatinases (MMP-2 and
-9) as compared to the corresponding 2S- or 3S-hydroxy analogs.
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Ikura et al. (2006) performed chemical modification of the N-benzoyl residue of
N-benzoyl c-aminobutyric hydroxamic acids (55, 56) by introducing electron-rich
para-substituents and found it to be effective to increase the inhibitory activity of this
class of MMPIs. Analogs having relatively more planar N-acyl residues demonstrated
more potency. The three-dimensional arrangement of the two pharmacophores, hy-
droxamic acid and N-acyl residues, was optimized by chemical modifications of the
c-aminobutyric hydroxamic acid moiety (50) and this moiety was found as best
spacer. All the compounds were evaluated for their inhibitory activity against MMP-
1, -2, -3, and -9 and the N-benzoyl c-aminobutyric hydroxamic acid was identified as a
new chemical lead for MMP-2 and -9 inhibitions. Further chemical modification was
focused on the 4-N-(4-methyl)benzoyl moiety, and a series of N-benzoyl c-amino-
butyric hydroxamic acids was prepared. As compared to 4-(para-alkylphenyl)benzoyl
analogs, the 4-(para-substituted phenyl)benzoyl analogs were found to be stronger
inhibitors. Introduction of electron-rich substituents (benzofuran-2-yl and para-
chlorocinnamyl) at para-position of the N-benzoyl moiety was assumed to be
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essential for strong activity. A secondary amide was found as a superior linkage
compared to the ether or N-methyl amide with respect to the formation of hydrogen
bonds with amino acid residues Pro238 and Leu181 in the S10 pocket.
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5.7 Aminoproline-Based Hydroxamates

A few series of hydroxamates (57–60) were reported as MMP inhibitors from an
aminoproline scaffold by Natchus et al. (2000) where analogs of 57 were identified
to have broad-spectrum activity with sub-nanomolar potency for some enzymes.
Further modifications at the P10 portion of this molecule with longer-chain ali-
phatic and aromatic substituents were found to affect both potency and selectivity
within the MMP family. All compounds were assayed for the inhibition of MMP-
1, -2, -3, -7, and -13.
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5.8 Aminopyrrolidine-Based Hydroxamates

A diverse family of aminopyrrolidine-based hydroxamate inhibitors were found to
act as very potent inhibitors of MMP family with the exception of MMP-1 and -7
by Natchus et al. (2000). At the 4-position of the aromatic sulfonamides, long-
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chain aliphatic groups were incorporated to enhance the selectivity against the
shallow S10 pocket of enzymes. The X-ray crystallography data of stromelysin-
complex was used to explain the binding of aromatic sulfonamide structure into
the S10 pocket and the selectivity profile.

5.9 Phosphinamide/Phosphonamide-Based Hydroxamates

Pikul et al. (1999) studied some phosphinamide-based hydroxamates (61) where
compounds having R-configuration at phosphorous were found to be potent
inhibitors of MMP-1 and -3. The S-configuration was found inactive. A compound
with R1 = CH2CHMe2, R2 = CH2Ph, R3 = Me, and R4 = Ph was found to be
active against MMP-1 (IC50 = 20.5 nM) and MMP-3 (IC50 = 24.4 nM) where
R4-substituent could play key role in binding with S10 pocket of the enzymes. The
analysis of binding interactions indicated the involvement of Leu164, Ala165,
Glu202, and Val163 residues of the enzymes.

Some cyclophosphinamide- and cyclophosphonamide-based hydroxamates (62)
were designed by altering the phosphorous substituent interacting with S10 pocket
and evaluated as potent MMPIs (Sorensen et al. 2003). The SAR conclusions were
in accordance with those of Pikul et al. (1999) confirming the essential requirement
of R-configuration of phosphorous atom and a-carbon. The 7-membered cyclo-
phosphonamide and unsaturated 6-membered cyclophosphinamide hydroxamates
were among the most potent inhibitors of MMP-1, -3, and -9. The proposed binding
mode at MMP-3 has suggested interactions with Ala165, Leu164, Asn162, and
Val163 as well as affinity of R2-substituent toward S10 pocket.
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5.10 Non-Peptidyl Hydroxamates

A novel class of non-peptidyl hydroxamates, i.e., derivatives of N-aryl-iminodi-
acetic acid (IDA) (63–65) has been recently reported by Marques et al. (2006). To
further improve the potency and selectivity versus MMP-2 and -13, some struc-
tural modifications were carried out to get new MMP-1/MMP-14-sparing hy-
droxamates inhibitors (Santos et al. 2006). As the specificity of MMP inhibition is
correlated with the interactions at the S10 pocket of the enzyme, the alkylaryl/
sulfonylaryl substituents were added at the nitrogen and the carboxylic moiety was
replaced by an amide chain.
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Among the sulfonamide analogs (64), the para-methoxybenzene, biphenyl, and

para-phenoxybenzene showed good inhibitory potency against MMP-2, -7, -8, -9,
-13, and -14. The para-phenoxybenzene analog was observed as most potent
(IC50 = 1–30 nM) and the order of activity was as: MMP-2 [ MMP-13 [ MMP-
9 [ MMP-8 [ MMP-16 [ MMP-14. The authors concluded that the lipophilic,
electrostatic, and steric properties are liable toward MMPI potency and selectivity.
Also the sulfonyl group at the nitrogen is important which permits its oxygen to
form H–bonds with Leu164 and Ala165 (MMP-2) and directs the lipophilic groups
in the S10 pocket.

N

N
H

O

Ph

N
H

O

HO

N

N

Ph
65

6 Conclusion

In conclusion, these SAR studies have indicated the following:

(1) The greatest potency with the MMP inhibitors can be associated with their
ability to interact with S1, S10, and S20 subsites.
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(2) S10 differs most among the MMPs and a certain degree of specificity can be
achieved by varying the P10 residue of the inhibitors.

(3) Introduction of larger P10 substituents generally gives greater specificity for
MMP-2 and MMP-9.

(4) The P10 substituent should preferably be a long side chain for the binding with
MMP-2, MMP-3, and MMP-9.

In a recent article, Gupta and Patil (2012) have pointed out that the main
subsites in MMPs for substrate recognition are the specificity pocket S10 and, to a
lesser extent, S2. The specificity pocket S10 originates immediately to the right of
catalytic Zn2+ ion and considerably differs in size and shape among the various
MMPs. Due to this variation in size and shape, S10 pocket offers selective inhi-
bition of MMPs. The rough classification of S10 specificity pockets according to
the shape and size and the flexibility can aid in the development of selective MMP
inhibitors. Because of the variation in the structure of S10 pocket, modification of
the P10 can be used to introduce substrate specificity. The P10–S10 interaction is the
main determinant for the affinity of inhibitors and the cleavage position of peptide
substrates.

Several quantitative SARs (QSARs) on MMP inhibitors have been carried out.
In a recent comprehensive review on QSAR studies on zinc-containing metallo-
proteinase inhibitors, Gupta (2007) concluded that in addition to binding with the
catalytic Zn2+, the MMP inhibitors may also have hydrophobic, steric, and elec-
trostatic interactions with the enzymes that may provide them better potency.
Verma and Hansch (2007) also came to the same conclusion from their QSAR
studies on some series of hydroxamic acids acting as MMP inhibitors. Some
molecular modeling studies have visualized these interactions (Matter et al.1999;
Matter and Schwab 1999; Tsai and Lin 2004). The SAR studies presented here also
indicated these types of interactions between the inhibitors and various MMPs.
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Hydroxamic Acids as Histone Deacetylase
Inhibitors

Florian Thaler, Vaishali M. Patil and Satya P. Gupta

Abstract HDAC inhibition has been, for over a decade (and continues to remain),
a highly competitive area. Hydroxamic acids represent the largest class of HDAC
inhibitors. One product, SAHA is already approved and more than ten different
chemical entities are in various clinical stages. A detailed discussion about com-
pounds from various classes like phenyloxopropenyl, amidopropenyl analogues,
spiropiperidines, biphenyl/arylamide/styrenyl, tetrahydroisoquinoline-based hy-
droxamic acid derivatives and N-hydroxyphenylacrylamide derivatives has been
included along with the computational studies. It also covers brief details about the
HDAC imaging agents. These successes as well as the enormous amount of
experiences gained in preclinical and clinical studies may be useful—beyond the
HDAC field—to future drug discovery programmes studying hydroxamic acid
derivatives.
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1 Introduction

1.1 Chromatin

The eukaryotic genome is packaged with histone proteins to form the chromatin,
which allows condensing of over a metre of DNA into the small volume of the
nucleus. The fundamental repeating unit of the chromatin that occurs generally
after every 157–240 base pairs is the nucleosome. The nucleosome core itself is
composed of a histone octamer consisting of two copies of H2A, H2B, H3 and H4
histones around which 147 base pairs of DNA are wrapped in 1.65 turns of a flat,
left-handed superhelix. The stabilisation of the nucleosome occurs through a series
of protein–protein interactions within the histone octamer and by electrostatic and
hydrogen bonds between the proteins and the DNA. The core histones are com-
posed of two distinct functional domains: the ‘‘histone-fold’’ motif sufficient for
both histone–histone and histone–DNA contacts within the nucleosome, and N and
C-terminal tail domains, which remain mostly unresolved in the crystal structures
(Luger et al. 1997; Davey et al. 2002). These tails extend away from nucleosomal
DNA and are mainly involved in interaction with other nucleosomes or with
nuclear factors (Luger and Richmond 1998).

The chromatin itself condenses to more compact structures. Short-range
nucleosome–nucleosome interactions result in folded chromatin fibres (‘‘secondary
chromatin structure’’). Long-range interactions between individual nucleosomes
result in fibre–fibre interactions and form tertiary chromatin structures. However,
these arrangements are not highly defined structural states. Rather, the current
view is to consider them as a continuum of various inter-convertible states at
different levels of condensation (Horn and Peterson 2002; Luger et al. 2012).

These structural states of the nucleosomes have obviously a major impact on
any process requiring access to genomic DNA, such as transcription, replication
and DNA repair. Not surprisingly, a plethora of studies has shown that the chro-
matin structure plays a crucial role in the regulation of all of these processes.
These states and their variation are determined by various factors. The DNA
sequence of each nucleosome is unique; and this unique DNA sequence affects the
nucleosome structure through its sequence-encoded susceptibility for being dis-
torted into the tight superhelical conformation imposed by the histone octamer.
Histones are among the most highly conserved proteins in terms of sequence and
structure. However, histone variants have been identified for the histone subtypes,
in particular for histone H2A and H3. These variants have an influence on the
structures of the nucleosomes (Malik and Henikoff 2003; Henikoff et al. 2004;
Brown 2001). Furthermore, several proteins have been found interacting with the
chromatin. This adds further complexity in the structural regulations. Posttrans-
lational modifications have been one of the most intensively studied aspects as
regulatory factors for structural changes of nucleosomes. Posttranslational modi-
fications are small chemical modifications to amino acid side chains of a protein
after its translation. The histone tails which account for almost 30 % of the core
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histone sequences are, as already mentioned above, unstructured. Thus, they can
be the subject of several posttranslational modifications, including acetylation,
methylation, phosphorylation, sumoylation or ubiquitination.

1.2 The Histone Acetylase and Deacetylase Machinery

Already in 1964, Allfrey et al. first reported the isolation of acetylated and
methylated histones and speculated well ahead on their time about their possible
role in the regulation of RNA synthesis (Allfrey and Mirsky 1964; Allfrey et al.
1964). The authors hypothesised that these modifications of the histone structure,
particularly acetylation, have an influence of RNA synthesis. Some years later,
Riggs et al. (1977) found that the exposure of cultured cells to sodium n-butyrate
caused a reversible accumulation of highly acetylated histones. However, the
picture became clearer only during the early 1990s, when the first histone
deacetylase (HDAC) was cloned in 1996 (Taunton et al. 1996). One year earlier,
Kleff et al. (1995) had identified a gene encoding a yeast H4 acetyltransferase
(HAT). Currently, a series of HATs and HDACs have been identified to be
responsible for the tight control of the acetylation state of histones. HATs are
enzymes which transfer an acetyl group from acetyl coenzyme A (acetyl CoA)
onto to the e-amino group of one or more lysine residues contained within the
N-terminal tails of the histone proteins. The neutralisation of the basic charge of
the tails reduces the electrostatic interactions with the DNA sequence leading to a
nucleosome unwrapping (Simon et al. 2011). This relaxation of the chromatin
conformation allows the transcriptional factors to access the gene promoter regions
and the process of gene expression is facilitated. HATs can be classified into two
different classes based on their functional localisation: the nuclear type A HATs
and the cytoplasmic type B HATs. The latter ones are involved in the modification
of newly synthesised histones before the assembly. Type A HATs can be further
divided into five different classes based on structural and functional differences:
GNAT, CBP/p300, transcriptional factors such as ATF2, nuclear hormone related
(for example SRC4) and the MYST family proteins (Selvi and Kundu 2009; Grant
and Berger 1999).

The counteracting histone deacetylases re-establish the positive charge in the
N-terminus of the histone tails. This causes a tighter histone–DNA interaction and
blocks the binding sites on promoters and thus inhibits gene transcription. The
HDAC enzymes can be grouped into two families: the classical HDACs and the
silent information regulator (Sir)-related protein (sirtuin) families. HDAC class III
proteins (also known as sirtuins, Sirt1–Sirt7) form a structurally and mechanisti-
cally distinct class and are defined by their dependency on NAD+ as cofactor. They
catalyse the removal of the acetyl group of the acetylated lysines by transferring it
to the ribose moiety of NAD+ yielding O-acetyl-ADP-ribose and nicotinamide,
which acts as a physiological inhibitor of the sirtuins by means of negative
feedback (Huber and Superti-Furga 2011).
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Classical HDACs are metalloenzymes harbouring a catalytic pocket with a Zn2+

ion. In humans, classical HDACs are grouped based on the homology to yeast
enzymes in four distinct classes that vary in size and function (Grozinger et al.
1999; Gray and Ekstrom 2001; Lin et al. 2006; Ficner 2009). Class I HDACs,
which comprise HDACs 1, 2, 3, and 8, share a certain degree of homology to the
yeast Rpd3. These enzymes are generally nuclear proteins and are ubiquitously
expressed in many human cell lines and tissues. HDAC11 is the sole member of
Class IV HDACs and is found to be present in the nucleus. Class II HDACs, which
are homologues to yeast Hda1, can be divided into two further sub-classes: class
IIa (HDACs 4, 5, 7, 9) and class IIb HDACs (HDACs 6 and 10) (Verdin et al.
2003; Yang and Gregoire 2005). Class IIa HDACs contain a highly conserved
C-terminal deacetylase domain with around 420 amino acids, and are homologous
to yeast Hda1. However, their N-terminal domain, which has regulatory functions,
does not show any similarity to HDACs in other classes. Class IIb HDACs have an
additional deacetylase domain, although this duplication is partial in the case of
HDAC10. Class II HDACs exhibit nucleocytoplasmic shuffling, suggesting their
involvement in the deacetylation of non-histone substrates. For example, deacet-
ylation of acetyl-a-tubulin is mediated by the second deacetylase domain of
HDAC6 (L’Hernault and Rosenbaum 1985a, b; Hubbert et al. 2002; Haggarty
et al. 2003). Recently, it has become clear that HDACs and not only the class II
enzymes are involved in the deacetylation of a series of non-histone proteins
(Glozak et al. 2005; Yang and Seto 2008; Singh et al. 2010; Yao and Yang 2011).
Proteomic studies allowed to identify a remarkable amount of acetylation sites:
Kim et al. (2006) found 388 acetylation sites on 195 proteins in HeLa cells and
mouse liver mitochondria by immunoaffinity purification using an anti-acetyl
lysine antibody; high-resolution mass spectrometry experiments permitted to
identify even more impressive number of 3,600 lysine acetylation sites on 1,750
proteins (Choudhary et al. 2009). These results propose that acetylation/
deacetylation is a regulatory modification that rivals phosphorylation in number of
substrates (Kouzarides 2000; Choudhary et al. 2009). Furthermore, these acety-
lation sites were found on proteins involved in diverse cellular processes, such as
chromatin remodelling, cell cycle, splicing, nuclear transport, signal transduction
and apoptosis.

Several of these proteins were found to be relevant for tumorigenesis and
cancer cell proliferation (Buchwald et al. 2009; Yao and Yang 2011). On the other
hand, acetylation of histones results in changes of chromatin structures and this has
an impact on any process requiring access to genomic DNA. Thus, it is not
surprising that abnormal activities of HDACs and HATs have been found involved
in the development of several diseases. Indeed, HDACs expression and their
activity showed to be altered in many cancers. For example, HDACs are associated
with the function of oncogenic-translocation products, such as PML-RARa in
acute promyelocytic leukaemia. PML-RAR associate with a corepressor complex
containing HDAC activity. This complex is able to inhibit the transcription of
genes involved in haematopoietic differentiation, and thus contributing to the
differentiation block found in this form of leukaemia (Grignani et al. 1998; Lin
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et al. 1998; Richon and O’Brien 2002). Subsequently, it has been shown that
inhibition of HDACs resulted in a cell-cycle arrest and differentiation through an
increased expression of p21WAF1/CIP1. Inhibition also affected tumour survival
by blocking angiogenesis through the increased acetylation of HIF-1a and protein
degradation through the acetylation of Hsp90. These findings have made HDACs
as attractive targets for cancer therapy (Federico and Bagella 2011; Mercurio et al.
2010). The diverse mechanisms through which HDAC inhibitors exert their
cytotoxic activity include induction of apoptosis by both intrinsic and extrinsic
pathways, selective expression of repressed genes, cell-cycle arrest, DNA damage
and repair, inhibition of angiogenesis, cell death due to accumulation of reactive
oxygen species (ROS), autophagy and immunomodulatory effects (Bolden et al.
2006).

During the last 20 years, a variety of HDAC inhibitors have been developed
based on the structures of the naturally occurring inhibitors, or discovered
randomly in HDAC screening assays. The currently available HDAC inhibitors
can be classified according to the nature of the metal binding group into different
categories, i.e. hydroxamic acid-based, carboxylic acid-based, disulfide-based,
epoxide-based, and anilide-based inhibitors. The hydroxamic acid-based HDAC
inhibitors can be sub-classified according to the nature of cap structure (Table 1)
(Elaut et al. 2007) or broadly classified as small-capped and large-capped
hydroxamic acid-based inhibitors.

Table 1 Classification of hydroxamic acid-based HDAC inhibitors

Cap structure Hydroxamic acid class

Absent Short-chain fatty hydroxamic acids
Relatively small hydrophobic group TSA

Hybrid polar compounds: SAHA, Pyroxamide
Benzamide-based HA
Arylketones
Amino acid-contains, benzamide-based HA
Indole amide-based HA
Aroyl-heterocyclic-based HA
Aroyl-pentadienoic HA
Aroyl-urea-based HA
Sulfonamide-based HA: Oxamflatin, PXD101
(Bi-)aryl-(heterocyclic)-based HA
SK-7041, NVP-LAQ824
A-161906
Aroyl-pyrrole HA

Cyclic peptides Cyclic hydroxamic acid-containing peptides
Cyclic hexapeptides

Macro- or monocyclic succinimide Succinimide-based HA
N- and C-substituted cysteine Cysteine-based HA
1,3-dioxane 1,3-dioxanes: Tubacin
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2 Histone Deacetylase Inhibitors: From n-Butyrate
to SAHA

The first example of HDAC inhibition was reported in 1977. Riggs et al. (1977)
found an accumulation of acetylated histones in the presence of sodium n-butyrate
(Fig. 1). It was then questioned, if the accumulation of highly acetylated histones
caused by this carboxylic acid was really linked to the observed induced differ-
entiation in tumoral HeLa and Friend erythroleukemia cells. It took some years
until Yoshida et al. (1987) found that Trichostatin A (TSA) (Fig. 1), a hydroxamic
acid derivative originally found as fungistatic antibiotic (Tsuji et al. 1976), caused
induction of Friend leukaemia cell differentiation at low nanomolar concentration.
Three years later, the same authors disclosed that the (R) isomer of TSA was able
to cause an accumulation of highly acetylated histones in vivo and to inhibit the
activity of the partially purified histone deacetylase in vitro. The (S) isomer as well
as the trichostatic acid did not show inhibitory activity and had no effect on the
induction of Friend cell differentiation and the inhibition of the cell-cycle
progression (Yoshida et al. 1990a). Furthermore, (R)-TSA was found to exhibit a
significant lower inhibitory activity in a tumour cell line containing mutated
histone deacetylases. These important observations provided the first evidence that
the effect of TSA on cell proliferation and differentiation was directly related to the
inhibition of histone deacetylases (Yoshida et al. 1987, 1990b). After 16 years
later, suberoylanilide hydroxamic acid (SAHA) (Fig. 1) gained approval by FDA
as the first HDAC inhibitor to be used for the treatment of cutaneous T cell
lymphoma (CTCL) (Marks 2007; Marks and Breslow 2007). SAHA, disclosed in
1993 (Breslow et al. 1993), was the result of two decades of research activities
carried out at the Columbia University and the Memorial-Sloan Kettering Cancer
Center. In the early 1970s, Friend et al. (1971) found that DMSO acted as
differentiating agent—murine erythroleukemia cells (MELC) after being placed in
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Fig. 1 Chemical structures of Sodium n-butyrate (a), Trichostatin A (b), and SAHA (c)
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culture with dimethylsulfoxide turned red, suggesting the presence of haemoglo-
bin. The search for new derivatives able to induce cytodifferentiation and growth
arrest resulted in the discovery of polar solvent species, such as N-methylforma-
mide or acetamide (Tanaka et al. 1975). While these compounds showed only a
slight increase of activity compared to DMSO, dimeric amides proved to be much
more potent. They were able to induce differentiation at low millimolar concen-
trations (Reuben et al. 1976, 1978). One example of this series, hexamethylene
bisacetamide (HMBA), was selected for clinical studies. The trials showed that the
compound was able to induce minor and partial remission in myelodysplastic
syndrome and acute myelogenous leukaemia. However, the remission resulted to
be transient and the doses required were not tolerated by cancer patients (Andreeff
et al. 1992). Even though the biological target of these compounds was not
identified, it was hypothesised that the dimeric amide structures may possibly act
as chelating agents of metal ions. Exploration of new chemical entities led to the
discovery of hydroxamic acids as well as bishydroxamates (Breslow et al. 1991;
Richon et al. 1996). One example, SAHA, (but also other hydroxamic acid
derivatives), was approximately 2,000-fold more potent than HMBA and was able
to induce differentiation in MELC cells at low micromolar concentrations. Richon
et al. (1998) confirmed that SAHA, like TSA, showed an HDAC inhibitory activity
and caused accumulation of hyperacetylated histone H4 in cultured cells. One year
later, the X-ray crystallographic structures of SAHA and TSA bound to the Aquifex
aeolicus HDAC homologue histone deacetylase-like protein (HDLP) revealed that
the hydroxamic acid moiety of both compounds is doubly coordinated to a zinc
atom at the bottom of a cavity (Finnin et al. 1999). In 2000, SAHA entered clinical
studies and, after intravenous and the oral administration, showed a good safety
profile and antitumor activity in different malignancies, in particular haemato-
logical malignancies (Kelly et al. 2003, 2005). Finally, in October 2006, FDA
approved the compound as first HDAC inhibitor for the treatment of CTCL, after
that a significant response rate in prior therapy-resistant CTCL patients was
observed (Mann et al. 2007).

3 Histone Deacetylase Inhibitors: Orally Available
Hydroxamic Acid Derivatives

While SAHA showed a considerable efficacy in different haematological malig-
nancies in clinical trials, patient response in other cancers remained much more
uncertain and often rather limited (Graham et al. 2009; Mercurio et al. 2010).
SAHA had demonstrated some activity in patients with advanced solid tumours in
phase I trials. However, phase II studies in patients with breast, colorectal or non-
small cell lung cancer showed a limited drug exposure, which did not allow a
reliable efficacy analysis (Vansteenkiste et al. 2008). SAHA was well tolerated, but
exhibited only medium potency (Marks and Breslow 2007) and was cleared
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rapidly (Kelly et al. 2003). Short half-lives in vitro as well as in vivo are quite
common to several first generation hydroxamic acid inhibitors (Elaut et al. 2007),
and thus hydroxamates are often considered as poor drugs. They are frequently
down prioritised in drug discovery programmes because of their poor physico-
chemical and ADME properties, despite their good in vitro potency (Elaut et al.
2007; Flipo et al. 2009).

However, the overall impressive in vitro and in vivo data of the first drugs made
HDACs and their inhibition an attractive target for several drug discovery pro-
grammes. Research efforts were directed to highly potent compounds with a
prolonged in vivo exposure and generally a better pharmacokinetic (PK) profile. In
fact, we can find a significant number of research groups, both from industry and
academia, involved in the exploration of novel chemical entities with HDAC
inhibitory properties. Almost 400 PCT patent applications claiming new HDAC
inhibiting agents is just one indicator of the impressive amount of efforts done in
this field during the last decade. It is noticeable that more than 50 % of the
applications are related to hydroxamic acid derivatives (Thaler 2012). Another
sign is that the significant number of molecules have entered clinical studies.
Around 20 chemical entities, either alone or in combination, have entered clinical
studies for the treatment of several diseases, mainly tumours. Among them there is
a considerable amount of hydroxamic acid derivatives e.g. LBH589 or panobi-
nostat (Novartis) (Atadja 2009; Neri et al. 2012), and PXD101 or belinostat
(Topotarget) (Steele et al. 2008) are currently in phase III studies, ITF-2357 or
givinostat (Italfarmaco) (Rambaldi et al. 2012), PCI-24781 or abexinostat (Servier,
Pharmacyclics) (Buggy et al. 2006), SB939 or pracinostat (S*BIO Pte Ltd)
(Novotny-Diermayr et al. 2010; Wang et al. 2011), JNJ-26481585 or quisinostat
(Johnson & Johnson) (Arts et al. 2009; Tong et al. 2010) and 4SC-201 or res-
minostat (4SC) (Mandl-Weber et al. 2010; Brunetto et al. 2009) have reached
clinical phase II (Fig. 2). Examples in phase I can be given as AR-42 or OSU-
HDAC-42 (Arno Therapeutics) (Kulp et al. 2006; Lu et al. 2005), CG-200745
(CrystalGenomics Inc) (Hwang et al. 2012), CHR-3996 (Chroma Therapeutics)
(Donald et al. 2010; Banerji et al. 2010), the HDAC6 selective ACY-1215
(Acetylon Pharmaceuticals Inc) (Santo et al. 2012) and the dual kinase and HDAC
inhibitor CUDC-101 (Curis and Ligand Pharmaceuticals) (Cai et al. 2010; Lai
et al. 2010; Shimizu et al. 2010) (Fig. 3).

In the following sections, the research efforts directed towards the development
of hydroxamic acid derivatives with improved PK properties are discussed.

3.1 From SB639 to Pracinostat

Scientists from the Singaporean biotech company S*Bio Pte explored different
fused heterocyclic rings such as benzimidazoles as new linkers for low molecular
weight HDAC inhibiting agents. This research led to the discovery of the first lead
compound, SB639 (Fig. 4) (Wang et al. 2009). The compound showed good

Hydroxamic Acids as Histone Deacetylase Inhibitors 107



in vitro potency with an IC50 value of 0.035 ± 0.016 lM against HDAC1 and
antiproliferative activity against the human colon cancer cell line COLO205 in the
submicromolar range (IC50 = 0.14 ± 0.05 lM). The compound was stable in
human and dog liver microsomes with a half-life of around 1 h. However, the half-
life dropped in rat and mouse microsomes to 6 and 3 min, respectively. The com-
pound showed high clearance rates in mice (15.8 L/h/kg) and in rats (3.84 L/h/kg).
The oral bioavailability was 13 % (mice) and 10.5 % (rats), respectively (Venkatesh
et al. 2007). Nevertheless, the plasma concentration of the compound reached levels
above the HDAC IC50 value and the compound showed antitumor activity in
HCT116 tumour-bearing nude mice after oral administration (Wang et al. 2009).

Metabolic profiling experiments in rat liver hepatocytes showed that the major
metabolic paths of SB639 were the oxidation of the pyrrolidinylethyl group and
the reduction of the hydroxamic acid to amide (Wang et al. 2011). Further
development of this series was carried out considering particularly the metabolic
stability of the compounds. This expansion resulted in several compounds. Among
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them, compound SB939 (Fig. 4) was found to be potent against HDAC1 with an
IC50 value of 0.077 ± 0.014 lM and showed antiproliferative activity against a
series of cancer cell lines in the submicromolar range. For example, the compound
with an IC50 of 0.48 ± 0.27 lM was around six times more active than SAHA
(IC50 = 2.85 ± 0.27 lM) against HCT116 cells. An interesting observation was
that the microsomal liability in human and mouse microsomes generally increased
with higher lipophilicity of the molecules. SB939 as well as several other deriv-
atives were relatively stable in human and dog microsomes. On the other hand, a
major variability was found in rodents. Consistent with the in vitro microsomal
data, SB939 exhibited an oral bioavailability of 65, 34 and 3.1 % in beagle dogs,
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nude mice and Wistar rats, respectively. Furthermore, the compound had high
systemic clearance (relative to liver blood flow) of 1.5, 9.2 and 4.5 L/h/kg and high
volume of distribution at steady state of 4.2, 3.5 and 1.7 l/kg in dog, mouse and rat,
respectively (Jayaraman et al. 2011). The superior in vitro activities and PK
properties compared to SAHA translated into a higher antitumor efficacy in a
HCT116 tumour xenograft model. SB939 was approximately twice as efficacious
at the maximum tolerated dose as SAHA: the tumour growth inhibition for SAHA
was 48 % at 200 mg/kg compared to 94 % for SB939 at 100 mg/kg. In addition,
an accumulation of the compound was observed in tumour tissues (Novotny-
Diermayr et al. 2010). This was not found after administering the reference of
SAHA. In addition, SB939 has good aqueous solubility and high permeability in
human Caco-2 cells with low efflux. These characteristics are indicative of a high-
intestinal absorption in vivo (Jayaraman et al. 2011). In fact, phase I studies con-
ducted in patients with advanced solid malignancies showed that the pharmaco-
logically active concentrations were achieved already at the lowest dose of 10 mg
(Jayaraman et al. 2011). The drug was rapidly absorbed (tmax = 1–3 h). The mean
elimination half-life was around 7 h and oral clearance was 53 ± 8.5 L/h. Cmax and
AUC were dose proportional between 10 and 60 mg doses. Furthermore, no
substantial accumulation of SB939 on day 15 following repeated dosing was found.
At the 60 mg dose high acetylation levels was found in all patients indicating
sustained target inhibition. Two patients experienced prolonged disease stabilisa-
tion (Yong et al. 2009). An interesting aspect is that the human PK was successfully
predicted based on the in vitro ADME data using an ADME simulator and
allometric scaling (Jayaraman et al. 2011).

3.2 CHR-3996

The HDAC project at the British biotech company, Chroma Therapeutics, was
focused on the synthesis of pyrimidine hydroxamate derivatives bound to bicyclic
hexahydropyrrolo[3,4-c]pyrrole and azabicyclo[3,1,0]hexane linkers (Moffat et al.
2010). The inhibitory activities of around 25 described azabicyclo[3,1,0]hexanes
varied only slightly and were in the low nanomolar range against HDACs from
nuclear HeLa extracts. This narrow range in activity despite substantial variations
of the linker structures is not uncommon; for example, as already described above,
a similar behaviour was experienced in house for several examples within the
amidopropenyl and the spiropiperidine series (cf. Sects. 3.4 and 3.5). The
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compounds showed good antiproliferative activity in tumoral HCT116 cells with
GI50 values in the micro- or submicromolar range. In particular, it was found that
diminishing the polar surface area was beneficial for the cell growth inhibition. PK
studies using oral cassette dosing allowed identifying CHR-3996 as one lead
compound (Fig. 5). The compound was potent against HDACs 1, 2 and 3 with IC50

values of 3, 4 and 7 nM, respectively. On the other hand, it was significantly less
active against the class II members HDACs 5 and 6. CHR-3996 showed good oral
bioavailability in rat and dog of 27 and 40 %, respectively. Furthermore, the
compound exhibited high systemic clearance (relative to liver blood flow) of 4.2
(dog) and 8.0 L/h/kg (rat), respectively. In vivo HCT116 xenograft experiments
showed that the compound had a significant antitumor activity: administration of
50 mg/kg once daily orally resulted in almost complete inhibition of the tumour.
CHR-3996 advanced into clinical studies. Phase I clinical studies showed that the
compound was rapidly absorbed, had a mean elimination plasma half-life of 3 h
and mean AUC values exceeding the levels effective in xenograft studies at doses
C40 mg. Five patients demonstrated stable disease for at least two cycles (Banerji
et al. 2010, 2012).

3.3 Phenylhydroxamic Acid Derivatives (AR-42)

The phenylhydroxamic acid derivative AR-42 (known also as OSU-HDAC-42
or (S)-HDAC-42) (Fig. 6) was originated at the Ohio State University. The
compound resulted from an exploration of new HDAC inhibitors composed of
short-chain fatty acids linked to a hydroxamic acid group as Zn2+-chelating motif
(Lu et al. 2005). The compound showed good HDAC inhibitory potency with an
IC50 value of 16 nM and was around five times more potent than its corresponding
R-isomer. Antiproliferative activities in three myeloma cell lines, IM-9, RPMI-
8226 and U266, were in the submicromolar range. The compound was around four
to seven times more active than SAHA (Bai et al. 2011). This good potency, but
even more its pharamacokinetic behaviour in rodents, has made the compound an
attractive agent for further studies. Indeed, Ar-42 displayed a good oral
bioavailability in rats (Cheng et al. 2006a) and in mice (Cheng et al. 2006b): the
oral bioavailability was *100 % in rats and 27.4 % in mice. Total body clearance
was 1.40 L/h/kg (rats) and 1.47 L/h/kg (mice). The good in vitro potency as well
as the PK profile translated in good antitumor activity in different in vivo efficacy
models. For example, the compound administered 25 mg/kg daily and 50 mg/kg
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every other day significantly inhibited tumour growth in mouse PC-3 tumour
xenografts by 52 and 67 %, respectively (Kulp et al. 2006). The compound was
licensed to Arno Therapeutics, which is currently conducting phase I/IIa trials in
adult patients with relapsed or recurrent haematological malignancies and solid
tumours (http://clinicaltrials.gov/ct2/show/NCT01129193?term=AR-42&rank=1).

3.4 Phenyloxopropenyl and Amidopropenyl Analogues

The HDAC inhibitory programme in DAC was initiated in collaboration with
Antonello Mai from the University of Rome, who had intensively studied aroyl-
pyrrolyl hydroxyamides (APHAs) as histone deacetylase inhibitors (Massa et al.
2001; Mai et al. 2005a, b, 2006) and identified several class II selective compounds.
It is noticeable that these research efforts have origins in programmes carried out by
the same group in the late 1980s, when pyrrole-containing analogues of trichostatin
were explored for their antifungal, antibacterial and antiviral activities (Massa et al.
1990) but ended with HDAC inhibitory (Massa et al. 2001) activity.

A small library of aryl- and heteroaryl-hydroxamic acid fragments was
designed and subjected for biological characterisation (Thaler et al. 2010a). The
HDAC inhibitory activity was performed using HeLa nuclear extract as enzyme
source and the percentage of inhibition of the enzymes was assessed at 0.1, 1.0 and
10 lM concentration of the inhibitors. As shown in Table 2, the phenyl
hydroxamate (1) was almost inactive under the experimental conditions, whereas 2

Table 2 HDAC inhibitory activity of a fragment library

Compounds Structure Percentage of inhibition at

0.1 (lM) 1 (lM) 10 (lM)

1
N

O

O
H

H 0 1 19

2
N

O

O

H
H

0 36 89

3
N

O

O

H
H

18 55 93

4
N

O

ON

H
H

34 82 100

5
N

O

ON

H
H

13 75 96

6
N

O

O

N H
H

0 34 87

7
N

N

O
O

H
H

9 13 53
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was moderately active with 36 % enzyme inhibition at 1 lM. Introduction of an
acrylic group (3) led to a further increase in activity. Within the pyridine-acryl-
hydroxamic acid series, the pyridine-2-yl derivative (4) demonstrated to be the
most potent compound and the activity decreased from the pyridine-2-yl to
the pyridine-4-yl analogue (6). The electron-rich pyrrolyl derivative (7), present in
the APHA series, was less potent than the other acryl hydroxamates.

The heteroaryl-hydroxamate 4 and the phenylacryl-hydroxamate 3 were
selected for further expansion. In the first step, a scaffold with a phenyloxop-
ropenyl moiety (Mai et al. 2005a) positioned in meta or para position with respect
to the acrylhydroxamate substituent was prepared. The meta phenyl analogue 11
(Table 3), with an IC50 value of 0.085 lM, was almost 20 times more potent than
the corresponding para derivative 8 (IC50 = 1.48 lM). A slightly different
behaviour was found in the pyridinyl series: the 2,5 di-substituted derivative 10
and the 2,6 di-substituted analogue 12 exhibited similar IC50 value (*0.02 lM)
and were around 15 times more active than the 2,4-substituted derivative 9. Fur-
ther, the compounds and in particular the pyridinyl derivatives showed good
antiproliferative effects in the chronic myelogenous leukaemia cell line K562. In
specific, the cellular IC50 values for 10, 12 and 9 ranged between 0.5 and 1 lM.
The phenylacrylates 8 and 11 exhibited IC50 values of 2.3–3.2 lM, respectively.

The good biochemical and cellular inhibitory activity of this series, however,
was compromised with an overall low metabolic stability in microsomes. It was
observed that the compounds were almost completely degraded in mouse micro-
somes after 30 min incubation: the percentage of the recovery ranged from just
2 % (8) to 14 % (9) (Table 3). Similar data were obtained in human microsome
preparations with the exception of compound 12, which was more stable than the
other examples. Metabolic profiling experiments of 8 in mouse microsomes
showed that the major sites of metabolism were the hydroxamic acid moiety and
the unsaturated ketone (Thaler et al. 2009). While the major metabolite of the
hydroxamic acid moiety was the acrylic acid (8a), a,b-unsaturated ketone was
either reduced to the corresponding alcohol (8b) or to the saturated ketone
derivative (8c) (Fig. 7).

Table 3 HDAC enzyme, antiproliferative activity, and microsomal stability data of the phen-
yloxopropenyl series

O

N
H

O
H

X

O

Compound X Position Enzyme (lM) K562 (lM) Microsomes

Mouse (%) Human (%)

8 CH 5 1.48 2.28 2 5
9 N 4 0.323 1.06 14 16
10 N 5 0.022 0.69 6 14
11 CH 6 0.085 3.21 6 9
12 N 6 0.020 0.51 11 38
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A similar outcome was found for the pyridine derivative 9. Since the hy-
droxamic acid was essential for the biological activity, research efforts were
directed towards new chemical entities devoid of the metabolically unstable a,b-
unsaturated ketone. One approach was the replacement of the phenyl by 4-phe-
nylpiperazine group (Thaler et al. 2010b) (Fig. 8).

Similar to the phenyloxopropenyl series, 4-phenylpiperazinyl analogues of the
following four linkers were prepared: phenylacrylate, meta and para substituted,
and pyridin-2-ylacrylate, substituted in positions 5 or 6. As summarised in Table 4,
replacement of the phenyl led to a minor decrease in the HDAC inhibitory activity.
However, the trends within both series were quite comparable: the meta substi-
tuted phenylacrylate derivative 15 exhibited an IC50 value of 0.354 lM, and was
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Fig. 7 Metabolic profiling of compound 8 in mouse microsomes

Table 4 SAR of 4-methyl- and 4-phenyl-piperazinyl analogues 13–16

O
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X
N

O
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R

3
4

5

6

Compound X R Enzyme (lM) Cells (lM) Microsomes (%)

K562 HCT116 Mouse Human

13 CH 5 Ph 5.60 3.37 5.77 27 51
14 N 5 PPh 0.299 1.41 1.33 91 82
15 CH 6 PPh 0.354 0.980 0.780 72 60
16 N 6 PPh 0.069 1.13 1.07 74 77
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about 15 times more potent than the corresponding para substituted (13). In the
pyridinyl series, the differences between 2,5 and 2,6 di-substituted pyridin-2-yl-
acrylates were smaller: compound 16 exhibited an IC50 value of 0.069 lM and
was the most potent example in this series, around four times more than 14.
Comparison of the compounds containing a central phenyl ring with those with the
pyridinyl ring showed the inhibitors with the pyridinyl ring were generally more
potent. Compounds 14, 15 and 16 exhibited comparable antiproliferative potency
in leukemic K562 and human colon cancer HCT116 cells with IC50 values of
around 1 lM. Hydroxamate 13, in line with the lower enzymatic inhibition, had
IC50 values in K562 and HCT116 cells of 3.77 and 5.77 lM, respectively.

The major difference between the phenyloxopropenyl and the 4-phenylpiper-
azinyl series was their microsomal stability: all four amidopropenyl compounds
were metabolised\50 % in the tested conditions and were remarkably more stable
than the ketone analogues. The only exception was 13 with a recovery of just 27 %
in mouse microsomal preparation. These results confirmed that the a,b-unsaturated
ketone moiety was a major site of metabolic liability and replacement with an
amide group resulted in stable compounds in microsomal preparations.

These encouraging data prompted to explore this series in a greater depth and
the hydroxamic acid 16 was selected as starting point for this expansion. The
synthetic efforts were concentrated on a series of cyclic amine derivatives
substituted by phenyl. This selection was based on the fact that hydrophobic
aromatic groups represent a common surface recognition domain in several HDAC
inhibitors (Miller et al. 2003). As shown in Table 5, IC50 values ranged between

Table 5 SAR of phenyl-cycloamine analogues 17–21

O

N
H

O
H

N
R

O

Compound R Enzyme Cells (lM) Microsomes (%)

(lM) K562 HCT116 Mouse Human

17
N

0.294 1.220 1.300 66 66

18
N

0.269 0.616 0.432 52 90

19
N

0.025 0.445 0.294 74 86

20

N

0.146 1.730 1.470 75 98

21

N

0.286 0.568 0.581 29 46
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0.025 lM (19) and 0.294 lM (17). These differences in activities are quite small
compared to the substantial structural variations. These findings can be ascribed to
the fact that the surface region of the HDAC enzyme is highly flexible and able to
accommodate inhibitors with different capping groups (Somoza et al. 2004; Wang
et al. 2005). The compounds exhibited comparable antiproliferative activities in
K562 and HCT116 cells; compound 19 (IC50 = 0.445 lM) was around four-fold
more active than the least potent analogue 20 (IC50 = 1.730 lM) in K562 cells.
Furthermore, hydroxamic acid 19 was around five times more active than 20
(IC50 = 1.470 lM) in HCT116 cells.

All compounds exhibited a good stability in mouse and human microsomes with
\50 % of the inhibitors metabolised. The only outlier was compound 21, with 29
and 46 % remaining in mouse and human microsomes, respectively.

However, the remarkable stability of the compounds in microsomes was not
confirmed by in vivo PK experiments in mice. Three selected derivatives, the aryl-
hydroxamate 15 and the two heteroaryl-hydroxamates 16 and 19, displayed a low
oral bioavailability with F B 10 % (Table 6). The compounds also showed very
high clearance rates. In particular, inhibitors 15 and 16 showed clearance rates, which
exceed the hepatic blood flow of 5.4 L/h/kg in mice (Davies and Morris 1993).

Further investigations revealed that the three representative compounds had
high clearance rates in rat and human hepatocytes. These observations indicated a
metabolic degradation of these hydroxamic acid derivatives catalysed preferen-
tially by non-microsomal enzymes. Reduction of the hydroxamic acid group to its
corresponding amide was identified for the three compounds as one relevant
biotransformation pathway. The same outcome was found for SAHA, which was
studied as reference compound. Similar results had been previously reported for
TSA (Elaut et al. 2002). These observations suggest that this metabolic behaviour
is likely to be common to further hydroxamic acids.

These results are in agreement with the observed in vivo PK behaviour in mice.
They show that the metabolic stability of these hydroxamates in microsomes was
neither found in hepatocytes nor in vivo. ADME experiments employing micro-
somes are widely used and they are often very suitable indicators for the in vivo
PK behaviour. However, our experiences as well as other cases have shown that
microsomes may not be sufficient for predicting in vivo clearances of structures
containing hydroxamic acid moieties. Hepatocyte preparations, even though more
expensive, demonstrated to be a more valid alternative for predicting the in vivo
clearance behaviour of the studied hydroxamates.

Table 6 Pharmacokinetic profile for 15, 16 and 19 (administered 5 mg/kg, i.v. and 15 mg/kg,
orally)

Compound 15 16 19

AUCiv0-? (ngh/mL) 440 590 1191
t1/2 (h) 1.22 0.27 0.67
Cl (L/h/kg) 11.37 8.47 4.19
Vss (L/kg) 5.2 0.8 0.55
F (%) 10 2.9 3.1
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3.5 Spiropiperidines

The phenyloxopropenyl and the amidopropenyl series resulted in the discovery of
several compounds with good in vitro biochemical and antiproliferative activity.
However, none of them exhibited an oral bioavailability superior to 20 % in mice
(Thaler et al. 2010a, b). Therefore, various other scaffolds were evaluated. Major
focus was particularly on privileged structures, which already had provided
derivatives with good oral bioavailability. Privileged structures with their inherent
affinity for diverse biological targets represent an ideal source of core scaffolds for
the design of molecules able to target various receptors (DeSimone et al. 2004;
Costantino and Barlocco 2006). One of them is the conformationally constraint
4-oxospiro[chroman-2,40-piperidine] ring system, which is, for example, present in
antiarrhythmic agents (Elliott et al. 1992).

Some 4-oxospirochromanes linked to an acrylhydroxamic acid group as zinc
binding motif were prepared based on the results obtained during the exploration
of different hydroxamic acid fragments (Fig. 9) (Thaler et al. 2010a; Varasi et al.
2011). In the first run, unsubstituted and the N-methyl, N-acetyl and N-benzyl
substituted piperidine analogues (22–25, Table 7) were synthesised. As shown in
Table 7, all compounds inhibited the HDAC activity in the submicromolar range.
No major differences in potencies were found: the unsubstituted spiropiperidine
(22) with an IC50 value of 0.082 lM was around eight-fold more active than the
least potent one within this series, the acetyl analogue (24). Compound 24 was also
the least potent compound within this group against leukemic K562 and colon
cancer HCT116 cells, while the other analogues showed good antiproliferative
activity in the micromolar or submicromolar range. Next, synthetic efforts were
focused on modifications of the central spirochromane core structure. Shift of the
acrylamide moiety to position 7 and reduction of the chromane ring size to spi-
robenzofuran furnished compounds, which were generally less active (Varasi et al.
2011). Then, the importance of the ketone group was assessed. The hydroxy
derivative 25a (Fig. 10) and the chromene 25b exhibited IC50 values of 1.21 and
1.19 lM, respectively, and were around ten-fold less active than the 4-oxo-chro-
mane 25. Also the chromane 25c (IC50 = 9.0 lM) and the N-acetyl derivatives
25d (IC50 = 5.15 lM) were significantly less active. In addition, these four
compounds showed a lower antiproliferative activity in K562 and HCT116 cells
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confirming the importance of the carbonyl group for the biochemical and cellular
potency (Varasi et al. 2011).

These explorations consolidated the 4-oxospiro[chromane-2,40-piperidine]-6-yl
series as the most promising scaffold for a further expansion. For this purpose,
different N-piperidine substituents and a number of compounds were made around
the benzyl derivative 25 (Thaler et al. 2012). The few representatives 22–25,
prepared in the first run, showed no major differences in potencies. This indicated
that variations on this site were likely well tolerated. But at that stage, one of the

Table 7 Spiro [chromane-2,40-piperidine]-N-hydroxy-acrylamides and their activities

N

O
O

H
H

N

O

O

R

Compound R Enzyme Cells (lM) Microsomes (%)

(lM) K562 HCT116 Mouse Human

22 H 0.082 5.77 1.59 nd. nd.
23 CH3 0.288 0.806 0.266 nd. nd.
24 Acetyl 0.641 9.37 5.66 nd. nd.
25 Benzyl 0.121 0.399 0.477 32 35
26 Ph 0.410 0.913 1.261 23 4
27 Ph-CH2-CH2- 0.113 0.180 0.201 57 66
28 Ph-(CH2)3- 0.171 0.449 0.445 29 46
29 2-F-Bn 0.118 0.742 0.920 23 36
30 3-F-Bn 0.251 0.585 1.026 32 54
31 4-F-Bn 0.108 0.681 0.777 47 63
32 2-MeO-Bn 0.197 0.150 0.151 40 47
33 3-MeO-Bn 0.199 0.385 0.473 38 36
34 4-MeO-Bn 0.175 0.184 0.205 43 35

N

O
O

H
H

N

O

O

H

N

O
O

H
H

N
O

25a 25b 

N

O
O

H
H

N
O

N

O
O

H
H

N

N

O

O

25c 25d

Fig. 10 Analogues of the 4-Oxospirochromane 25 (Table 1)

118 F. Thaler et al.



major objectives was to obtain inhibitors with a good ADME profile with an
acceptable activity.

Not surprisingly, no major differences in HDAC inhibitory activities were
found. As shown in Table 7, the phenyl spiropiperidine (26) exhibited an IC50

value of 0.41 lM, whereas all other tested compounds had IC50 values in the range
of 0.10–0.28 lM. All compounds showed good antiproliferative activities in K562
and HCT116 cells with IC50 values in the submicromolar to low micromolar range.
The 2-phenylethyl analogue (27) was the most potent and the spirocycle (26) the
least potent compound among the unsubstituted derivatives. Further elongation of
the alkyl chain did not result in an increase of activity. Compound 32 with IC50

value of 0.15 lM was the most potent compound against K562 and HCT116 cells
among the substituted benzyl analogues.

But as already mentioned earlier, the main selection criteria were set by the
stability experiments. In fact, the tested compounds already showed different
metabolic behaviours in microsomal preparations. In specific, the phenyl analogue
(26) was rapidly metabolised both in mouse and human microsomes, with only 23
and 4 % of the product recovered unmodified after 30 min of incubation. The
benzyl spirocycle (25) demonstrated a better stability with 32 % remaining in the
mouse and 55 % in the human preparation. The 2-phenylethyl analogue (27) was
even more stable with 57 % (mouse) and 66 % (human) remaining, respectively.
However, this trend did not continue, when the alkyl chain was further increased:
the 3-phenylpropyl spirocycle (28) had a microsomal stability similar or even
lower than the benzyl derivative (25). The 4-fluorobenzyl derivative (31) emerged
as the most stable derivative among the substituted benzyl analogues with 47 and
63 % of the compound recovered in mouse and human microsomes, respectively.
Within the fluoro series, the 2-fluorobenzyl derivative (29) had the lowest stability
compared to the 3- and 4-fluoro analogues (30) and (31) with 23 and 36 %
remaining in mouse and human microsomes, respectively. On the other hand, no
major differences were observed among the ortho, meta and para methoxybenzyl
inhibitors (32–34).

Three representative examples 25, 27 and 31 displayed good oral bioavailability
in mouse PK experiments with an oral bioavailability F of 31.5, 51.1 and 27.6 %,
respectively (Table 8). Spirocycle 25 showed a high systemic plasma clearance
with 5.88 mL/h/kg, similar to the hepatic flood flow of 5.4 mL/h/kg in mice
(Davies and Morris 1993). The other two examples, 27 and 31, exhibited lower
clearance rates with 4.79 and 3.35 mL/h/kg, respectively. This outcome is in line

Table 8 Pharmacokinetic properties of 25, 27 and 31 in mice

Compound 25 27 31

AUCiv0-? (ngh/mL) 847 1042 1494
t1/2 (h) 8.4 9.1 13
Cl (L/h/kg) 5.88 4.79 3.35
Vss (L/kg) 8.9 8.6 5.9
F (%) 31.5 51.1 27.6
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with their superior stability in human and mouse microsomes compared to 25.
Estimated elimination half-lives for the three examples ranged between 8 and
13 h. All three examples had very high estimated steady-state volume of distri-
bution (Vss), suggesting substantial distribution into tissues. The Vss of 27 with
8.6 L/kg was in the same range of the compound 25 (8.9 L/kg). The 4-fluorob-
enzyl derivative (31) had a Vss of 5.9 L/kg, lower than the other two spirocycles,
25 and 27, but still *8 times the total body water in mice (Table 8) (Davies and
Morris 1993).

The three spirocycles also showed good in vivo antitumor activity in an
HCT116 xenograft model after oral administration. Consistent with the PK
experiments, the 2-phenylethyl and the para fluorobenzyl analogues (27 and 31)
were slightly more potent than 25. In specific, the calculated T/C were 0.2 at
75 mg/kg for 31 and 0.2 and 0.34 at 150 mg/kg for 27 and 25, respectively (Varasi
et al. 2011; Thaler et al. 2012).

3.6 Biphenyl/Arylamide/Styrenyl Hydroxamic Acid
Analogues

In mid 1999, the Abbott Medicinal Chemistry started to work on HDAC pro-
gramme with the preparation and evaluation of several series of hydroxamic acids.
Two HDAC inhibitors, the macrocyclic hydroxamate (35) and the a-ketoamide
(36), were evaluated for their selectivity profile in comparison to SAHA and
MS-275, but no selectivity was observed for a particular class of HDAC.

N

O

N
H

O

H
N

OH

O

O

O

3

35
O

N

S

N

NH

O

O

N
H

O

4

2

36
The biphenyl ether series was among the first examined families leading to the

identification of 37a (Table 9) as a screening hit and having complimentary fit to
the proposed general structure for HDAC inhibitors (Jung et al. 1999; Jung 2001).
The SAR studies concluded that the 6-methylene linker was optimal and a longer/
shorter tether showed loss of potency (37a, 37b–d) (Table 9). Reduction of double
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Table 9 A series of biphenyl hydroxamic acids

Compound Structure HDAC IC50 (nM, K562 nuclear extract))

37a

NC

O

NHOH

O

4

9

37b
O

NHOH

O

NC

7

31

37c
O

NHOH

O

NC

5

76

37d
O

NHOH

O

NC

4

181

37e

NHOH

O

4

5

37f

NHOH

O

6

550

37g
O

NHOH

O

4

17

37h
O

NHOH

O

4

178

(continued)
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bond to saturated alkyl ether (37f) showed loss of inhibitory activity. Similar
results were observed for compounds 38a–b (Woo et al. 2002).

The nitrile group on the biphenyl was not important for activity (37f and 37g),
but replacement of the biphenyl moiety with phenyl resulted in a significant loss of
potency (37h). Replacement of the tether ether of 37i with alkenyl (37j) and alkyl
(37k) showed similar trends as with compounds 37g, 37e and 37h. All compounds
had modest cellular potency ([1 lM) against HT1080 and MDA435 cell lines and
were not considered for further studies.

The poor cellular activity profile of SAHA and the ‘reverse-amide’ series
stimulated the evaluation of some biphenyl analogues (39a–i, Table 10). The
‘SAHA-like’ amides, the para-biphenyl and meta-biphenyl isomers (39a and 39b)
were found equipotent and had shown submicromolar cellular activity against both
cell lines (Remiszewski et al. 2002). The series has shown beneficial effect by
introducing a 4-phenylthiazol-2-yl moiety (39c) as compared to 39a or 39b. The
meta-biphenyl analogue (39e) was more potent than the para-biphenyl isomer
(39d); the reverse-amide 4-phenyl thiazole (39f) was equipotent with the
meta-biphenyl analogue (39e), but exhibited a better cellular activity. Some of the
favourable replacements include the 5-phenyl oxazol-2-yl (39g), 5-phenyl fur-2-yl
(39h) and 5-phenylthiophen-2-yl (39i) (Curtin et al. 2002).

Some heteroaromatic phenyl replacements on the ‘reverse-amide’ template
(40a) are shown in Table 11. The 2-pyridyl and 2-pyrrole substituents (40b and
40c) had given equipotent inhibitors and the polycyclic heterocycles (40d and 40e)
had shown improved potency. N-substitution on the indole moiety of 40d with
phenyl (40h) or substituents on the indole phenyl ring (40i) led to an increase of
potency, while the N-methyl analogue (40g) was less active (Wada et al. 2003).

Examples of expected improvements of inhibitory activity by using a highly
rigid, lipophilic tether like analogues are shown in Table 12. Submicromolar

Table 9 (continued)

Compound Structure HDAC IC50 (nM, K562 nuclear extract))

37i

O

O

NHOH

O

6

31

37j

O

O

NHOH
5 6

37k

O

O

NHOH
7

552

38a
( )3

NHOH

O

6

38b ( )3

NHOH

O

25
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Table 10 A series of arylamide hydroxamic acids along with cellular and enzymatic potency

Compound Structure HDAC HT1080 MDA435
IC50

(nM)
proliferation proliferation
IC50 (lM) IC50 (lM)

SAHA – 120 2.4 1.9
39a

O

NHOH
4

H
N

O

6 0.47 0.38

39b

O

NHOH
4

H
N

O

14 0.67 0.50

39c

O

NHOH

4

H
NN

S O

0.7 0.13 0.04

39d

O

NHOH
4N

H

O 23 1.5 0.52

39e

O

NHOH

4N
H

O 3 2.3 9.1

39f

O

NHOH

4N
H

N

S

O 4 0.52 0.47

39g

O

NHOH

4N
H

O

N

O 22 0.34 0.31

39h

O

NHOH

4N
H

O

O 5 1.5 0.38

39i

O

NHOH

4N
H

S

O 4 0.40 0.20
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activity was observed with the styrenyl tethers (41a, 41b) and the potency was
diminished with saturation of double bond (41c). The para substituted phenyl
derivative 41a resulted to be slightly more active than the corresponding 1,3-
phenyl analogue (41d). The 2-anilino-2-oxo-ethyl analogue of 41a resulted to be
almost three times more active in the HDAC inhibitory assay and showed an

Table 11 Arylamide hydroxamic acids and their enzymatic and cellular potency

Ar N
H

O

NHOH

O

4

Compoundd Ar HDAC IC50

(nM)
HT1080
proliferation
IC50 (lM)

MDA435
proliferation
IC50 (lM)

40a 1000 – –

40b

N

1680 – –

40c

N
H

524 – –

40d

N
H

15 0.14 0.15

40e

O

30 0.76 0.49

40f

N
H

38 1.0 0.72

40g

N

CH3

56 0.78 0.39

40h

N

4 2.5 0.76

40i

N
H

OCH3 3 0.12 0.13

124 F. Thaler et al.



antiproliferative activity with IC50 values in the submicromolar range. Further
modifications of 41e as in meta-biphenyl analogue (41g) and 4-phenylthiazol-2-yl-
hydroxamate (41h) had shown excellent inhibitory and cellular activity (Curtin
et al. 2002).

In a further study, the linking amide functionality in the arylamide 39c was
removed giving hydroxamates 42a and 42b. Both compounds showed a lower

Table 12 Series of styrenyl hydroxamic acids and their enzymatic and cellular potency

Compound Structure HDAC
IC50 (nM)

HT1080
proliferation
IC50 (lM)

MDA435
proliferation
IC50 (lM)

41a

H
N

O

NHOH

O 260 – –

41b

H
N

O

NHOH

O 640 – –

41c

H
N

O

NHOH

O 3200 – –

41d

NHOH

OO

N
H

450 – –

41e

NHOH

O

O

N
H

97 0.58 0.37

41f NHOH

O
H
N

O

[5000 – –

41g

N
H

O NHOH

O 15 0.88 0.63

41h

N
H

O NHOH

O

S

N

6 0.10 0.07
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HDAC inhibitory activity with IC50 values of 19 nM (42a) and 9 nM (42b),
respectively, as well as a reduced cellular activity (Dai et al. 2003).

S

N
NHOH

O

6

42a
NHOH

O

6

O

N

42b

As illustrated in the previous examples, variations of the cap group are in
general well tolerated. Even significant structural variation, e.g. by introducing a
macrocyclic cap group resulted in derivatives with potent HDAC inhibitory
activity (Sternson et al. 2001). For example, the hydroxamic acid (43) having a
cyclic tetrapeptide terminal group has shown reversible HDAC inhibition (HDAC1
(IC50 = 1.9 nM) with a slight selectivity over HDAC6 (IC50 = 19 nM).

NO

O

HN

NH

O

HN O

NHOH

O

4

43

Modifications of the peptidic analogue 43 by replacing the cyclic tetrapeptide
with the peptidomimetic core of Abbott’s macrocyclic matrix metalloproteinase
inhibitor (Steinman et al. 1998) resulted in derivatives, which had reduced HDAC
inhibitory activity. For example, the macrocyclic hydroxamic acid inhibitors 44
and 45a (Fig. 11) exhibited HDAC IC50 values of 2.1 lM and 38 nM, respectively
(Curtin et al. 2002).

The studies concluded that the parent macrocycle succinimide 45a had sig-
nificant antiproliferative activity, but any further modifications did not make any
significant improvement in the HDAC and cellular growth inhibitory activity
(Table 13).

The nature of the amino acidic side chain was important for activity. Compound
45g, devoid of benzyl moiety, resulted to be a weak HDAC inhibitor with no
measureable antiproliferative potency at the tested conditions. Compound 45h,
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which comprises an L-cyclohexylalanine residue, regained the potency and the
para methoxy-Ph analogue 45i exhibited potencies similar to the macrocyclic
inhibitor 45a. The penta- and hexa-methylene tethered analogues of the disub-
stituted succinimide (45e and 45j) had similar activity, while the tetra-methylene
analogue (45k) was much less potent (Curtin et al. 2002; Curtin and Glaser 2003).

3.7 Tetrahydroisoquinoline-Based Hydroxamic Acid
Derivatives

A novel class of tetrahydroisoquinoline-based hydroxamic acid analogues was
evaluated in vitro and in vivo as potential anticancer and HDAC inhibitor agents at
the Shandong University (Zhang et al. 2010, 2011a, b). The designing was based
on the common pharmacophore having three parts, the Zn2+ binding group and a
linker and the surface recognition domain (Miller et al. 2003). The 1,2,3,4-tetra-
hydroisoquinoline-3-carboxylic acid having distinct geometrical conformation and
biological activity (Klutchko et al. 1986) was used to design novel HDAC
inhibitors (46, 47, 48, Table 14) (Zhang et al. 2010). Most of the target compounds
showed an inhibitory activity against HDAC8 comparable to SAHA, some of them
were more potent than the reference compound. Modifications of the R1, both in
the BOC series 46 and well as for the free amine analogues 47, were well tolerated
with IC50 values ranging from 1.06 (47l) to 8.21 lM (47a). Compounds with
aromatic R1 groups (46a–m, 47a–m) were slightly more potent than the com-
pounds bearing aliphatic R1 groups (46n–p, 47n–p).

A further expansion led to compound 48a, which resulted to be more potent
than the derivatives in the 46 or 47 series, such as 46d. On the other hand, the rigid
compounds 48b and 48c were found almost inactive. These results indicated that
variations of the substituents on the secondary amine influence the inhibitory
activity more than the R1 groups in the 46 or 47 series. Some of the compounds
showed also better antiproliferative activity against HCT116, SKOV3 and HL60
cell lines.

H
N

O

(H3C)3C

O

O

N
H

OCH(CH3)2

O

NHOH
5

O

N

O

O

N
H

O

NHOH

O

CH(CH3)2

O

5

44 45a

Fig. 11 Macrocyclic hydroxamic acid analogues
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Table 13 Structures of succinimide acids and their enzymatic and cellular potency

Compound Structure HDAC
IC50 (nM)

HT1080
proliferation
IC50 (lM)

MDA435
proliferation
IC50 (lM)

45a

N

O

O

N
H

O

NHOH

O

CH(CH3)2

O

5

38 0.25 0.15

45b

N

O

O

N
H

O

NHOH

O

CH(CH3)2

5

Ph

99 2.3 0.67

45c

N

O

O

N
H

O

NHOH

O

5

Ph

660 14 10

45d

N

O

N
H

O

NHOH

O

5

Ph

[5000 – –

45e

N

O

O

N
H

O

NHOH

O

CH(CH3)2

5

Ph

51 0.40 0.57

45f

N

O

O

N
H

O

NHOH

O

CH(CH3)2

5

Ph

66 1.5 0.7

45g

N

O

O

N
H

O

NHOH

O

CH(CH3)2

5

5000 – –

45h

N

O

O

N
H

O

NHOH

O

CH(CH3)2

5

640 – –
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Table 13 (continued)

Compound Structure HDAC
IC50 (nM)

HT1080
proliferation
IC50 (lM)

MDA435
proliferation
IC50 (lM)

45i

N

O

O

N
H

O

NHOH

O

CH(CH3)2

5

OCH3

38 0.53 0.18

45j

N

O

O

N
H

O

NHOH

O

CH(CH3)2

6

Ph

230 2.9 1.6

45k

N

O

O

N
H

O

NHOH

O

CH(CH3)2

4

Ph

1600 – –

Table 14 Structures and HDAC8 inhibitory activities of compounds 46a–p and 47a–p

N

O

O

HOHN

O

N
H

R1

Boc

46a-p                       

NH

O

O

HOHN

O

N
H

R1

.HCl

 47a-p

Compound R1 IC50 (lM, HDAC8)

46a
47a

-Ph 1.29
8.21

46b
47b

-CH2-Ph 3.41
5.10

46c
47c

-(CH2)2-Ph 2.67
4.07

46d
47d

-(p-OCH3)Ph 1.00
5.57

46e
47e

-(p-CH3)Ph 1.65
3.82

(continued)
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N

O

O

HOHN

O

N
H

(CH2)2

Ph

O

O Ph

48a                                  

N

O

O

HOHN

N

O

O

48b

N

O

O

HOHN

N

O

O

Ph

48c 

Table 14 (continued)

Compound R1 IC50 (lM, HDAC8)

46f
47f

-(o-CH3)Ph 4.00
4.13

46g
47g

-(m-CH3)Ph 1.77
3.62

46h
47h

-(p-F)Ph 2.56
3.23

46i
47i

-(m-Cl)Ph 1.17
3.20

46j
47j

-(o,p-diCH3)Ph 3.78
3.39

46k
47k

-(m-Cl,p-F)Ph 1.55
3.34

46l
47l

-1-naphthyl 4.25
1.06

46m
47m

-(p-Ph)Ph 1.98
2.21

46n
47n

-(CH2)4CH3 3.02
3.54

46o
47o

-(CH2)5CH3 4.42
5.77

46p
47p

-C(CH3)3 4.58
12.17
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49c 

Based on the lead structure 46d, further extensive structure–activity relation-
ship studies were performed in order to optimise anticancer activities of this series
(Zhang et al. 2011b). For this purpose, the R1 moiety (4-OCH3–Ph) was kept fixed
and the Boc group was replaced with other functional groups as shown in
Table 15; the less polar BOC protected compounds (50a–h) were more potent than
the corresponding deprotected analogues (51a–h). The reduction of the amide
group to a tertiary amine group was found detrimental (50l–n). The antiprolifer-
ative activities of potent compounds were found similar to that of SAHA in A549
(lung cancer) and MDA-MB-231 (breast cancer) cell lines (Zhang et al. 2011b).
Furthermore, compound 50e showed in vivo antitumor activity comparable to
SAHA.

As further exploration, the synthetic efforts were directed towards compounds
(examples 52a–c) having the tertiary butyloxycarbonyl group and a better water
solubility (Fig. 12), but the in vitro results were inferior to those of 50e. A further
exploration culminated in compounds 53a, b, (Fig. 13) which exhibited mid-
nMIC50 values against HDAC8 and potent growth inhibition in multiple tumour
cell lines. Compounds 50e and 52a–c were selected for in vivo activity experi-
ments and showed good anticancer potencies comparable to SAHA in a human
breast carcinoma (MDA-MB-231) xenograft model after ip administration.
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Table 15 Structures and HDAC8 inhibitory activities of compounds 50a–n and 51a–h

N

O

O

HOHN

O

N
H

O

R

Compound R IC50(lM)
HDAC8

Compound R IC50 (lM)
HDAC8

50a O

HN

Boc

0.51 51a O

NH2 . HCl

2.14

50b O

HN

Boc

0.103 51b O

NH2 . HCl

0.368

50c O

HN

BocHO

0.175 51c O

NH2 . HCl

HO

0.634

50d O

N

Boc

0.212 51d O

NH.HCl

0.481

50e O

HN

Boc

0.139 51e
O

NH2 .HCl

1.04

50f O

HN

Boc

0.163 51f O

NH2 .HCl

0.675

50g O

HN

Boc

0.182 51g O

NH2 .HCl

1.28

50h O

HN

Boc

0.104 51h O

NH2 .HCl

1.02

(continued)
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3.8 N-Hydroxy Phenylacrylamide Derivatives

Research activities at the Novartis Institutes for Biomedical Research resulted in a
series of potent HDAC inhibitors, among them the clinical candidates LAQ824
and LBH589 in the early 2000 (Remiszewski et al. 2003). The development of
second-generation HDAC inhibitors was aimed towards improving in vitro
potency and in vivo efficacy of hydroxamate-based HDAC inhibitors and simul-
taneous elimination of interactions with cardiac ion channels linked to QT pro-
longation (Shultz et al. 2011). The N-hydroxy phenylacrymide pharmacophore

Table 15 (continued)

Compound R IC50(lM)
HDAC8

Compound R IC50 (lM)
HDAC8

50i

O

0.141 50m 1.02

50j O 0.164 50n 1.92

50k

O

0.114 50l 1.72

N

N
H

O

O

O

H
N

HO

O

R

52a-c 

52a (ZYJ-34a),  R =
NH

O

O

52b (ZYJ-34b),  R =
NH

O

52c (ZYJ-34c),  R =

O

H
N O

Fig. 12 Structures of hydroxamic acid based HDAC inhibitors having tertiary butyloxycarbonyl
group
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explored also in their first-generation HDAC inhibitors was modified using
structure-based drug design, physicochemical property modulation and a matched
molecular pair approaches and a series of data were prepared (Shultz et al. 2011,
see Table 16). The cardiac safety profile was measured using the iCSI (in vitro
cardiac safety index) parameter. Compounds 54a, 54b and 54c were found to be
highly potent, efficacious, and having greater in vitro cardiac safety as compared to
several HDAC inhibitors in clinical trials. Steric effect and amphiphilicity were
identified as the contributing parameters for the activity (Table 16). Compounds
54a and 54c showed significant in vivo antitumor activity in an HCT116 xenograft
model. The tumour growth regression in mice treated with 10 mg/kg of 54a,
administrated iv, qd for eight total doses, or with 54c, administered 50 mg/kg iv,
qd for 13 total doses, resulted to be 22 or 9 %, respectively.

N

O

O

O

N
H

O
NH-R

OCH3

HOHN

53a-b 

53a, R=   
N
H.HCl

O

53b, R=   

ClH.H2N

O

Fig. 13 Structures of
compounds 53a and 53b

Table 16 Azaindole analogues and their inhibitory activity and iCSI against HDAC1, HCT116
and hERG

NHOH

O

N

R1

R2

Compound R1 R2 IC50 (nM) iCSI

HDAC-1 HCT116 hERG (%)

54a

N
H

CH2
-

OH

-CH(CH3)2 4 4 36 [7500

54b

N
H

CH2
- -H 5 122 20 [256

54c -H 3 4.5 31 [6667
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4 Isoform Selective HDAC Inhibitors

Sodium n-butyrate, trichostatin and SAHA have in common that their biological
targets were unknown at the time when their antitumor activity in different cell
lines was assessed. Their activity against HDACs has been only ascertained
afterwards. Most of HDAC inhibitors are natural products or derivatives, such as
the cyclic tetrapeptide trapoxin, which contains an epoxide group capable of
binding irreversibly with histone deacetylase enzymes (Itazaki et al. 1990; Kijima
et al. 1993), and the thiol FK228. FK228 was the second HDAC inhibitor reaching
the market after gaining approval by the FDA in November 2009 (Ueda et al.
1994; Nakajima et al. 1998; Bertino and Otterson 2011; Grant et al. 2010; Jain and
Zain 2011). After the discovery of the above-mentioned inhibitors, the knowledge
on HDACs and their biological functions has grown rapidly. New assays have
been developed and crystal structures of several HDACs have been disclosed after
the structure of Aquifex aeolicus HDAC homologue HDLP (Finnin et al. 1999).
Thus, with the advances of the biological knowledge on HDACs, there is no
surprise that the selectivity profile for TSA and SAHA was found to be typical for
‘‘pan-inhibitors’’. The compounds were able to inhibit all enzymes with similar
potency, though this belief has been recently challenged (Bradner et al. 2010).

Currently, the more advanced compounds can be classified either as pan-HDAC
inhibitors, such as the majority of the hydroxamic acids, or as class I selective
inhibitors, such as the pyrimidinhydroxamates CHR-3996 or JNJ-26481585 (Arts
et al. 2009) as well as some non-hydroxamic acid derivatives like aminoanilide
MGCD0103 (Garcia-Manero et al. 2008; Younes et al. 2011). In addition, there are
compounds, like the thiol FK228, which can be described as a potent class I
inhibitor and a moderate class II inhibitor. The clinical studies of these HDAC
inhibitors have shown a similar toxicity profile, which includes gastrointestinal
disturbances, fatigue and in several cases cardiotoxicity (Marsoni et al. 2008;
Hymes 2010; Lynch et al. 2012). Toxicities were similar in pan-HDAC inhibitors,
class I selective inhibitors and FK228. Thus, the clinical outcome has left open the
question, whether selective inhibitors of HDACs would be less toxic and overall
more advantageous compared to the more advanced HDAC inhibitors as anti-
cancer agents.

As mentioned above, the growing understanding of HDACs and their biological
functions provided new tools or knowledge, which is crucial for the design of new
selective HDAC inhibitors. Recombinant HDAC proteins as enzymes for the
assays have become available. Furthermore, class IIa and IV specific substrates
have been identified, which allow a precise profiling of compounds against bio-
chemically active HDAC1-11 (Hauser and Jung 2009; Lahm et al. 2007; Bradner
et al. 2010; Madsen and Olsen 2012). Interestingly, it has been recently found that
HDAC3 showed in vitro decrotonylase activity (Madsen and Olsen 2012). Thus,
the knowledge on HDACs continues to grow and it won’t be surprising to find that
these enzymes may be possibly involved in further activities in cellular environ-
ments. In this context, it should be remembered that HDACs are components of
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multiprotein complexes (frequently having multiple enzymatic activities); and
testing isolated recombinant HDACs in biochemical assays may not necessarily
represent the best mode to reveal their cellular enzymatic functions. The crystal
structures of human histone deacetylases HDAC2 (Cronin et al. 2009), HDAC3
(Watson et al. 2012), HDAC4 (Bottomley et al. 2008), HDAC7 (Schuetz et al.
2008) and HDAC8 (Somoza et al. 2004; Vannini et al. 2004) revealed the
differences in the active enzymatic sites. These discoveries have provided new
tools for the design of isoform selective compounds or compounds with a different
selectivity profile than the older ones. These compounds may clarify if the
toxicities seen in the more advanced HDAC inhibitors could be associated to one
or more HDAC isoform(s).

At present, there are some examples, which exhibit isoform selectivity different
from that of the above described HDAC inhibitors (Fig. 14). One example is the
HDAC8 selective inhibitor PCI-34051 (Pharmacyclics) (Balasubramanian et al.
2009). PCI-34051 was found to be over 200-fold selective for HDAC8 compared
to HDAC1-3, HDAC6 and HDAC10. The compound selectively induced apoptosis
in cell lines derived from T cell lymphomas and leukaemias, but not in other
haematopoietic or solid tumour cells. A further example is compound 55, pre-
sented as A8B4 (Tang et al. 2011). The compound showed IC50 values of
0.023 lM against HDAC8, 3.6 lM against HDAC2, and 15 lM against HDAC3/
nCoR2. No further data are yet available. Other examples comprise some ortho
substituted N-hydroxycinnamates, e.g., 56 (Huang et al. 2012). Compound 56
exhibited IC50 values of 27.2 ± 3.1 nM against HDAC8, 3 lM against HDACs 1
and 3 and C20 lM against HDACs 2, 4, 6, 10 and 11.

More examples can be found in the field of HDAC6 selective compounds
(Fig. 15). The first example, tubacin, was already discovered in 2003, but its
development was hampered by its poor drug properties (Haggarty et al. 2003). A
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homology model of HDAC6 revealed that the dimensions of the outer rim of the
catalytic channel differ greatly between HDAC6 and HDAC1 (17.5 Å vs. 12.5 Å)
(Butler et al. 2010). This structural diversity allowed designing compounds con-
taining a cap moiety large and rigid enough to accommodate the rim region of
HDAC6 but not of HDAC1. The resulting lead compound Tubastatin A was more
than 1,000-fold selective versus all isoforms excluding HDAC8, where it had
approximately 57-fold selectivity. The same laboratory disclosed recently the urea
derivative Nexturastat A, which—compared to Tubastatin A—exhibited an
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improved inhibition of HDAC6, while maintaining the selectivity of approxi-
mately 600-fold relative to the inhibition of HDAC1 (Bergmann et al. 2012). The
compound showed also a superior antiproliferative activity against B16 melanoma
cells (GI50 = 14.3 ± 1.15 lM) than Tubastatin (40.5 ± 1.21 lM), but lower than
LBH589 (0.150 ± 0.001 lM).

Also the HDAC6 selectivity has been found by exploring different hydroxamic
acids linked to a macrocyclic structure (Auzzas et al. 2010). Representative
compound (S)-9 inhibited HDAC6 with an IC50 value of 0.84 nM. The inhibitor
was around 30 times more selective over HDAC1 and HDAC7 and even more over
the other isoforms. HDAC6 selective inhibitors have been also described by sci-
entists from Millennium Pharmaceuticals. For example, representative compound
57 (exemplified as I-126 in the in WO2012/054332) blocked HDAC6 activity by
95.6 % at 0.37 lM (England et al. 2012).

Currently, ACY-1215 has attracted great interest. The HDAC6 selective
inhibitor initiated phase I/II clinical studies in July 2011 (www.clinicaltrials.gov/
ct2/show/NCT01323751). The compound exhibited an IC50 value of 5 nM against
HDAC6 and was around ten times less active against HDACs 1, 2 and 3. The
activities against the class II enzymes HDAC 4, 5, 7 9 and against HDAC11 were
in the micromolar range (Santo et al. 2012). Antiproliferative activities in Multiple
Myeloma (MM) cell lines resulted with IC50 values ranging from 2 to 8 lM.
A synergistic effect was found, when the compound was dosed in combination
with bortezomib. These synergistic effects were seen both in vitro and in vivo in a
human MM xenograft mouse model.

Inhibitors selective for other enzymes are even less explored. A series of
diphenylmethylene hydroxamic acids as class IIa selective HDAC inhibitors have
been described by scientists from Methylgene (Fig. 16) (Tessier et al. 2009). One
of the described compounds, N-hydroxy-9H-xanthene-9-carboxamide (58), was
somewhat more selective for HDAC7 with an IC50 of 0.05 lM. Other class II
selective compounds have been disclosed in WO2012/103008 (CHDI Foundation
Inc. 2012). Representative compound 59 had IC50 values of 0.02 lM against
HDAC4 and 0.22 lM in human T cell lymphocyte Jurkat E6.1 cells. These
structures are quite different from the hydroxamic acids described so far. In fact,
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the X-ray structure of HDAC7 (Schuetz et al. 2008) revealed that the catalytic
domain of class IIa HDACs is significantly different from that of the previously
reported class I and class IIb-like HDACs. The presence of a hydrophobic pocket
in the enlarged active site of HDAC7 is absent in class I and IIb and allows to
accommodate compounds with bulky moieties adjacent to the hydroxamic acid as
Zn2+-chelating motif.

5 Computational Studies

In 1999, the histone deacetylase-like protein (HDLP) in complex with TSA and
SAHA has been elucidated (Finnin et al. 1999). Later, various structure-based and
ligand-based computational studies were carried out towards development of
HDAC inhibitors (Wang 2009) and the results of various studies are as summa-
rised below:

• Very few isoforms selective HDAC inhibitors have been studied and rarely any
compound having high selectivity has been found.

• The zinc-binding groups are present in the majority of HDAC inhibitors. The
ionisation states of the HDAC enzymes and the bound ligands need further study.

• Future consideration is required towards the flexibility of the HDAC8’s pocket
and surface mobility.

• For rapid virtual screening of libraries, a more effective scoring function with
predictive power is required.

Very few QSAR studies on HDAC inhibitors have been reported until now. The
first QSAR model was developed using TSA- and SAHA-like hydroxamic acids
(Lan-Hargest et al. 2002) suggesting the importance of shape and area of the
molecules for biological activity (Wang et al. 2004). Further, on a data set of 124
compounds, a QSAR study has been reported. The model has shown role of van
der Waals surface area and hydrophobicity towards biological activity (Xie et al.
2004). A series of substituted biaryl hydroxamates and mercaptoacetamides as
HDAC inhibitors against pancreatic cancer cell growth with nanomolar potency
have been designed and synthesised (Kozikowski et al. 2008) and QSAR derived
equations have shown significant correlations between different HDAC isoforms
(Wang 2009).

The binding mode of indole amide analogues in human HDAC1 catalytic core
has been explored by Guo et al. (2005). Further, 3D-QSAR model using CoMFA
and CoMSIA has been established for 29 substituted hydroxamic-based HDAC
inhibitors with an indole amide residue at the terminus. A comparison between
both studies concluded good correlation between the two analyses. On the same set
of compounds, a multiple regression analysis by Bajpai et al. (2013) revealed that
the inhibition of the histone deacetylase by this series of compounds might involve
the dispersion interaction with the receptor where charge transfer between pairs of
atoms might greatly help to polarise the molecule. The results obtained by this
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multiple regression analysis were in good agreement with those obtained by
CoMFA and CoMSIA.

Juvale et al. (2006) performed CoMFA and CoMSIA studies on a data set of 40
hydroxamate analogues reported by Jung et al. (1999), Remiszewski et al. (2002)
and Woo et al. (2002). The derived models have shown significance of steric and
electronic fields along with lipophilicity as contributing parameters. A 3D-QSAR
pharmacophore model has been developed using 30 known HDAC inhibitors
(Chen et al. 2008). It concluded the essential ligand features, i.e. hydrogen-bond
acceptor and hydrogen-bond donor features corresponding to the metal-binding
function and coordination to the Zn(II) ion. Along with this, the hydrophobic/p-p
stacking interactions between ligand and enzyme play a critical role for the
inhibitory activity.

6 Development of HDAC Imaging Agents

As outlined above, a significant number of HDAC inhibitors have entered various
clinical phases. In vivo imaging of HDACs and their inhibition is important and
hence development of appropriate imaging agents has become a major challenge.

The conventional anatomic imaging modalities used to monitor clinical
response can only help to identify tumour size or rudimentary physiologic changes
and both of them occur relatively late after treatment onset. The ex vivo techniques
can be utilised to analyse readily accessible tissue specimens. Thus, imaging
probes are needed to investigate the efficiency of existing novel HDAC inhibitors
with the hope that they may provide basic scientific insights which could lead to
novel clinical applications.

Very few compounds for in vivo HDAC imaging have been reported. Some
examples include 6-([18F]fluoroacetamide)-1-hexanoicanilide (FAHA) (60) (Reid
et al. 2009) and [11C]MS-275, a carbon-11-labeled version of the benzamide class
HDAC inhibitor MS-275 (entinostat) (61) for cerebral imaging (Hooker et al.
2010). These efforts were terminated because the short half-life of carbon-11-
(*20 min) compared to fluorine-18 (*110 min) presents technical challenges and
limits potential applications. Ronen and co-workers studied Boc-lysine trifluoro-
acetic acid 6 (BLT) as a substrate for HDACs using 19F magnetic resonance
spectroscopy (Sankaranarayanapillai et al. 2008). Hendricks et al. reported devel-
opment of 18F-suberoylanilide hydroxamic acid (18F-SAHA) (62), a close analogue
of the clinically relevant SAHA. This compound results to be one of the first 18F-
position emission tomography (PET) HDAC imaging agent (Hendricks et al. 2011).
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7 Conclusion

Hydroxamic acids demonstrated to be very potent inhibitors of several enzymes,
such as matrix metalloproteinases, carbonic anhydrases, lipoxygenases, ureases
and many others (Muri et al. 2002; Gupta and Sharma 2013). However,
hydroxamic acid derivatives are often considered as poor drugs and are down
prioritised in drug discovery programmes despite their good in vitro potency, the
reasons being their poor physicochemical and ADME properties. Drug discovery
programmes related to hydroxamic acids as HDAC inhibitors faced the same
issues; nevertheless, the research efforts in this field have been appreciable and
several successes achieved such as discovery of acetohydroxamic acid (Marwick
1983), adrafinil (Siwak et al. 2003) and SAHA (Grant et al. 2007). SAHA was
considerably efficacious in different haematological malignancies, even though
having just medium potency and being cleared rapidly (Kelly et al. 2003; Marks
and Breslow 2007), while the clinical outcome in other cancers remained much
more uncertain and often rather limited (Graham et al. 2009; Mercurio et al. 2010).
However, the notable in vitro and in vivo data of these first inhibitors made
HDACs an attractive target for drug discovery programmes. Intensive research
efforts resulted in a remarkable number of clinical candidates—over ten hy-
droxamic acid derivatives—for tumours and some other diseases. This chapter
presents a case history of the drug discovery for the treatment of cancers based on
HDAC inhibition by hydroxamic acids with a particular attention for the PK
properties of the drugs discovered. Extensive in vitro ADME assays, for example
by studying the stability of the inhibitors in hepatocytes, or PK cassette experi-
ments as well as computational tools for simulating the ADME properties have
been proved fundamental for overcoming the poor drug properties.

The toxicity profile of SAHA and of other more ‘‘mature’’ HDAC inhibitors are
not strictly related to the hydroxamic acid groups, but can also be related to 2-
aminoanilides, such as MGCD0103, or to thiols such as FK228. To date, a major
topic in the HDAC inhibitory field is the development of selective HDAC inhibitors

Hydroxamic Acids as Histone Deacetylase Inhibitors 141



with a different selectivity profile than those already in advanced clinical studies.
These compounds may clarify if the toxicities observed in the more advanced
HDAC inhibitors might be associated with one or several HDACs. For future drug
discovery programmes based on hydroxamic acid derivatives, the experiences
gained from these preclinical and clinical studies may be of great value.
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Hydroxamates as Ribonucleotide
Reductase Inhibitors

Arijit Basu and Barij Nayan Sinha

Abstract This chapter presents the progress in the design and discovery of
hydroxamic acids acting as ribonucleotide reductase (RR) inhibitors. The RR
inhibitors act as anticancer agents. The initial sections present a background about
hydroxamic acids, role of RR inhibitors as anticancer agents, and information on
three-dimensional structure of RR. The remaining sections, discuss the mode of
action of these compounds and their progress in computer-aided drug design.
Finally, conclusive remarks and directives toward future research are discussed.
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1 Introduction

A hydroxamic acid is a class of chemical compounds sharing the same functional
group in which a hydroxylamine is inserted into a carboxylic acid. Its general
structure is R–CO–NH–OH, where R as is an organic residue, CO a carbonyl
group, and NH–OH the hydroxyl amine moiety. Hydroxamates have been an
interesting chemical scaffold for medicinal chemists and explored since long as an
anticancer pharmacophore. They are also proven metal ion chelators and free
radical scavengers. Many hydroxamates are in clinical use, a few are undergoing
clinical trial, and some made it to the advanced stages of trials before they were
withdrawn. They occupied a special place in anticancer drug discovery. It has been
explored against a number of anticancer targets such as matrix metalloproteinases
(MMP) (Yadav et al. 2011), histone deacetylase (HDAC), peptide deformylase
(PDF) (Chen and Yuan 2005), lipoxygenase (LOX) (Pergola and Werz 2010), and
ribonucleotide reductase (RR). In the current chapter, we focused only on those
hydroxamates that have RR inhibitory property.

DNA is made up of deoxyribose subunits. During cell division a large pool of
deoxyribose is essential for the replication process. Synthesis of deoxyribose has
been identified as the rate-limiting step in the entire replication process. The
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enzyme RR brings about the conversion of ribose to deoxyribose. Therefore, RR
has been found to play an important role in DNA replication. It provides the much-
needed pool of deoxyriboses during cell division. Cancer cells, unlike normal cells
in our body, divide at a faster rate, and require more deoxyribose than normal.
Inactivation of the enzyme RR starves the cells from the deoxyribonucleosides,
which ceases DNA replication and cell division. RR is a validated anticancer drug
target that has been explored extensively for many years. The mechanism of action
of these analogs is given in Fig. 1. In the subsequent sections, we have compiled
the information about those hydroxamates that have been reported as RR
inhibitors.

2 Ribonucleotide Reductase and Its Inhibitors

The ribonucleotide reductase catalyzes the reduction of ribonucleotides to their
corresponding deoxyribonucleotides, which are the building blocks for DNA in all
living cells (Reichard and Ehrenberg 1983). There are three main classes (I, II, and
III) of RR based on different metal cofactors. Class I enzymes are found in all
eukaryotic organisms yeast, algae, plants, and mammals. It is also expressed in
some prokaryotes and viruses. Class I is further divided into three subclasses (Ia,
Ib, and Ic) based on polypeptide sequence homologies and their overall allosteric
regulation behavior (Reichard 1993; Kolberg et al. 2004). Human RR belongs to
Class Ia (Jordan and Reichard 1998). Reduction of ribonucleotides to deoxyri-
bonucleotides is the rate-limiting step of DNA synthesis. Therefore, inactivation of
RR ceases DNA synthesis and consequently inhibits cell proliferation.

Structurally, RR is made up of two subunits: large subunit called R1 (M1 for
human enzyme), and the small one called R2 (M2 for human enzyme) (Shao et al.
2006). R1 is the actual substrate binding site that participates in the reduction of
ribonucleotides. R2 subsite contains an oxygen-linked diferric (Fe2+) center that
generates a free radical (from Tyr-176 in human). Once this free radical is
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generated, it is propagated by a relay mechanism to the active site in R1 separated
by distance of 35 Å (Eklund et al. 2001; Shao et al. 2006). This free radical is
essential for nucleotide reduction process taking place at the substrate binding site
in R1 (Shao et al. 2006; Cerqueira et al. 2005; Nocentini 1996; Smith and Karp
2003; Reichard and Ehrenberg 1983; Jordan and Reichard 1998; Nordlund et al.
1990). RR is a validated and significantly explored anticancer target. Many
inhibitors of RR have been reported, and some are even in clinical use.

RR inhibitors that act on the R2 subunit are classified as: (a) metal ion chelators
and (b) free radical scavengers. Radical scavengers are a class of RR inhibitors that
act by quenching the tyrosyl free radical in the R2 site. Numerous molecules like
hydroxyurea (HU), didox, trimidox, hydroxyguanidines (HGs), hydroxamic acids,
hydroxysemicarbazides (HSCs), and amidoximes were reported to quench the
tyrosyl free radical, for inhibiting the enzyme RR (Cerqueira et al. 2005; Shao
et al. 2006). These molecules are collectively called as radical scavengers (Fon-
tecave 1998). Hydroxamic acids also interact with the di-iron center of RR. Iron
chelation studies have shown that the hydroxamate ion complexes with iron(III) to
form a five-membered ring (Monzyk and Crumbliss 1979). The chelation pattern
may be different in the case of di-iron center of RR, but such iron complexation
studies in the isolated system depicts the potential of hydroxamates to chelate with
iron. Most of the hydroxamic acid derivatives act as both metal ion chelators and
free radical scavengers. This feature makes them a unique scaffold for RR drug
designing. Detailed description on the mode of inhibition has been included in the

Fig. 2 Three dimensional structure of RR. The inset depicts the active site residues for hRRM2
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later sections of this chapter. The architecture of the RRR2 active site is depicted
in Fig. 2.

2.1 Hydroxamates as RR Inhibitors

Hydroxamic acids have been widely reported as anticancer agents, majority as
HDAC inhibitors (Saban and Bujak 2009). However, their importance as RR
inhibitors is also significant. We are discussing a few important hydroxamic acid
derivatives, which were explored as RR inhibitors in the past (Fig. 3).

2.1.1 Discovery of Hydroxyurea

Hydroxyurea (HU) was discovered in 1963 (Stearns et al. 1963). Later it was
found to specifically inhibit DNA synthesis (Young and Hodas 1964). The mode of
action of HU was unclear at this stage, but its discovery initiated the exploration of
similar kind of compounds. Later in 1968, (Krakoff et al. 1968) Krakoff et al.
reported HU as an RR inhibitor. It was found to quench the tyrosyl free radical of
R2 subunit of RR (Elford 1968; Adams and Lindsay 1967; Krakoff et al. 1968).
HU belongs to the family of antimetabolites that was approved by Food and Drug
Administration (FDA) for clinical use in 1967 (Donehower 1992). It has been used
in the treatment of many neoplastic diseases such as myelocytic leukemia (Silver

H2N NHOH

O

Hydroxyurea

N
N
H

O

NHOH

OH
HO

HO

SB-HSC21

NHOH

O

HO

OH
Didox

NHOH

NH

HO

OH
Trimidox

HO

N

OH

N
H

N

S

N O

NHOH5c

Fig. 3 Structures of a few established RRM2 inhibitors. Trimidox (IC50 = 5 lM, hRRM2), SB-
HSC21(IC50 = 11 lM, hRRM2), 5c, HDAC8: IC50 = 33.67 lM, HL60: IC50 = 0.6 lM

Hydroxamates as Ribonucleotide Reductase Inhibitors 157



et al. 1999; Goldman 1997; Hehlmann et al. 2003), ovary carcinoma, cervical
carcinoma (Piver et al. 1983), melanoma, meningioma (Schrell et al. 1996, 1997).
The main disadvantage of HU is the need for administration of large doses in order
to maintain its effectiveness, as it is a relatively weak inhibitor of the enzyme
in vitro (IC50 = 500 lM) (Elford 1968; Moore 1969).

HU is the first hydroxamic acid derivative established as RR inhibitor. It acts by
interfering with the radical generation process, which takes place in the R2 subunit
of the enzyme. However, the exact mode of inhibition is still unclear. A few
studies reported that HU quenches the tyrosyl free radical. A few other reports
suggested iron chelation as the mechanism of enzyme inhibition. We presume both
free radical quenching and iron chelation may be occurring simultaneously. HU
was a huge success; it initiated the exploration of different chemical moieties with
similar pharmacophoric features, for example, HSCs, hydroxamic acids and
amidoximes.

2.1.2 Discovery of Didox

Didox, is chemically 3,4-dihydroxy benzhydroxamic acid (Fig. 3) was discovered
in 1979, by Van0t Riet et al. They reported the synthesis and antineoplastic
evaluation of a series of hydroxy- and amino- substituted benzohydroxamic acids,
and didox was one among them (Van0t Riet et al. 1979b). Later didox was found to
be active in the NCI tumor panel, L1210 and P388 leukemia cell lines, B16
melanoma, Lewis lung carcinoma, Colo38, CDRF mammary tumor, and several
human tumor xenografts, etc. (Elford and van0t Riet 1985). Didox was also found
more effective than HU in in vivo screening. Its LD10 value was reported to be
643 mg/kg when given as a single dose.

Based on these preclinical studies, Phase 1 clinical trial for didox was carried
out using 34 patients (Veale et al. 1988). Phase I studies demonstrated didox as
safe and well tolerated, with few cases of hepatic and renal toxicity (Veale et al.
1988). Subsequent post phase 1 studies showed promise in combination therapy.
These results prompted a phase II study, but didox was found less responsive in the
treatment of advanced breast cancer patients and hence it was dropped from fur-
ther trials. Didox had an appreciable safety profile in both the phases of clinical
trials, but lacked therapeutic efficacy as a single chemotherapeutic agent. Didox
had been a promising RR inhibitor with excellent in vitro and preclinical profile.
Clinical studies for didox are still warranted at higher doses and combination
therapy. Therefore, didox remained a promising molecule with more avenues yet
to explore.

Didox have also been explored significantly post phase II clinical trial. It was
proved to be an excellent radical scavenger (Tihan et al. 1991), 17 times more
potent than HU. It has been explored widely alone or in combination for many
types of cancers (Inayat et al. 2002; Fritzer-Szekeres et al. 1997; Raje et al. 2006).
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2.1.3 Hydroxysemicarbazides

Hydroxamic acids have been widely reported as anticancer agents. However, most
of the hydroxamic acid derivatives have been reported as HDAC inhibitors, and
very few as RR inhibitors. These compounds were also found to inhibit the R2
subunit of the enzyme RR. Ren et al. (2002) studied the inhibitory activities of
Schiff bases of HSC against eight human and murine tumor cell lines and one
noncancer cell line using MTS/PES microculture tetrazolium and methylene blue
assays. One compound was found to have IC50 of 2.8 and 6.5 lM against HU and
gemcitabine resistant KB cells, respectively, but had no cross-resistance with HU
or gemcitabine. Later Ren et al. (2002) synthesized 30 more Schiff’s bases of HSC
and screened them against L1210 murine leukemia cells. 17 out of 30 compounds
showed higher inhibitory activity than HU (Ren et al. 2002). Later Shao et al.
(Shao et al. 2005) reported the hRRM2 assay for a number of HSCs. Among them
SB-HSC21 (IC50 = 11 lM) was found to be most promising. The development of
hRRM2 specific assay has been the key to understand the mode of action of these
analogs.

Hydroxamic acids and HSCs have shown promise as radical scavengers. They
also have strong track record as HDAC inhibitors. Hydroxamates have the back-
ground as both HDAC and RR inhibitors. This background provided us the basis to
explore its dual RR/HDAC inhibitory property. From our lab, we have reported a
few piperazine linked hydroxamates as HDAC inhibitors such as 5c (HDAC8,
IC50 = 33.67 lM), which also showed additional RR inhibitory property (HL60,
IC50 = 0.6 lM) (Chetan et al. 2010). This is a valid approach for designing
anticancer drugs and can be explored in future.

2.2 Related Analogs with Similar Pharmacophoric Features

2.2.1 Amidoximes and Hydroxyguanidines

Anticancer activity of amidoxime analogues (Fig. 4) were reported for the first
time by Flora et al. (1978). These authors have also reported the antitumor activity
of a series of acyl and alkyl substituted amidoximes against murine leukemia
cancer cell line (L1210). Formamidoxime, acetamidoxime, HG, and 2-
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aminoacetamidoxime were found promising. Thereafter, many analogues of
amidoximes and HGs have been reported for anticancer activity.

In fact, research on anticancer activity of amidoximes and related analogues got
impetus after the discovery of trimidox in 1993–1994 (van0t Riet et al. 1993;
Elford 1994). It was initially patented for the treatment of hemoglobinopathies and
later for leukemia. Structural analogs of trimidox have also been subsequently
reported (Yang et al. 2010; Ziedan et al. 2010). Trimidox was later found to be an
inhibitor of RRR2 (Szekeres et al. 1994b). Thereafter, it has been explored either
as single therapy or in combination with other anticancer agents (Szekeres et al.
1994a; Rosenberger et al. 2000; Fritzer-Szekeres et al. 2000, 2002; Mayhew et al.
1997; Iyamu et al. 2000; Szekeres et al. 2009; Figul et al. 2003).

2.2.2 Phenolics

Alkoxyphenols and polyphenols have also been reported as RR inhibitors. Pötsch
et al. reported a series of alkoxyphenols as RRR2 inhibitors (Pötsch et al. 1994).
The EPR studies (using E. coli and mouse enzymes) proved that these molecules
quench the tyrosyl radical. The para substituted alkoxy phenols were found to be
most potent (IC50 in the range of 0.5–5 lM) (Pötsch et al. 1994; Lassmann and
Pötsch 1995). Fontecave et al. proved resveratrol (3,5,4’-trihydroxystilbene, a
naturally occuring polyphenolic compound found in grapes) as a potent inhibitor
of RRR2 (Fontecave et al. 1998). The EPR studies further confirmed their ability
to quench the tyrosyl radical (Fontecave et al. 1998). Later a few more analogs of
resveratrol were reported with RR inhibitory property (Saiko et al. 2008; Handler
et al. 2008; Saiko et al. 2007). Phenolics are an attractive scaffold to develop more
promising radical scavengers and can be explored further in future.

3 Mechanism of Action of Hydroxamates

Hydroxamates have been proposed to act either by quenching the tyrosyl radical of
the R2 subunit of RR or by chelating the iron responsible for generating the free
radical. The in vitro antioxidant capacity of these compounds is similar to
butylated hydroxyanisole (BHA) (Končić et al. 2011). A few other reports, based
on enzyme assay or EPR-spectroscopic studies, supported the free radical
quenching/iron chelation mechanism. However, the exact mode of binding/rec-
ognition process has not been reported. We are still waiting for the ligand bound
crystal structure of hRRM2. The crystal structure will reveal significant infor-
mation about the binding mode of hydroxamates. From our lab, we have recently
reported a molecular dynamics study, which is the only available report on the
molecular recognition of these kinds of inhibitors.

The M2 subunit of RR is responsible for generating the free radical that reduces
ribonucleotides to their corresponding deoxyribonucleotides. This reduction
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occurs via a single electron transfer from TYR176. The free radical on TYR176 is
initiated by the radical-generating di-iron(III/IV) state via a single electron
transfer, through a water molecule forming a bridge between the hydroxyl oxygen
atom of TYR176 and the iron center (Stubbe et al. 2003; Himo and Siegbahn 2003;
Torrent et al. 2002). The non-heme di-iron center of hRRM2 is unique; Torrent
et al. (Torrent et al. 2002) have described the mechanism of activation of the di-
iron center to generate the free radical. They have proposed an activation cycle which
follows as: The active state FeII.FeII—formation of the l-oxo bridge, by addition of
oxygen FeIII.O2

2-.FeIII (Compound P)—mixed valence state FeIV.O2
3-.FeIII

(Compound X)—resting state FeIII.FeIII via formation of the Tyrosyl radical (TYR-
O.). Yun and co-workers (Yun et al. 2007) later proved that addition of oxygen to the
FeII.FeII active state for the formation of compound P is the rate determining step in
the entire process. Once this free radical is generated it is very quickly transferred by
the relay mechanism to the catalytic active site in M1 subunit. It will be impossible to
arrest the normal activity of the enzyme once this radical is generated. The mecha-
nism is depicted in Fig. 5.

The di-iron-radical site is buried deep inside, shielded from the outside envi-
ronment. The radical generation and propagation must be taking place in the core
of the enzyme. We presume the catalytic activity should take place in a closed
environment. Otherwise, the generated free radical may be immediately quenched
by the cytosolic. We observed that the entry to the active site is guarded efficiently
by residue ARG330 and by a water bridge between residues SER263 and GLU232
(Fig. 6). These two water molecules shield the 10 Å hydrophobic tunnel. Inhibi-
tors binding to the RR active site should replace these water molecules to get
access to the hydrophobic tunnel, lying underneath.
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3.1 The Structure of the Di-iron/Radical Site

We scrutinized a few previously reported holo protein structures for human (Smith
et al. 2009), mouse (Strand et al. 2004; Logan et al. 1996), and E. coli (Nordlund
et al. 1990; Nordlund and Eklund 1993). The following insights were obtained.
Human and mouse R2 subunit shares an excellent sequence similarity of*80 %
whereas for E. coli the sequence similarity is only*20 %. Details of the mouse
Tyrosyl radical environment were depicted in some of the reports (Logan et al. 1996;
Strand et al. 2004). The crystal structure of human hRRM2 is available in protein
data bank (pdb), but yet to be published as a journal paper. The homologous holo
structure of hP53M2 (a homologous protein) was recently published (Smith et al.
2009). The tyrosyl radical is deeply buried in the interior of the protein forming a
hydrophobic channel, reaching about 10 Å from the surface. The entrance to the
radical site is about 15 Å wide. It is lined by mainly hydrophobic amino acids like;
GLU233 (232), SER238 (237), ASN260 (259), and TYR324 (323) with their side-
chain oxygen atoms turned away from the channel. The channel reaches all the way
to SER267 (263), PHE241 (240), and SER264 (263) the residues lining the binding
site (Fig. 6). These residue numbers correspond to the mouse pdb structure, corre-
sponding human pdb residue numbers are given in bracket.

We have reported the working structure of the di-iron/radical site by using QM/
MM. The active center has been generated under oxidizable conditions. The initial
coordinates for the di-iron and the l-oxo bridge were obtained from mouse pdb
structure (pdb code 1w68). After a QM/MM optimization run, we observed the di-
iron active center for human enzyme resembling with the earlier reported mouse
enzyme structure. Computational (Torrent et al. 2002) and spectral studies (Lynch
et al. 1989; Elgren et al. 1993) for the di-iron center of RRR2 described it as
ferromagnetically coupled high-spin species. In accordance to these studies, we
have chosen a total spin s = 4, resulting in multiplicity of 2s ? 1 = 9, for the spin
system. The hRRM2 iron site is buried in a four-helix bundle, which is coordinated

Fig. 6 Surface view to explain how this bridging guards the active site pocket. Bridging by the
two water molecules (Ball and Stick) in between residues GLU232 and SER263. Adapted with
permission from Basu and Sinha(2012). Copyright 2012 Springer Science+Business Media
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by the two histidines and the three glutamic acid carboxylate side chains. The Fe1,
close to the TYR176, coordinates with ASP138 and HIS172. During minimization,
we observed a bi-dented coordination of ASP138 carboxyl group with Fe1, but a
single coordination was observed in the lowest energy conformation. The other
iron atom, Fe2 is coordinated by GLU232, GLU266, and HIS269. Residue
GLU169, coordinates with both the iron Fe1 and Fe2, and behaves as bidentate
ligand. The optimal Fe1-Fe2 distance was found to be 3.68 Å, as compared to
mouse 3.32 Å and E. coli 3.3 Å. The dihedral angle between Fe1–O–Fe2 was
found to be 133 degrees. Hydrogen bonding was observed between TYR176 and a
single water molecule, hypothesized to bridge between the di-iron and the radical
center. The distance between the Fe1 and water molecule was found to be 4.57 Å,
which is greater than 3.84 Å in mouse. Overall architecture of the di-iron center of
mRRR2 resembled hRRM2, with minor differences observed in co-ordination
patterns and distances (Fig. 7).

We are also required to use the correct tautomeric forms for the ligands during
docking and MD studies. Amidoximes and HGs are present in two tautomeric
forms; the amino oxime state, and imino hydroxylamine state (Bell et al. 1964).
For SB-HSC21, hydroxamic acid tautomer will be favorable. We have generated
all the possible tautomeric forms, which were then screened through tautomerizer,
at target pH of 7.0 ± 2.0, and a tautomer probably cutoff threshold of 0.01. The
tautomerizer program will assign a probability to each tautomeric form. Tautomers
for the given input structure are produced in order of probability. We docked all
the survived tautomers with hRRM2. Top ranking tautomer(s), after docking was
considered as the most probable tautomeric state, and were used for further studies.

In addition to human and E. coli enzymes, QM/MM calculation has also been
performed on mouse (pdb code1w68) enzyme. We observed that the di-iron center
was extremely stable under the minimization conditions. The co-ordination pattern

Fig. 7 Structure of human (hRRM2, pdb code 2uw2) di-iron center obtained after QM/MM
optimization study. Adapted with permissionfrom Basu and Sinha (2012). Copyright 2012
Springer Science + Business Media
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also remained similar to that observed in the experimental structure (1w68).
Modest deviations were observed in the water bridge between the TYR177 and the
di-iron center. The distance between water molecule and the di-iron center was
observed to be 3.03 Å, but in the crystal structure it was 3.87 Å.

4 Progress in Drug Design

Drug design or rational drug design is a process of finding new drug molecules
based on the knowledge of the biological target (Ulf et al. 2002; Marshall and
Beusen 1995). It involves design of small molecules that are complementary in
shape and charge to the biomolecular target (Ekins et al. 2007). It is an important
tool for medicinal chemists, which helps them to design a drug candidate. Readers
may refer to many excellent reviews on this subject (Bohacek et al. 1996; Blundell
1996; Klebe 2000; Anderson 2003; Gane and Dean 2000; Hajduk and Greer 2007;
Kitchen et al. 2004). Progress on drug designing for hydroxamates and related
analogs are given as follows.

4.1 Ligand-Based Drug Design

This drug design technique relies on the knowledge of earlier reported molecules
that bind to the same biological target of interest (Bacilieri and Moro 2006). A few
ligand-based drug design studies for hydroxamates and related analogs have been
reported, which can be mentioned as follows:

(a) Ren et al. (2002) reported the QSAR of a dataset of Schiff’s bases of hydro-
xysemicarbazones. They have pointed out that besides the essential pharma-
cophore (-NHCONHOH), hydrophobicity, molecular size/molar refractivity,
and the presence of an oxygen-containing group at the ortho position were
important determinants for the antitumor activities (Ren et al. 2002).

(b) Raichurkar and Kulkarni (2003) performed the 3D-QSAR (CoMFA and
CoMSIA) studies on same dataset of compounds (Raichurkar and Kulkarni
2003). The models were generated using 24 molecules as training set and four
molecules as test set. The resulting significant QSAR model indicated that
steric, electrostatic, hydrophobic, and hydrogen-bond donor fields were
important. In addition to the standard fields in CoMFA and CoMSIA (Cramer
III et al. 1988; Klebe et al. 1994), these authors also pointed out that hydro-
phobicity also had significant effect on biological activity. These QSAR
models predicted the activity of HU appropriately and indicated a similar
mechanism of action.
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(c) Kandemirli et al. (2006) also performed QSAR using the same dataset
(Kandemirli et al. 2006). They used electronic, topological, and quantum
chemical parameters for deriving a structure-activity relationship. Later, we
have used combined datasets (Tai et al. 1984; Tang et al. 1985; Ren et al.
2002) and performed pharmacophore-based QSAR studies. These studies
resulted in statistically robust model. We have further utilized this model for
ligand-based virtual screening (Basu et al. 2011). This study resulted in
identifying an anticancer lead molecule (ABNM13) (Basu et al. 2011; Saiko
et al. 2011). ABNM13 (Fig. 4) is not a hydroxamic acid derivative, but it has
been identified through a QSAR model, generated using hydroxamic acid
derivatives.

4.2 Structure-Based Drug Design

This drug design technique relies on the knowledge of three-dimensional structure
of the biological target obtained through X-ray crystallography or NMR spec-
troscopy (Oprea and Matter 2004). Structure-based drug design has been rare in
case of hRRM2. A few reports have only come up during the past few years. Priya
and Shanmughavel performed docking studies using AutoDock with two radical
scavengers Flavin and Phenosafranine (Priya and Shanmughavel 2009). Natarajan
and Mathews also reported a similar study by using the same ligands. Both the
studies have proposed similar binding pocket of human ribonucleotide reductase
M2 subunit (hRRM2). They proposed that these ligands may cleave the l-oxo iron
bridge during the radical transfer process, resulting in the arrest of radical gen-
eration (Natarajan and Mathews 2011). Luo and Gräslund (2011) employed a
combination of molecular docking and dynamics to understand the mode of action
of alkoxyphenols. They used a grid-based search method to locate the probable
active site for R2. The site identification protocol resulted in identifying a site at
the interface of A and B polypeptide chain. They proposed the alkoxy phenol
moiety interferes with the electron transfer pathway during its transfer from the di-
iron center to TRY176 to R1 site for actual catalysis.

Structure-based drug design using hydroxamates have been recently reported by
our group. Binding mode analysis study of three hRRM2 inhibitors has been
reported (Basu and Sinha 2012). We used molecular docking and dynamics sim-
ulation in this study. The working structure of hRRM2 has been generated by a
QM/MM method. After defining the radical/di-iron active site, we performed the
docking and MD studies to develop a valid structure-based model that may give us
an idea about the binding mode of the established inhibitors.

Structure-based drug design of hRRM2 inhibitors has been hampered, due to
various factors like unavailability of ligand-bound crystal structure, limited
knowledge of mechanism of action (difficult to simulate), and possibility of
induced-fit mechanism. More studies are required on drug designing of hRRM2, a
few avenues for future drug designing on this target can be listed as follows:
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1. Development and validation of VS protocol for radical scavengers (Good et al.
2004; Lyne 2002; Stahl and Rarey 2001).

2. Designing of decoy dataset for hRRM2 for setting up successful VS experiment
(Huang et al. 2006).

3. Identifying appropriate docking and scoring protocols, which will work best for
hRRM2.

4. Getting an appropriate crystallographic structure for ligand bound hRRM2.

We believe that the availability of ligand-bound crystal structure of R2 subunit
would be the most crucial factor for drug development and design on this target.
Currently we have few theoretical models, which have not been validated with the
experimental structures.

Some examples in the progress of structure-based drug design for radical
scavengers are mentioned as follows:

Docking and Molecular Dynamics

• Priya and Shanmughavel (2009) and Natarajan and Mathews (2011) performed
docking studies using AutoDock on two radical scavengers, flavin, and phen-
osafranine, (Natarajan and Mathews 2011; Priya and Shanmughavel 2009).

• Luo and Gräslund (2011) employed a combination of molecular docking and
dynamics to understand the binding mode of a series of alkoxyphenols. The
results revealed that these molecules may bind to the R1-R2 interface of RR
(Luo and Gräslund 2011).

• Popović-Bijelić et al. (2011) employed a combination of theoretical and
experimental methodologies to study the inhibition of RR by a well-known
metal ion chelator triapine.

• Basu and Sinha (2012) reported the a few ligand bound model of hRRM2 that
can be used for structure-based drug designing. They have also proposed a
possible molecular recognition process for radical scavengers.

5 Concluding Remarks and Future Prospective

Hydroxamic acids are an important class of anticancer drugs. They were mostly
reported as HDAC inhibitors, but reports as RR inhibitors are also significant. The
first reported hydroxamate-based RR inhibitor is HU. Later, didox and other hy-
droxamic acid analogs were reported. Since then lot of research on hydroxamic
acid has been carried out, but didox remains the last hydroxamate that has
undergone clinical trial. Didox showed lot of promise in the preclinical studies, but
failed in the clinical trial due to lack of effectiveness in patients. It showed rela-
tively high tolerance and less toxicity in the patients. The desired toxicity profile of
didox prompted further research on hydroxamates (didox analogs). Many related
molecules like HSC, amidoximes, etc., were explored for their RR inhibitory
property.
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RR is a promising and widely explored target that warrants more research. We
believe that the elucidation of crystal structure of ligand bound hRRM2 may open
a wide field to work on hydroxamic acids as RR inhibitors. In context to drug
discovery research focusing on R2 subunit of RR, the following key milestones
have been reached:

1. Discovery of HU in 1963 (Stearns et al. 1963).
2. Discovery of didox in 1979 (van0t Riet et al. 1979a).
3. Development of subunit specific assay for hRRM2 (Shao et al. 2005).
4. X-ray crystal structure of holo enzymes for mRRM2 (Strand et al. 2004;

Kauppi et al. 1996) and hP53RRM2 (Smith et al. 2009).
5. Discovery of trimidox (van0t Riet et al. 1993).
6. Elucidation of radical generation and propagation pathway (Torrent et al. 2002;

Per 2002; Mulliez and Fontecave 1999).
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Popović-Bijelić A, Kowol CR, Lind MES, Luo J, Himo F, Enyedy ÉA, Arion VB, Gräslund A
(2011) Ribonucleotide reductase inhibition by metal complexes of Triapine (3-aminopyridine-
2-carboxaldehyde thiosemicarbazone): a combined experimental and theoretical study.
J Inorg Biochem 105(11):1422–1431

Pötsch S, Drechsler H, Liermann B, Gräslund A, Lassmann G (1994) p-Alkoxyphenols, a new
class of inhibitors of mammalian R2 ribonucleotide reductase: possible candidates for
antimelanotic drugs. Mol Pharmacol 45(4):792–796

Priya PL, Shanmughavel P (2009) A docking model of human ribonucleotide reductase with
flavin and phenosafranine. Bioinformation 4(3):123–126

Raichurkar AV, Kulkarni VM (2003) Understanding the antitumor activity of novel hydroxyse-
micarbazide derivatives as ribonucleotide reductase inhibitors using CoMFA and CoMSIA.
J Med Chem 46(21):4419–4427

Raje N, Kumar S, Hideshima T, Ishitsuka K, Yasui H, Chhetri S, Vallet S, Vonescu E, Shiraishi
N, Kiziltepe T (2006) Didox, a ribonucleotide reductase inhibitor, induces apoptosis and
inhibits DNA repair in multiple myeloma cells. Br J Haematol 135(1):52–61

Reichard P (1993) From RNA to DNA, why so many ribonucleotide reductases? Science
260(5115):1773–1777

Reichard P, Ehrenberg A (1983) Ribonucleotide reductase–a radical enzyme. Science
221:514–519

Ren S, Wang R, Komatsu K, Bonaz-Krause P, Zyrianov Y, McKenna C, Csipke C, Tokes Z, Lien
E (2002) Synthesis, biological evaluation, and quantitative structure-activity relationship
analysis of new schiff bases of hydroxysemicarbazide as potential antitumor agents�. J Med
Chem 45(2):410–419

Rosenberger G, Fuhrmann G, Grusch M, Fassl S, Elford HL, Smid K, Peters GJ, Szekeres T,
Krupitza G (2000) The ribonucleotide reductase inhibitor trimidox induces c-myc and
apoptosis of human ovarian carcinoma cells. Life Sci 67(26):3131–3142

Saban N, Bujak M (2009) Hydroxyurea and hydroxamic acid derivatives as antitumor drugs.
Cancer Chemother Pharmacol 64(2):213–221

Saiko P, Graser G, Giessrigl B, Lackner A, Grusch M, Krupitza G, Basu A, Sinha BN,
Jayaprakash V, Jaeger W (2011) A novel N-hydroxy-N0-aminoguanidine derivative inhibits
ribonucleotide reductase activity: effects in human HL-60 promyelocytic leukemia cells and
synergism with arabinofuranosylcytosine (Ara-C). Biochem Pharmacol 81(1):50–59

170 A. Basu and B. N. Sinha



Saiko P, Ozsvar-Kozma M, Bernhaus A, Jaschke M, Graser G, Lackner A, Grusch M, Horvath Z,
Madlener S, Krupitza G (2007) N-hydroxy-N’-(3, 4, 5-trimethoxyphenyl)-3, 4, 5-trimethoxy-
benzamidine, a novel resveratrol analog, inhibits ribonucleotide reductase in HL-60 human
promyelocytic leukemia cells: synergistic antitumor activity with arabinofuranosylcytosine.
Int J Oncol 31(5):1261

Saiko P, Pemberger M, Horvath Z, Savinc I, Grusch M, Handler N, Erker T, Jaeger W, Fritzer-
Szekeres M, Szekeres T (2008) Novel resveratrol analogs induce apoptosis and cause cell
cycle arrest in HT29 human colon cancer cells: inhibition of ribonucleotide reductase activity.
Oncol Rep 19(6):1621–1626

Schrell UMH, Rittig MG, Anders M, Kiesewetter F, Marschalek R, Koch UH, Fahlbusch R
(1997) Hydroxyurea for treatment of unresectable and recurrent meningiomas. I. Inhibition of
primary human meningioma cells in culture and in meningioma transplants by induction of
the apoptotic pathway. J Neurosurg 86(5):845–852

Schrell UMH, Rittig MG, Koch U, Marschalek R, Anders M (1996) Hydroxyurea for treatment of
unresectable meningiomas. The Lancet 348(9031):888–889

Shao J, Zhou B, Chu B, Yen Y (2006) Ribonucleotide reductase inhibitors and future drug design.
Curr Cancer Drug Targets 6(5):409–431

Shao J, Zhou B, Zhu L, Bilio AJ, Su L, Yuan YC, Ren S, Lien EJ, Shih J, Yen Y (2005)
Determination of the potency and subunit-selectivity of ribonucleotide reductase inhibitors
with a recombinant-holoenzyme-based in vitro assay. Biochem Pharmacol 69(4):627–634

Silver RT, Woolf SH, Hehlmann R, Appelbaum FR, Anderson J, Bennett C, Goldman JM,
Guilhot F, Kantarjian HM, Lichtin AE (1999) An evidence-based analysis of the effect of
busulfan, hydroxyurea, interferon, and allogeneic bone marrow transplantation in treating the
chronic phase of chronic myeloid leukemia: developed for the American Society of
Hematology. Blood 94(5):1517–1536

Smith BD, Karp JE (2003) Ribonucleotide reductase: an old target with new potential. Leukemia
Res 27(12):1075–1076

Smith P, Zhou B, Ho N, Yuan YC, Su L, Tsai SC, Yen Y (2009) 2.6 Å X-ray crystal structure of
human p53R2, a p53-inducible ribonucleotide reductase. Biochemistry 48(46):11134–11141

Stahl M, Rarey M (2001) Detailed analysis of scoring functions for virtual screening. J Med
Chem 44(7):1035–1042

Stearns B, Losee KA, Bernstein J (1963) Hydroxyurea. A new type of potential antitumor agent1.
J Med Chem 6(2):201–201

Strand KR, Karlsen S, Kolberg M, Røhr ÅK, Görbitz CH, Andersson KK (2004) Crystal
structural studies of changes in the native dinuclear iron center of ribonucleotide reductase
protein R2 from mouse. J Biol Chem 279(45):46794–46801

Stubbe JA, Nocera DG, Yee CS, Chang MCY (2003) Radical initiation in the class I
ribonucleotide reductase: long-range proton-coupled electron transfer? Chem Rev
103(6):2167–2202

Szekeres T, Fritzer M, Strobl H, Gharehbaghi K, Findenig G, Elford HL, Lhotka C, Schoen H,
Jayaram H (1994a) Synergistic growth inhibitory and differentiating effects of trimidox and
tiazofurin in human promyelocytic leukemia HL-60 cells. Blood 84(12):4316–4321

Szekeres T, Gharehbaghi K, Fritzer M, Woody M, Srivastava A, Riet B, Jayaram HN, Elford HL
(1994b) Biochemical and antitumor activity of trimidox, a new inhibitor of ribonucleotide
reductase. Cancer Chemother Pharmacol 34(1):63–66

Szekeres T, Vielnascher E, Novotny L, Vachalkova A, Fritzer M, Findenig G, Göbl R, Elford HL,
Goldenberg H (2009) Iron binding capacity of trimidox (3, 4, 5-trihydroxybenzamidoxime), a
new inhibitor of the enzyme ribonucleotide reductase. Clin Chem Lab Med 33(11):785–790

Tai AW, Lien EJ, Lai MM, Khwaja TA (1984) Novel N-hydroxyguanidine derivatives as
anticancer and antiviral agents. J Med Chem 27(2):236–238

Tang A, Lien EJ, Lai MM (1985) Optimization of the Schiff bases of N-hydroxy-N’-
aminoguanidine as anticancer and antiviral agents. J Med Chem 28(8):1103–1106

Hydroxamates as Ribonucleotide Reductase Inhibitors 171



Tihan T, Elford HL, Cory JG (1991) Studies on the mechanisms of inhibition of L1210 cell
growth by 3, 4-dihydroxybenzohydroxamic acid and 3, 4-dihydroxybenzamidoxime. Adv
Enzyme Regul 31:71–83

Torrent M, Musaev DG, Basch H, Morokuma K (2002) Computational studies of reaction
mechanisms of methane monooxygenase and ribonucleotide reductase. J Comput Chem
23(1):59–76

Ulf M, Krogsgaard-Larsen P, Liljefors T (2002) Textbook of drug design and discov. In., 3 edn.
Washington, DC: Taylor & Francis, p 1–37

van0t Riet B, Elford HL, Wampler GL (1993) Polyhydroxybenzoic acid derivatives US patent
5183828

van0t Riet B, Wampler GL, Elford HL (1979a) Synthesis of hydroxy- and amino-substituted
benzohydroxamic acids: inhibition of ribonucleotide reductase and antitumor activity. J Med
Chem 22(5):589–592

Van0t Riet B, Wampler GL, Elford HL (1979b) Synthesis of hydroxy-and amino-substituted
benzohydroxamic acids: inhibition of ribonucleotide reductase and antitumor activity. J Med
Chem 22(5):589–592

Veale D, Carmichael J, Cantwell B, Elford H, Blackie R, Kerr D, Kaye S, Harris A (1988) A
phase 1 and pharmacokinetic study of didox: a ribonucleotide reductase inhibitor. Br J Cancer
58(1):70

Yadav R, Gupta S, Sharma P, Patil V (2011) Recent advances in studies on hydroxamates as
matrix metalloproteinase inhibitors: a review. Curr Med Chem 18(11):1704–1722

Yang X, Liu G, Li H, Zhang Y, Song D, Li C, Wang R, Liu B, Liang W, Jing Y, Zhao G (2010)
Novel oxadiazole analogues derived from ethacrynic acid: design, synthesis, and structure-

activity relationships in inhibiting the activity of glutathione S-transferase P1–1 and cancer
cell proliferation. J Med Chem 53(3):1015–1022

Young CW, Hodas S (1964) Hydroxyurea: inhibitory effect on DNA metabolism. Science
146(3648):1172–1174

Yun D, Saleh L, García-Serres R, Chicalese BM, An YH, Huynh BH, Bollinger Jr JM (2007)
Addition of oxygen to the diiron (II/II) cluster is the slowest step in formation of the tyrosyl
radical in the W103Y variant of ribonucleotide reductase protein R2 from mouse.
Biochemistry 46(45):13067–13073

Ziedan NI, Stefanelli F, Fogli S, Westwell AD (2010) Design, synthesis and pro-apoptotic
antitumour properties of indole-based 3,5-disubstituted oxadiazoles. Eur J Med Chem
45(10):4523–4530

172 A. Basu and B. N. Sinha



Hydroxamic Acid Derivatives as Potential
Anticancer Agents

Manish K. Gupta, Gagandip Singh and Swati Gupta

Abstract Hydroxamic acid containing organic molecules display strong metal ion
chelating property, and therefore used as metalloenzyme inhibitors. They display
strong affinity toward histone deacetylase, matrix metalloproteinases, human
epidermal growth factor receptor-2, and tumor necrosis factor alpha converting
enzyme. These enzymes play crucial roles in the pathogenesis of cancer and are
attractive targets for the development of new anticancer agents. Various molecules
bearing free hydroxamic acid at one terminal have been synthesized and evaluated
for their activities. This article will focus on the development of various classes of
hydroxamic acid-based metalloenzyme inhibitors and anticancer agents.
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1 Introduction

Hydroxamic acids are class of compounds characterized by the presence of a
terminal –CONHOH functional group. The –CONHOH group functions as a
strong metal ion chelator, and hence it has been used as a crucial metal binding
group to develop various metalloenzyme inhibitors. The –CONHOH functional
group has shown strong affinity for iron (III) (Miller 1989); therefore, various
hydroxamic acid-based siderophores (low molecular weight, ferric ion specific
chelators) and their analogs have been developed which make complex with iron
(III) and show profound biological activities. These compounds also showed
antibacterial and antifungal activities (Neilands 1995).
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The metal chelating property of hydroxamic acids has been used extensively to
develop inhibitors for metal containing enzymes and proteins such as histone
deacetylase (HDAC) (Codd et al. 2009; Zhang et al. 2010a), matrix metallopro-
teins (MMPs) (Nuti et al. 2007; Yadav et al. 2011), tumor necrosis factor alpha
converting enzyme (TACE) (Zhang et al. 2009), etc. The –CONHOH functional
group bearing molecules has been evaluated specifically for their efficacy against
cancer (Saban and Bujak 2009; Kovacic and Edwards 2011), rheumatoid arthritis
(Vojinovic and Damjanov 2011; Li et al. 2012), and other autoimmune disorders.
Most of the metalloproteinase (MMP) contains Zn++ or Mg++ at the catalytic side.
The chelation of Zn++ or Mg++ ion is one of the major reasons for the inhibition of
enzyme activity. The coordinated bond between Zn++ and –CONHOH greatly
increases the drug–receptor interaction energy which is sufficient to block the
activity of enzyme. The C=O and –OH functional group of metal chelating group
are also involved in electrostatic attractions with Zn++. Therefore, the hydroxamic
acid-based inhibitors have been found very effective in the inhibition of MMPs.
The various classes of compounds bearing terminal –CONHOH group have been
evaluated for their activity against HDAC, epidermal growth factor receptor-2
(EGFR/HER2), MMPs, TACE, and IMP-dehydrogenase (IMPDH). These
enzymes are involved in many cancer-related processes, and hence are attractive
targets for the development of new and novel anticancer agents. This article will
describe the design and development of various hydroxamic acid-based inhibitors
to target the cancer.

2 Target Specific Hydroxamic Acid Derivatives

2.1 Histone Deacetylases Inhibitors

The various classes of hydroxamic acid-based histone deacetylases (HDACs)
inhibitors (HDACi) have been developed and evaluated for their efficacy in in vitro
and in vivo model of cancer (Codd et al. 2009; Zhang et al. 2010a). Nucleosomal
histones comprise the structural component of chromatin and are involved in
modulation of chromatin function and regulation of gene expression. The func-
tional role of histones is firmly regulated by acetylation and deacetylation of its
N-terminal serine residue. The histone acetyltransferases (HATs) and HDACs are
two distinct classes of enzymes which tightly control the equilibrium of histone
acetylation and hence its activity. An imbalance in the equilibrium of histone
acetylation causes the aberrant regulation of gene expression which led to carci-
nogenesis and cancer progression (Ouaissi and Ouaissi 2006; Gallinari et al. 2007).
HDACs have an important function in regulating DNA packaging in chromatin,
thereby affecting the transcription of genes. These are overexpressed in cancer and
aberrantly recruited by oncoproteins (Minucci and Pelicci 2006). The numerous
studies proved that the inhibition of HDAC led to the modulation of transcription
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in eukaryotic cells, and therefore HDAC inhibitors have been developed as novel
anticancer agents. Trichostatin A (TSA, 1), a natural product, was among the first
HDACi showed promising anticancer activity and demonstrated the therapeutic
potential of HDAC inhibition in cancer (Yoshida et al. 1990). This generated much
interest in the search of novel HDAC inhibitor and anticancer agents. Vorinostat, a
HDAC inhibitor (suberoylanilide hydroxamic acid, SAHA) was the first US-FDA
approved drug for the treatment of the cutaneous manifestations in patients with
advanced and refractory cutaneous T-cell lymphoma (Howman and Prince 2011).
Almost all HDAC inhibitors consist of three structural features: (i) a zinc chelating
functional group (ZCG); (ii) a hydrophobic intermediate chain; and (iii) an aro-
matic group (CAP region) (Finnin et al. 1999; Marks et al. 2000) (Fig. 1).

N

O O

N
H

OH

TSA

(1)

H
N

N
H

OH

O

O

SAHA
(2)

The 3D X-ray structure of HDAC8 (PDB entry 1T69) in complexed with
SAHA (2) showed that Zn2+ is coordinated with –CONHOH of SAHA, two
aspartic acids (Asp178 and Asp267), and one histidine residue (Fig. 2). The spacer
is covered with hydrophobic residues Phe152, Phe208, and Pro273. The CAP
region showed electrostatic interactions with Tyr100, Asp101, and Met274.

The molecular modeling studies on hydroxamic acid-based inhibitors also
revealed that the metal binding group resides deep in the binding cavity and
complexed with metal ion. The spacer (linker) remains surrounded by a tunnel of
hydrophobic residues and the capping group gets positioned toward the solvent
exposed area and interacts with the residues present at the entrance of the binding
cavity (Charrier et al. 2009). Therefore, various hydroxamic acid-based HDAC
inhibitors have been developed with structure variation in these regions.

H
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O
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Fig. 1 General structural
features of hydroxamic acid-
based HDAC inhibitors, ZCG
(Zinc chelating group)
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2.1.1 Hydroxamic Acids with Modified CAP Group

The TSA (1) and the cyclic tetrapeptides trapoxin B (3) are naturally occurring
highly potent HDAC inhibitors (Kijima et al. 1993). These natural HDAC inhib-
itors and their close analogs possess potent differentiating properties on cancer
cells in vitro, but they are cytotoxic to both normal and cancer cells. They dis-
played poor in vivo activity due to low bioavailability and rapid metabolism. To
overcome the problems associated with natural HDAC inhibitors, Glenn et al.
(2004) designed a series of compounds (4) composed of a simple cysteine scaffold
fused at the C-terminus to benzylamine, at the S-terminus to 4-butanoylhydroxa-
mate, and at the N-terminus to a small library of carboxylic acids, display struc-
tural and pharmacophoric features characteristic of known HDAC inhibitors such
as TSA (1) and trapoxin (3). Some of the compounds (5–8) displayed excellent
cytotoxic activity against MM96L melanoma cell lines and reasonable selectivity
for cancer cells over normal cells. A retinoic acid metabolism blocking agents
(RAMBAs, 9) possess anticancer activity against LNCaP prostate carcinoma cells.
The dose–response curves of 9 and SAHA (2) showed that SAHA (IC50 =

1.0 lM) was a more potent antiproliferative agent than 4 (IC50 = 5.5 lM) against
LNCaP prostate carcinoma cells. Gediya et al. (2005) evaluated the additive/
synergistic effect of 9 and SAHA (2) on the growth of LNCaP cells and observed
that the inhibition of cell growth by this combination was additive i.e., the effect
was equal to the sum of the effects of the 9 and SAHA (2), separately.

Fig. 2 2D depiction of binding site residues of HDAC8 complexed with SAHA
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Jose et al. (2004) synthesized cyclic tetrapeptide (10) and hexapeptide (11)
hydroxamic acids as HDAC6 inhibitors. 10 showed excellent HDAC6 inhibitory
activity at IC50 of 190 nM, but 11 failed to give activity even at the IC50 of
100 lM. It was suggested that loss of activity may be due to the steric hindrance
by the bulky CAP region of 11 compared to 10.
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Chen et al. (2008) reported triazolylphenyl-based hydroxamic acids as HDAC1
and HDAC6 inhibitors. These compounds were designed by modification of CAP
region with N-substituted triazolylphenyls in order to establish a rationale for their
selectivity toward HDAC6 over HDAC1. The nature and position of substitutions
on triazole ring play important role for their selectivity for HDAC6. The 12a was
identified as the most selective inhibitor of HDAC6 and showed 51-fold activity
over HDAC1. In continuation of this work, He et al. (2010) reported 12d, 12e, and
12f as HDAC1 and HDAC6 inhibitors, which showed antiproliferative activity
(IC50= 0.02–0.8 lM) in various pancreatic cancer cell lines.
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Kozikowski et al. (2008) reported novel biaryl hydroxamate (13) which showed
in vitro inhibition of HDAC1 and HDAC2 at IC50 of 4 and 27 nM, respectively. 13
also possesses anticancer activity in nanomolar potency against various pancreatic
cancer lines. Wang et al. (2010) reported 14, a close analog to SAHA (2), as
HDAC1 inhibitor and anticancer agent. 14 exhibited good HDAC1 inhibitory
activity (IC50 = 53 nM) and demonstrated good antitumor efficacy in PC3 and
HCT116 xenograft models. Salmi-Smail et al. (2010) modified the CAP region of
SAHA with substituted phenyl and high molecular weight substituents in order to
improve hydrophobicity of the new analogs. These analogs (15) have shown 10-
fold higher antileukemic activity with respect to SAHA (2) in several human
cancer cell lines. Their antiproliferative activity profile was observed in concen-
trations varying from 0.12 to [100 lM. The docking study suggested that the
aromatic moiety of 15 was involved in noncovalent interactions with the tyrosine
(Y306) residue of HDAC.
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Huang et al. (2011) presented a series of osthole derivatives (osthole: a Chinese
herbal compound) fused with the aliphatic-hydroxamate core of SAHA and
evaluated for HDACs inhibitory activities. The 16, most active compound of this
series, showed significant HDAC inhibitory activity against HDAC1, 6, and 8
(IC50 = 32.3, 15.2, and 553.4 nM, respectively). 16 also showed potent antipro-
liferative activity on several human cancer cell lines. 17 is a unique class of HDAC
inhibitor in which a 1,4-dithia-7-azaspiro head group attached with hydroxamic
acid end with a linear linker. It showed HDAC8 inhibitory (IC50 = 0.6 lM) and
antiproliferative activity against various cancer cell lines (Zhang et al. 2011c).
Rossi et al. (2011) synthesized N-substituted 4-alkylpiperazine and 4-alkylpiper-
dine hydroxamic acids and evaluated for HDAC activity (18, 19). The compounds
were evaluated for antiproliferative activity on HCT-116 colon carcinoma cells.
The 18 and 19 were showed HDAC inhibitory activity at the IC50 of 0.1 and
0.09 lM, respectively. Their antiproliferative activity (IC50) on HCT-116 colon
carcinoma cells was reported as 0.7 and 0.3 lM, respectively (SAHA
IC50 = 0.6 lM). Oanh et al. (2011) reported two series of benzothiazole-con-
taining analogs of SAHA (1) with linker length of four and six carbons, respec-
tively (20 and 21). The several compounds with 6C-bridge between benzothiazole
moiety and hydroxamic functional groups showed good inhibition of HDAC3 and
HDAC4 (IC50 * 1 lg/ml) compared to the 4C-bridge. They also exhibited potent
cytotoxicity against five cancer cell lines with average IC50 of 0.81 lg/ml.
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2.1.2 Hydroxamic Acids with Modified Linker and CAP Region

The length of spacer between CAP and ZCG is crucial for the optimum HDAC
inhibitory activity (Oanh et al. 2011). Therefore, HA-based HDAC inhibitors with
variation in linker size and structure have been reported. Jung et al. (1999) had
synthesized some HDAC inhibitors to study the effect of length of spacer (linker
between CAP and NHOH function) on the activity (22). The spacer length of five
to six carbons was found to be the optimum for the maximum efficacy (22a–c).
Bouchain et al. (2003) reported sulphonamide-hydroxamic acids as HDAC1
inhibitors (23). The synthesized compounds were evaluated for their activity on
HDAC1 and induction of histone acetylation in human bladder T24 cancer cells.
The substitution on the aryl ring of 23 by p-Me, p-tBu, and an electron-donating
group improves the activity compared to the unsubstituted compounds. Replace-
ment of the phenyl ring with a biphenyl group showed comparable HDAC1
inhibitory activity. The activity appears to be similar for sulfonamide or ‘‘reverse’’
sulfonamide while the replacement of sulphonamide function with the urea was
found detrimental for activity (23).
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Zhang et al. (2010b) developed novel HDAC8 inhibitors by using rigid 1,2,3,4-
tetrahydroisoquinoline-3-carboxylic acid fragment as a linker between CAP and
NHOH group. In activity evaluation, compounds 24 (IC50 = 1.0 lM) showed
better HDAC8 inhibitory activity than SAHA (2) (IC50 = 1.48 lM). Further
development in this series led to the identification of 25a–c which exhibited
excellent HDAC8 inhibitory activity and in vivo anticancer activities in a human
breast carcinoma xenograft model (MDA-MB-231; IC50 = 0.79, 2.20, and
2.54 lM, respectively) (Zhang et al. 2011a). The 25a was further modified to 25d,
which showed improved HDAC8 inhibitory and anticancer profile
(IC50 = 0.58 lM) (Zhang et al. 2011b).
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Catley et al. (2003) reported a novel hydroxamic acid derivative NVP-LAQ824
(26) as HDAC inhibitor and anticancer agent. The NVP-LAQ824 induces apop-
tosis in multiple myeloma (MM) cell lines resistant to conventional therapies
without any toxicity to normal marrow or peripheral blood (IC50 = 100 nM)
(Atadja et al. 2004). LBH-589 (27) is a hydroxamic acid-based HDAC inhibitor
with a structure similar to vorinostat. It was approved for phase I clinical trials for
the treatment of cutaneous T-cell lymphoma and as an oral anticancer agent. It
possesses longer half-life than vorinostat (Giles et al. 2006; Scuto et al. 2008).
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PXD101 (28) is under the phase II clinical trial for the treatment of advanced
malignant pleural mesothelioma (Ramalingam et al. 2009). It showed HDAC
inhibitory activity in HeLa cell extracts with an IC50 of 27 nM (Plumb et al. 2003).
It induces a concentration-dependent (0.2–5 lM) rise in acetylation of histone H4
in tumor cell lines. The treatment of nude mice bearing human ovarian and colon
tumor xenografts with PXD101 (10–40 mg/kg/day i.p.) daily for 7 days produced a
notable dose-dependent growth delay without any toxicity to the mice (Plumb
et al. 2002). The oxamflatin (29) is a potent HDAC inhibitor (IC50 = 15.7 nM)
and antitumor agent. It is phenyl-sulfonamide-phenyl bearing hydroxamic acid
analog. The oxamflatin possesses excellent antiproliferative activity against a
panel of human cancer cell lines in range of 0.02–1. 4 lg/ml. The study has shown
that the oxamflatin causes the accumulation of acetylated histone species in tumor
cells, and thus histone hyperacetylation is responsible for its antitumor activity. It
also induces an elongated cell shape with flamentous protrusions and arrest of the
cell cycle at the G1 phase (Sonoda et al. 1996; Kim et al. 1999). The BL1521 (30)
is a hydroxamic acid-based HDAC inhibitor and suggested as an attractive target
for selective chemotherapy in neuroblastoma. It showed more than 85% inhibition
of HDAC activity in a panel of neuroblastoma cell lines. The study has shown that
the proliferation as well as the metabolic activity of neuroblastoma cells decreased
significantly in response to treatment with BL1521 (de Ruijter et al. 2004;
Ouwehand et al. 2005).
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Dear et al. (2006) reported 31 and 32 as conformational analogs of oxamflatin.
These compounds possess significant HDAC inhibitory activity and marked
reduction in cell growth and proliferation in leukemia cells. Kim et al. (2006)
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synthesized d-lactam-based hydroxamic acids by ring closure metathesis of key
diene intermediates followed by conversion to hydroxamic acid analogs. The
HDAC inhibitory activity of synthesized compounds was evaluated against partly
purified HDAC enzyme obtained from HeLa cell lysate. Among the synthesized
compounds, 33a, b and 34 showed good HDAC inhibitory activity (IC50 = 0.67,
0.35, and 0.5 lM, respectively). Compound 33b and 34 exhibited growth inhibi-
tory activity against a panel of five cancer cell lines with the GI50 between 1.62 and
9.58 lM, but 33a failed to give anticancer activity (GI50 [ 10 lM). 35, reported
by Su et al. (2008), is a furyl hydroxamic acid derivative possess moderate activity
against HDAC1 (IC50 = 13.20 lM) and HDAC4 (IC50 = 1.10 lM), but showed
significant effect in inducing apoptosis and antiproliferative activity in HCT119
cell line.
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The compound 36, reported by (Mahboobi et al. 2009) showed good HDAC1
and HDAC6 inhibitory activity (IC50 = 0.077 and 0.036 lM), respectively and
cytotoxicity for HeLa (IC50 = 2.65 lM) and K562 (IC50 = 0.74 lM) cancer cell
lines. Wang et al. (2009) synthesized N-hydroxy-1,2-disubstituted-1H-ben-
zimdazol-5-yl acrylamides (37) as novel HDAC inhibitors. The representative
compound 37a exhibited excellent HDAC1 inhibitory activity (HDAC1
IC50 = 0.035 lM) and antitumor efficacy in a colon cancer xenograft model
(IC50 = 0.14 lM). Angibaud et al. (2010) reported a series of substituted 2-pip-
erazinyl-5-pyrimidylhydroxamic acids and evaluated for HDAC inhibiting prop-
erties and with tumor cell proliferation inhibition (38). These compounds possess
excellent HDAC inhibitory activity at nanomolar range (IC50 = 1.5–7.0 nM) and
good cell antiproliferative activity against A2780 ovarian carcinoma cancer cell
lines (IC50 = 20–392 nM).
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Charrier et al. (2009) synthesized hydroxamic acid containing benzofuranone
derivatives and evaluated for their activity on HDAC6 and lung cancer cells (NCI-
H661). These compounds were designed by replacement of methylene group of 39
by an isosteric oxygen atom to give a new family of HDAC inhibitors and anti-
proliferative agents. Antiproliferative activities against NCI-H661 nonsmall cell
lung cancer (NSCLC) cells showed that 39b is more potent (IC50 = 45 nM) than
39a (IC50 = 1 lM). The molecular modeling study of 39b revealed several
hydrophobic contacts of the dihydrofuran ring at the opening of the active site and
electrostatic interactions of the dimethylamino moiety with the polar surface of the
protein.
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Lai et al. had identified 1-arylsulfonyl-5-(N-hydroxyacrylamide) indoles as a
new class of HDAC inhibitors (40). The SAR revealed that the N-hydroxy-
acrylamide group at the C-5 position of indole ring displayed the best activity
compared to other positions like C-3, -4, -6, and -7. Compounds 40a–e possess
stronger antiproliferative activity than SAHA (2). Compound 40a showed
remarkable HDAC 1, 2, and 6 isoenzymes inhibitory activities with IC50 of 12.3,
4.0, and 1.0 nM, respectively, which are comparable to SAHA (IC50 = 8.9, 1.7,
and 5.0 nM, respectively). Dallavalle et al. (2009) reported novel biphenyl-4-yl-
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acrylohydroxamic acid derivatives (41) as HDAC inhibitors and antitumor agents.
These compounds showed HDAC2 inhibitory activity in range of 0.22–1.7 lM
(SAHA: IC50 = 0.82 lM) and exhibited significant antitumor activity.
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Kozikowski et al. (2008) reported a series of HDAC inhibitors containing an
isoxazole moiety adjacent to hydroxamic acid group (42). The antiproliferative
activity was observed against five pancreatic cancer cell lines. The compound 42a
was identified as the most active HDAC inhibitor (IC50 = 30–430 nM) of this
series. It inhibited all tested cancer cell lines. Its IC50 values were similar to those
of SAHA (2), while its amine analog (42b) moderately inhibits the cell lines.
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2.2 Human Epidermal Growth Factor Receptor-2 Inhibitors

The human EGFR/HER2 is a member of tyrosine kinase receptor family. Its
activation, either by homo- and hetero-dimerization with other member of HER
family-1 or by proteolytic cleavage (shedding) of extracellular domain (ECD)
initiates intracellular signal transduction pathways which play important role in
cell proliferation, differentiation, motility, adhesion, and survival (Arribas and
Borroto 2002; Marmor et al. 2004). The overexpression and elevated plasma level
of HER2 have been observed in various form of cancer which eventually decreases
the effectiveness of cancer treatment (Mass 2004). The human epidermal growth
factor receptor (EGFR, HER1) inhibitor erlotinib (43) and the dual EGFR/HER2
inhibitor lapatinib (44) are FDA-approved anticancer drugs for the treatment of
multiple solid tumor cancers (Press and Lenz 2007). Both drugs are derived from
the quinazoline scaffold which is an essential pharmacophore for interactions with
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EGFR/HER2. On the other hand, the hydroxamic acid class of compounds is well-
known HDAC inhibitors and anticancer agents (1, 2). In this background, Cai et al.
(2010) designed a series of multitargeted EGFR/HER2/HDAC inhibitors by
combining hydroxamic acid and quinazoline with a linker (45) (Fig. 3). In this
study, 46 was identified as the most active compound which displayed potent
in vitro inhibitory activity against, EGFR, HER2, and HDAC with an IC50 of 2.4,
15.7, and 4.4 nM, respectively. Compound 46 also exhibited excellent antipro-
liferative activity (IC50 = 0.04–0.8 lM) in selected human cancer cell lines with
better efficacy than vorinostat, erlotinib, lapatinib, and combinations of vorinostat/
erlotinib and vorinostat/lapatinib. The pharmacological studies showed that 46
promotes tumor regression or inhibition in various cancer xenograft models
including NSCLC, colon, breast, liver, pancreatic, head, and neck cancers. At
present, 46 is in clinical development.
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Yao et al. (2007) developed a novel class of conformationally restricted aza-
spiro-hydroxamic acids as selective inhibitors of HER2 sheddase (47). The com-
pound 47a–c with IC50 of 18, 13, and 68 nM, respectively for HER2 were shown
to decrease tumor growth, cleaved plasma level of HER2 ECD, and potentiate the
effects of the humanized anti-HER2 monoclonal antibody (trastuzumab) in vivo in
a HER2 overexpressing cancer murine xenograft model. Zuo et al. (2012) syn-
thesized a series of N-aryl salicylamides with a hydroxamic acid moiety as novel
HDAC–EGFR dual inhibitors (48, 49). 48 and 49 have been identified as most
potent inhibitor of HDAC and EGFR, respectively. These compounds also possess
excellent antiproliferative activity against A431 and A549 and HL-60 human
cancer cell lines.

N

O

NH
HO

O

R2R1

47a

47b

47c

H

H

CO2Me

N

N

N

R1 R2

(47)

NH

O
()6O

HO

NHOH

O

IC50 µM
EGFR = 0.90
HDAC = 1.21

(48)

NH

O
O

HO

()5 NHOH

O O
IC50 µM

EGFR = 5.16
HDAC = 0.56

(49)

2.3 Matrix Metalloproteinase Inhibitors

MMPs comprise a family of extracellular matrix degrading proteins. The MMPs
have been extensively investigated for their role in development and progression
of cancer. It has been observed that MMPs, especially MMP2 and MMP9 play key
role in cancer-related process like tumor growth, angiogenesis, and metastasis
(Curran and Murray 2000; Egeblad and Werb 2002). The MMPs contain a zinc ion
in coordination with a cysteine, glutamic acid, and three histidine residues and
required for catalytic activity. The MMPs cause the modeling and degradation of
extracellular matrix and plasminogen, and thus are implicated in invasion and
metastasis during cancer progression. They also release and cause activation of
growth factors. All these effect collectively, facilitates the angiogenesis, tumor
growth, and metastasis (McCawley and Matrisian 2000). It has been observed that
the MMPs inhibitors potentially reduce the angiogenesis and metastasis (Nelson
et al. 2000). The hydroxamic acid-based MMPs inhibitors preferentially bind to
the zinc ion at the active site of MMPs, and hence inhibit the MMPs induced
extracellular matrix degradation, angiogenesis, tumor growth, and metastasis.
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The search for MMPs inhibitor led to the identification of marimastat (50)
which showed good absorption after oral administration. It possesses broad
spectrum MMPs inhibition profile as evident by IC50 of 5, 6, 3, 16, 230, and 5 nM
against MMP1, MMP2, MMP9, MMP7, MMP3, and MMP12, respectively
(Steward and Thomas 2000; Millar et al. 1998). Marimastat showed broad spec-
trum anticancer activity but was withdrawn from the clinical trials due to its poor
therapeutic response (Sparano et al. 2004). The batimastat (51) was developed as
potent MMP2 and MMP9 inhibitor and antineoplastic agent. Under physiological
conditions, batimastat inhibits MMP2 and MMP9 with IC50 of 9 and 10 nM,
respectively. It showed broad spectrum anticancer activity but suffer from poor
oral bioavailability (Botos et al. 1996; Low et al. 1996). The prinomastat (52) is a
potent MMP inhibitor with picomolar affinities for inhibiting MMP2, MMP9,
MMP13, and MMP14 in various tumor models. It was developed for the front-line
combination chemotherapy for the patients with advanced malignancies of the
lung and prostate (Shalinsky et al. 1999). The prinomastat (52) was also withdrawn
from the Phase III clinical trials due to the lack of effectiveness in patients with
late-stage disease (Bissett et al. 2005).

It was observed that broad spectrum inhibition of MMPs led to the stiffening of
the joints in rats and development of musculoskeletal syndrome (MSS) (Ren-
kiewicz et al. 2003). The inhibition of MMP1 specifically causes the MSS.
Therefore, the MMP inhibitors (MMP2, 9, and 13) devoid of MMP1 inhibitory
activity have been developed by Becker et al. (2005). 53, a piperidine sulfone
hydroxamate, showed good inhibitory activity and selectivity for MMP2, MMP9,
and MMP13 (Ki = 0.33, 1.5, and 0.4 nM, respectively) over MMP1
(Ki = 8,660 nM). 53 also showed excellent efficacy in murine xenograft tumor
models and antiangiogenesis assays (Becker et al. 2005).
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Santos et al. (2007) reported methotrexate (54) and folic acid (55) derivatives of
hydroxamic acid as MMPs inhibitors. Both classes of compounds have shown
moderate to good MMPs inhibitory activities. In in vitro, anticancer activity
evaluation against NSCLC and prostate cancer cell lines, the MTX derivatives
54a–c showed many fold superior activity profile (IC50 = 1.8–7.5 lM) than folic
acid derivatives (IC50 = 80–150 lM). Scozzafava and Supuran (2000) reported
sulfonylated amino acid hydroxamates (56) and N-hydroxysulfonamides (57) as
human carbonic anhydrase (hCA) and MMPs dual inhibitors. The sulfonylated
amino acid hydroxamates showed better inhibitory activity for MMPs, while N-
hydroxysulfonamides (57) showed selectivity for hCA.
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56 3 0.7 0.1 0.6 107 130
57 80 90 120 100 0.9 1.2

2.4 Tumor Necrosis Factor-a Converting Enzyme Inhibitors

Tumor Necrosis Factor alpha (TNF-a) is a member of cytokine family. It is pri-
marily produced by activated macrophages and other immune cells. TNF-a is
involved in autoimmunity, homeostasis, and acute as well as chronic inflamma-
tion, and hence proposed as a viable target for rheumatoid arthritis (Alonso-Ruiz
et al. 2008). It has been observed that the TNF-a is involved in cancer-related
processes but its role in pathogenesis and treatment of cancer remains less
understood (Keystone 2011). The TNF-a mediated cell signaling pathway regu-
lates the cell proliferation and apoptosis. It is reported that TNF-a in tumor cells
induces the stimulation of growth factors and angiogenesis which results in tumor
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growth. The high level of TNF-a has been detected in wide range of tumor cells
which can be correlated with the tumor progression and pathogenesis. TNF-a
convertase enzyme (TACE) is a metalloprotein, closely related to MMPs. TACE is
responsible for the processing of pro-TNF-a to TNF-a. The recent reviews sug-
gested that the TACE inhibitors may be valuable drug candidates for cancer
(Kenny 2007; Dasgupta et al. 2009). Several MMP inhibitors, such as marimastat
(50) and AG3340 (58) possess good TACE inhibitory activity but displayed poor
pharmacokinetics properties (Barlaam et al. 1999).
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In an attempt to find potent TACE inhibitors with acceptable pharmacokinetic
profile, Barlaam et al. (1999) investigated bulky ethers, thioether, and sulfona-
mides containing hydroxamic acids (59). The bulky substituents were selected in
order to prevent action of metabolizing enzymes. In this study, the sulfonamide
series exhibited improved potency both against TACE and in whole blood assay
(WBA) compared with marimastat, while thioether or ether showed poor activity.
Optimization of sulfonamide series led to the identification of heterocyclic bicyclic
sulfonamides 59a (TACE IC50 = 0.57 nM; WBA IC50 = 0.28 lM). The 60,
reported by Kottirsch et al. (2002) is a dual inhibitor of MMP and TACE at
nanomolar potencies. It also inhibits the release of TNF-a from cells with an IC50

of 48 nM. Ott et al. (2008a) reported a,b-cyclic-b-benzamido hydroxamic acid
derivatives as a new class of TACE inhibitors (61a, b). The 61a and 61b showed
good in vitro TACE inhibitory activity at IC50 of 0.14 and 1.0 nM, respectively.
Ott et al. (2008b) also reported novel oxaspiro[4,4]nonane b-benzamido hy-
droxamic acids (62, 63, and 64) which showed excellent TACE inhibitory activity
at IC50 of 1 nM and selectivity over a wide range of MMPs.
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Lu et al. (2008) reported benzofuran, imidazopyridine, and pyrazolopyridine
containing benzamido hydroxamic acid derivatives as selective TACE inhibitors
(65). The 65a has been identified as a potent TACE inhibitor (IC50 = 2.2 nM in
pTACE and 52 nM in WBA) with good oral bioavailability.
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Gilmore et al. (2006) synthesized three series of aminohydroxamic acid analogs
i.e., a,b-cyclic-b-aminohydroxamic acid; a,a -cyclic-b-aminohydroxamic acid;
and b,b-cyclic-b-aminohydroxamic acid series (Fig. 4) and evaluated for their
efficacy for TACE in in vitro and WBA. In this study, the most active compounds
were found in b,b-cyclic-b-aminohydroxamic acid series (66). The compound (66)
showed TACE inhibitory activity (Ki) at 0.35 nM in pTACE assays and (IC50)
150 nM in WBA. The compound 67, reported by Duan et al. (2008), is also a b,b-
cyclic-b-benzamido hydroxamic acid derivative. 67 showed excellent TACE
inhibitory activity (Ki = 0.15 nM) and oral bioavailability. Holms et al. (2001)
reported macrocyclicamide hydroxamic acid analog and evaluated for TACE and
MMP inhibitory activity. The 68 was identified with good TACE inhibitory
activity (IC50 = 140 nM) but showed poor selectivity over MMPs (IC50 =

0.79–6.8 nM) (Fig. 4).
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2.5 IMP-Dehydrogenase Inhibitors

IMP-dehydrogenase (IMPDH) inhibitors possess significant ability to induce dif-
ferentiation and apoptosis (Inai et al. 1998, 2000). Mycophenolic acid (MPA, 69)
is a potent inhibitor of human IMPDH (Ki = 10 nM). Floryk et al. (2004, 2006)
studied the MPA-assisted differentiation of human prostate cancer PC-3 cells and
DU145 cells. Chong et al. (2006) reported that MPA potentially inhibits endo-
thelial cell proliferation in vitro and block tumor-induced angiogenesis in vivo.
Chen et al. (2007) reported synthesis of a series of dual inhibitors of IMPDH and
HDACs by modification in CAP region of MPA and isosteric replacement of
–COOH group of MPA by –CONHOH (70). In this study, mycophenolic hy-
droxamic acid (70a, MAHA) was identified as the most potent IMPDH
(Ki = 30 nM) and HDAC inhibitor (IC50 = 5.0 lM). The CAP region of SAHA
(2) was also modified to give compound 70b by introducing the CAP region of
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Fig. 4 Development of cyclic-b-aminohydroxamic acids
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MPA. 70b was found to inhibit IMPDH and HDAC at IC50 of 1.7 and 0.06 lM,
respectively. Both MAHA (70a, IC50 = 4.8 lM) and 70b (IC50 = 0.29 lM) were
found more potent antiproliferative agents than MAP (IC50 = 7.7 lM) and SAHA
(2, IC50 = 0.75 lM), respectively.
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2.6 Ribonucleotide Reductase Inhibitors

van’t Riet et al. (1979) reported benzohydroxamic acids (BHA) as inhibitors of
mammalian ribonucleotide reductase. 71 and 72 were showed mammalian ribo-
nucleotide reductase inhibition at the ID50 of 3.5 and 30 lM, respectively. The 71
and 72 also showed antineoplastic activity on L1210 leukemic mice.
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3 Nonspecific Hydroxamic Acid Derivatives

3.1 Benzodiazepines-Hydroxamic Acid Analogs

Some benzodiazepines like BMS-214662 (73) (Hunt et al. 2000) and BZ-423 (74)
(Sundberg et al. 2006) possess strong antiproliferative activity against wide range
of cancer cell lines. Tardibono and Miller (2009) reported a new series of 1,4-
benzodiazepines, bearing hydroxamic acid as a part of diazepine ring and their
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anticancer activities. The representative compound 75 showed 100 and 96 %
inhibition of MCF-7 and PC-3 tumor cell lines at the concentration of 20 lM.
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3.2 a-Aminosuberic-Hydroxamic Acid Analogs

Kahnberg et al. (2006) reported a series of hydroxamic acid-based anticancer
agents derived from parallel synthesis from a-aminosuberic acid. The compound
76 was identified as the most potent anticancer agent. It showed good anticancer
activity (IC50 \ 100 nM) against MM329, MM470, MM604, Mel RM, SK-Mel-
28, D17, and A2058 melanoma cells. 76 showed excellent activity (90 nM) against
the cervical carcinoma HeLa cells and found moderately selective (SI 9.7) over
normal NFF cells.
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3.3 Arylsulfonamide-Hydroxamic Acid Analogs

A disintegrin and MMPs (ADAMs, zinc endopeptidases) play important role in the
cleavage and release of substrates that are involved in cancer cell proliferation and
progression (Mochizuki and Okada 2007). On the other hand, the activated leu-
kocyte cell adhesion molecule (ALCAM) involved in homeostasis and cellular
architecture by cell–cell and cell–matrix interactions. The studies have shown that
ALCAM is involved in tumor biology and development (Swart et al. 2005). This
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has been observed that the ALCAM is expressed at the surface of epithelial
ovarian cancer (EOC) cells and is released in a soluble form (sALCAM) by
ADAM-17 mediated shedding (Piazza 2005). Nuti et al. (2010) reported aryl-
sulfonamide-based hydroxamic acid inhibitors of ADAM-17 and ALCAM. 77a
and 77b are representatives of this class of compounds showing ADAM-17
inhibitory activity (IC50 = 1.6 and 0.7 nM), respectively. These compounds also
inhibit the release of sALCAM at IC50 of 11 and 15 nM, respectively, from A2774
(human EOC cells) cell lines.
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3.4 N-Alkylated Amino Acid-Derived Hydroxamate

Stanger et al. (2006) reported novel N-alkylated amino acid-derived hydroxamate, 2-
[Benzyl-(2-nitrobenzenesulfonyl)-amino]-N-hydroxy-3-methyl-N-propyl-butyramide
(NAHA, 78) as antiproliferative agent. Jiang et al. (2012) reported the anticancer
profile of NAHA against human breast cancer cells MDA-MB-231 in vitro and in vivo.
The NAHA (78), inhibited the growth of human breast cancer cells at IC50 of 30 lM.
It was found very active against highly invasive human breast cancer cells MDA-MB-
231. It showed 84% suppression in proliferation of MDA-MB-231 at 50 lM.
The suggested underline mechanism of the suppression of MDA-MB-231 includes
the inhibition of mitotic figures, induction of apoptosis, and the reduction of CD31
and VEGF positive cells in tumors.
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3.5 Retrohydroxamates

Amamistatins A and B (79, linear lipopeptides) are natural products from acti-
nomycete Nocardia asteroids (Kokubo et al. 2000). Both, Amamistatins A and B
possess antiproliferative activity against MCF-7, A549, and MKN45 human tumor
cell lines (IC50 = 0.24–0.56 lM). Compound 80, an amamistatin-based retro-
hydroxamate exhibited 73% inhibition of HDAC activity at the 10 lM concen-
tration and 65% growth inhibition of MCF-7 cell lines (breast cancer) at 20 lM
concentration (Fennell and Miller 2007).
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4 Future Prospects and Concluding Remarks

The metalloenzymes, i.e., HDAC, MMPs and TACE, and kinases, i.e., human
EGFR/HER2 are attractive targets for the development of anticancer agents. The
various classes on hydroxamic acid derivatives have been studied for their relative
affinities toward these anticancer drug targets. Batimastat (51) and prinomastat
(52) (MMPs inhibitors); marimastat (TACE/MMPs inhibitors) etc., have been
identified as a potential anticancer agents, but these drug molecules have been
withdrawn from the clinical trials due to either poor pharmacological response in
cancer patient or due to insufficient bioavailability. The hydroxamic acid deriva-
tives are also suffered from poor selectivity for cancer cells over normal cells.
However, efforts have been made by judicious and careful selection of scaffold to
overcome these problems but therapeutically acceptable hydroxamic acid-based
anticancer agent is still not available. The new scaffolds like N-substituted 4-
alkylpiperazine and 4-alkylpiperdine hydroxamic acids (18, 19), osthole deriva-
tives (16), 1,2,3,4-tetrahydroisoquinoline-3-carboxylic acids (24 and 45), N-
alkylated amino acid-derived hydroxamate (78) rise a hope to develop potential
anticancer agents.
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Quantitative Structure–Activity
Relationship Studies on Hydroxamic
Acids Acting as Histone Deacetylase
Inhibitors

Dimitra Hadjipavlou-Litina and Eleni Pontiki

Abstract Hydroxamic acids have been found to react with both proteins and
nucleic acids attracting increasing attention for their potential as highly efficacious
in combating various biological targets, free radicals, and biological disorders
among them cancer and inflammation. The reactivity of hydroxamic acids toward
sulfhydryl groups and metal ions of proteins has been suggested to be the reason
for their inhibitory effect on various enzymes. The ability of the hydroxamic acid
functionality to form chelates with metals in the enzyme’s active site is considered
to be an important functional feature for a metalloenzyme inhibition. Many
approaches in developing hydroxamic drugs, such as trichostatin and vorinostat,
that interfere with (metallo) enzymes and act as anticancer drugs have been pur-
sued over the past few decades. We present here a brief review of the QSAR and
molecular modeling studies performed on hydroxamic acid derivatives acting as
histone deacetylase inhibitors that have been studied as anticancer agents. These
studies have shown that the anticancer activity of these compounds is basically
controlled by their hydrophobic and steric properties.

Keywords Hydroxamic acids � Anticancer compounds � Quantitative structure-
activity relationships � Comparative molecular field analysis � Comparative
molecular similarity indices analysis � Histone deacetylase inhibitors
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1 Introduction

Hydroxamic acids constitute a chemical class sharing the same functional group in
which a hydroxylamine is inserted into a carboxylic acid. Their general structure is
R–CO–NH–OH, with a CO carbonyl group, and a hydroxylamine residue NH2–
OH. Since Lossen discovered the first of these acids more than 100 years ago, an
extraordinary amount of work has been published (Murri et al. 2002; Lipczynska-
Kochany 1988). In recent years, hydroxamic acid and derivatives have attracted
increasing attention for their potential as highly efficacious in combating various
biological targets. The chemistry and biochemistry of hydroxamic acids and their
derivatives have attracted considerable attention, due to their pharmacological,
toxicological, and pathological properties. Hydroxamic acids have been found to
react with both proteins and nucleic acids (Niemeyer et al. 1989). The reactivity of
hydroxamic acids toward sulfhydryl groups of proteins has been suggested to be
the reason for their inhibitory effect on various enzymes. They are capable of the
inhibition of a variety of enzymes. In terms of structure-activity relationships,
hydroxamic acids moieties have been used in the design of therapeutic agents
targeting cancer (Steward and Thomas 2000; Munster et al. 2001), cardiovascular
diseases (Muri et al. 2002), Alzheimer’s (Parvathy et al. 1998; El Yazal and Pang
2000), metal poisoning (Domingo 1998), iron-overload (Turcot et al. 2000), and as
antioxidants (Green et al. 1993; Taira et al. 2002). The following is an attempt to
describe in terms of (Q)SAR the role of hydroxamates as anticancer agents.

2 Hydroxamic Acids as Histone Deacetylase Inhibitors

For the last four decades, a number of potential targets have been proposed for the
treatment of cancer. One of the recent targets is histone deacetylase (HDAC).
Modification of histone acetylation level, promoted by histone acetyl-transferase
(HAT) and HDAC enzymes, has been recognized to play an important role in the
epigenetic modulation of gene expression. Histone acetyltransferases (HATs) and
histone deacetylases (HDACs) are two opposing classes of enzymes, which tightly
control the equilibrium of histone acetylation. Nucleosomal histone acetylation
and deacetylation play an important role in the modulation of chromatin structure,
chromatin function, and in the regulation of gene expression. An imbalance in the
equilibrium of histone acetylation has been associated with carcinogenesis and
cancer progression from rare leukemias and lymphomas to breast, prostate and
ovarian cancers. The enzymatic inhibition of histone deacetylases (HDACs) has
come out as a novel and efficient means for the treatment of these cancers. Inhi-
bition of HDACs induces cell differentiation, apoptosis, and cell-cycle arrest in
several cancer cell lines and in vivo preclinical models and thus HDAC inhibitors
present a promising class of anticancer agents. More than 80 clinical trials are
underway, testing different HDAC inhibitors in several kinds of malignant
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diseases. HDAC inhibitors are able to activate differentiation, to arrest the cell
cycle in G1 and/or G2, and to induce apoptosis in transformed or cancer cells. So
far, a number of structurally distinct classes of compounds have been identified as
HDAC inhibitors including the short-chain fatty acids, hydroxamates, cyclic tet-
rapeptides, and benzamides. These compounds lead to an accumulation of acet-
ylated histone proteins both in tumor cells and in normal tissues. Several clinical
trials have shown that HDAC inhibitors in well-tolerated doses have significant
antitumoral activities. Half of the HDAC inhibitors under trial have the
hydroxamic acid moiety, a typical zinc-binding group. One of them, SAHA, is the
first HADC inhibitor that has been approved by FDA for the second line treatment
of cutaneous T cell lymphoma.

Quantitative structure-activity relationships (QSAR) studies have been reported
on HDAC inhibitors in order to identify the structural determinants for anticancer
activity.

2.1 Quantitative Structure-Activity Relationships

The quantitative structure-activity relationship (QSAR) studies have been of great
importance in the drug design. They try to explain the observed variations in
biological activities of a group of congeners in terms of molecular variations
caused by a change in the substituents. Thus, they also throw the light on the
mechanism of drug-receptor interactions. Among the various approaches applied
to QSAR studies, the most historical and fundamental has been the parametric
method developed by Hansch, which correlates the biological activity of mole-
cules with their physicochemical, electronic, and steric properties. This parametric
method by Hansch has been called as Hansch Analysis. However, it is also called
the extra thermodynamic method or linear free energy-related approach as all the
molecular descriptors used in this method as well as biological activity terms are
linear free energy-related terms derived from rate or equilibrium constants.
Besides linear free energy-related terms, this method also uses several mathe-
matical descriptors, i.e., topological indices, such as Wienerr index, Hosoya index,
Randic’s molecular connectivity index, and many more defined by various authors
and initially used in quantitative structure-property relationship (QSPR) studies.

Apart from the Hansch approach, there have been a few more approaches, e.g.,
Free-Wilson, or Fujita-Ban approach, discriminated analysis, and pattern recog-
nition technique (Gupta 2011) that have been successfully applied to QSAR
studies. Additionally, there have been some manual stepwise methods, such as
Topliss operation scheme, Craig plots, Fibonacci search method, and sequential
simplex strategy (Siverman 2004); but these approaches have been of limited use.

All the above-mentioned QSAR approaches are related to 2-D structures of the
molecules. With the advent of computer technologies came the era of 3D-QSAR
studies which led to the development of methods such as distance geometry
approach, comparative molecular field analysis (COMFA), comparative molecular
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similarity indices analysis (COMSIA), hypothetical active site lattice (HASL)
technique, de novo ligand design, docking (Gupta 2011), etc.

The QSAR studies on HDAC inhibitors that we are going to describe here have
mostly used the 2-D Hansch approach or 3-D COMSIA or COMFA. The CoMFA
calculates the steric and electrostatic interaction energies for a molecule binding
with the receptor and CoMSIA is simply a modified version of CoMFA which not
only calculates the steric and electrostatic interaction energies but also the
hydrophobic and hydrogen-bond energies. In both the methods, the different
interaction energies calculated for a series of molecules at different grid points are
correlated with the biological activity using partial least square (PLS) method, also
known as projection to latent structures technique, and are represented as 3-D
contour maps in which contours of various colors represent locations on the
molecular structure where low or high steric, electrostatic, hydrophobic, hydrogen-
bond donor, and/or hydrogen-bond acceptor interactions would take place. A
detailed discussion of these methods can be found in (Gupta 2011).

The PLS regression analysis is an alternative approach to the linear multiple
regression analysis. It is used when the number of independent variables
(descriptors) is relatively high compared to the number of data points (number of
compounds in a given series) and several of the independent variables are mutually
correlated. In such a situation, the PLS analysis generates latent variables from the
linear combinations of the descriptors. These latent variables, which are orthog-
onal to each other, are then used to correlate the dependent variables. The quality
of a PLS model can be assessed graphically by plotting the values of the dependent
variable predicted by the model against the measured ones and its predictive
ability is judged by calculating the cross-validated r2 (r2

cv or Q2) (Gupta 2011).

2.2 Results and Discussion

A QSAR study was reported by Xie et al. (2004) for 124 compounds collected
from various sources. A highly predictive QSAR model with r2 = 0.76 and leave-
one-out cross-validated r2 = 0.73 was obtained. The overall rate of cross-validated
correct prediction of the classification model was around 92 %. The QSAR and the
classification models provided direct guidance to the internal programs for iden-
tifying and optimizing HDAC inhibitors. Limitations of the models were also
discussed by the investigators.

Wang et al. (2004) developed QSAR models for a series of new trichostatin A
(TSA)-like hydroxamic acids (Fig. 1) for the inhibition of cell proliferation of
standard PC-3 cell line using molecular descriptors from Quikprop and electronic
parameters.

The predictive ability of the proposed model was investigated using a cross-
validation method. The descriptors used were: molecular weight (MW), the total
solvent accessible surface area (SASA), the hydrophilic component of the solvent-
accessible surface area (FISA), the weak polar component of the solvent-accessible
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surface area (WPSA), an index of cohesive interactions in solids (ACxDN), the
globularity of the compound (Glob) (4pr2/SASA, whereas r is the radius of a sphere
with a volume equal to the molecular volume), calculated octanol/water partition
coefficient (LogP), and the PM3 atomic charge on the carbon atom of the CONHOH
moiety (Qco). The derived QSAR models (Eqs. 1 and 2) reflected a PC3 cellular
response driven by a net contribution of a mixture of the different HDAC enzyme in
the cell as well as a contribution from the transport properties of the compounds.

pIC50 lMð Þ ¼ 1:96þ 14:08Qco� 15:73Globþ 0:05FISA

R ¼ 0:96; R2 ¼ 0:92; N ¼ 19; F ¼ 59:25

t-value : 4:33 Qcoð Þ; �4:02 Globð Þ; 9:70 FISAð Þ
ð1Þ

pIC50 lMð Þ ¼ 0:44þ 422:85ACxDN� 10:03Globþ 1:26log P

R2 ¼ 0:90; N ¼ 19; F ¼ 46:63

t-value :8:377 ACxDNð Þ; �1:551 Globð Þ; 3:844 log Pð Þ
ð2Þ

Equations 1 and 2 showed good linear relationship having a squared correlation
coefficient R2 of 0.96 and 0.90. Collinearity and multicollinearity tests were per-
formed. Both models passed the colinearity test, while the second equation failed
the multicollinearity test.

Park and Lee (2004) applied a computational protocol sequentially involving
homology modeling, docking experiments, molecular dynamics simulation, and
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free energy perturbation calculations in order to find the structural features of
HDACIs that can increase their activity. With the newly developed force field
parameters for the coordination environment of the catalytic zinc ion, FEP cal-
culations could successfully predict the rank orders for 12 derivatives of three
hydroxamate-based inhibitor scaffolds with indole amide, pyrrole, and sulfon-
amide moieties (Fig. 2).

The free energy of an inhibitor in aqueous solution proved to be an important
factor in determining the binding free energy, showing that the increased stabil-
ization in solution due to structural modifications must be overcome by the
enzyme-inhibitor interaction. Introduction of a hydrogen-bond donor at the
hydrophobic head is found to increase the inhibitory activity due to the formation
of a hydrogen bond with the side chain of Asp99. Further optimization of the
inhibitory potency can be achieved by elongating or enlarging the hydrophobic
head so that hydrophobic interactions with Pro29 and His28, components of the
flexible loop at the top of the active site, can be facilitated.

Docking simulations and 3-D quantitative structure-activity relationship
(3D-QSAR) analysis were conducted by Guo et al. (2005) on a series of 29
substituted hydroxamic acid-based HDAC inhibitors with an indole amide residue
at the terminus (Fig. 3) (Dai et al. 2003).

3D-QSAR models were developed using comparative molecular field analysis
(CoMFA) and comparative molecular similarity indices analysis (CoMSIA). This
study included two parts. The first demonstrated the common binding mode of
indole amide hydroxamic acid inhibitors with HDAC, and the other derived QSAR
models to find the main intermolecular interactions between inhibitors and HDAC
and to predict accurately activities of newly designed inhibitors. These models
could also offer valuable information about structural modification for designing
new inhibitors with higher potency against HDAC.

Selected ligands were docked into the active site of human HDAC1 using the
FlexX program interfaced with SYBYL 6.9. Based on the docking results, a novel
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binding mode of indole amide analogues in the human HDAC1 catalytic core was
presented, and enzyme/inhibitor interactions were discussed. The indole amide
group was located in the open pocket and anchored to the protein through a pair of
hydrogen bonds with Asp99 O-atom and amide NH group on ligand. Based on the
binding mode, predictive 3D-QSAR models were established, which had the
values of conventional r2 and cross-validated r2 (r2

cv) as 0.982 and 0.601 for
CoMFA and 0.954 and 0.598 for CoMSIA, respectively.

The five similarity indices in CoMSIA (steric, electrostatic, hydrophobic,
H-bond donor, and H-bond acceptor descriptors) were calculated using a C1+ probe
atom with a radius of 1.0 Å placed at regular grid spacing of 2 Å. The derived
CoMFA and CoMSIA descriptors above were used as explanatory variables, and
pIC50 values were used as the target variable in PLS analysis to derive 3D-QSAR
models using the implementation in the SYBYL package. The conventional cor-
relation coefficient, r2, and its standard error, S, were also computed for the final
PLS models. CoMFA and CoMSIA coefficient maps were generated by interpo-
lation of the pairwise products between the PLS coefficients and the standard
deviations of the corresponding CoMFA or CoMSIA descriptor values.

Both CoMFA and CoMSIA models showed similar predictive capabilities. A
comparison of the 3D-QSAR field contributions with the structural features of the
binding site showed good correlation between the two analyses. The results of 3D-
QSAR and docking studies validated each other and provided insight into the
structural requirements for activity of this class of molecules as HDAC inhibitors.
The CoMFA and CoMSIA PLS contour maps and MOLCAD-generated active site
electrostatic, lipophilicity, and hydrogen-bonding potential surface maps, as well
as the docking studies, provided good insights into inhibitor–HDAC interactions at
the molecular level.

Lu et al. (2005) provided a novel strategy of tethering short-chain fatty acids
(valproate, butyrate, phenylacetate, and phenylbutyrate) with Zn2+-chelating
motifs through different aromatic amino acid linkers to develop a novel class of
HDAC inhibitors. N-hydroxy-4-(4-phenylbutyryl-amino)benzamide (HTPB), a
hydroxamate-tethered phenylbutyrate derivative proved to be the optimal HDACI.
In this study, a structure-based optimization of HTPB was carried out using the
framework generated by the crystal structure of histone deacetylase-like protein
HDLP-TSA complexes.

Comparison of the HTPB docking versus TSA into the HDLP binding domain
revealed unique structural features responsible for the activity. For both molecules,
hydrophobic and/or p–p interactions of its scaffold with the Phe-141/Phe-198 and
Tyr-91/Glu-92 subdomains play an important role in anchoring the ligand to allow
optimal access of the hydroxamate group to the zinc cation. Docking studies
suggested that the hydrophobic microenvironment encompassed by Phe-198 and
Phe-200 could be exploited for designing more active derivatives. This premise
was corroborated by the greater potency of (S)-(+)-N-hydroxy-4-(3-methyl-2-
phenylbutyrylamino)-benzamide (IC50 for HDAC inhibition = 16 nM) (Fig. 4), of
which the isopropyl moiety was favorable for interacting with this hydrophobic
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motif. For the (S)-derivative, a high degree of flexibility was found in the active-
site pocket to allow for the design of novel inhibitors with distinct stereo electronic
properties.

Liu et al. (2005) obtained a CoMFA model for a series of sulfonamide hy-
droxamic acids HDACIs (Fig. 5). The derived model presented a good cross-
validated correlation (q2 = 0.704). The non-cross-validated partial least squares
(PLS) model was also well built and analyzed by the prediction of the activity data
by CoMFA steric, and electrostatic contours. The results showed that steric field
(0.697) played a better role than the electrostatic field (0.303). Additionally, larger
groups at R5-position and smaller groups at the R1-position were found to favor the
activity.

Docking simulation and 3-D quantitative structure-activity relationships (3D-
QSARs) analysis were conducted by Ragno et al. (2006) on a large series of
compounds, including TSA, SAHA, belonging to the four different series of hy-
droxamic acids: TSA amide analogues (TAAs) (Jung et al. 1999), SAHA phen-
ylalanine containing analogues (SPACAs) (Wittich et al. 2002), aroyl-pyrrolyl-
hydroxy-amides (APHA1), and APHA2 (Mai et al. 2002, 2003a, b, 2004; Massa
et al. 2001) (Fig. 6). The studies were performed using the GRID/GOLPE com-
bination and led to twelve 3-D QSAR models (Tables 1 and 2) which all displayed
high statistical coefficient values.

Compared to previous studies on similar inhibitors, the present 3-D QSAR
investigation proved to be of higher statistical value. From the 3-D QSAR model
interpretation, using the structure of a virtual HDAC 1, it was possible to depict the
areas around the training set (ligand-based approach) and enzyme residues
(structure-based approach), in order to have a potent HDAC inhibitor. A com-
parison of the 3-D QSAR maps with the structural features of the binding site
showed good correlation.

In order to gain further insight into the structural requirements of HDAC
inhibitors, Juvale et al. (2006) performed a 3D-QSAR study using comparative
molecular field analysis (CoMFA) and comparative molecular similarity indices
analysis (CoMSIA). The data set consisted of 57 hydroxamic acid analogues taken
from the literature (Jung et al. 1999; Remiszewski et al. 2002; Woo et al. 2002).
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Table 1 Statistical results of the 3-D QSAR models 1–8

Model Series Alignement Na Varsb PCc r2 q2 SDEPCV

1 TAAs TSA-based 26 622 2 0.98 0.85 0.62
2 TAAs SAHA-based 26 930 2 0.96 0.73 0.85
3 SPACAs TSA-based 21 780 3 0.98 0.72 0.29
4 SPACAs SAHA-based 21 805 3 0.99 0.66 0.32
5 APHA1 TSA-based 31 609 3 0.98 0.78 0.57
6 APHA1 SAHA-based 31 885 3 0.98 0.78 0.57
7 APHA2 TSA-based 31 745 3 0.97 0.76 0.62
8 APHA2 SAHA-based 31 753 2 0.95 0.78 0.62

a Number of compounds used in the model
b Number of selected variables
c Number of principal components which showed the maximum q2 value

Table 2 Statistical results of the 3-D QSAR models 9–12
Model Series Alignement Na Varsb PCc r2 q2 SDEPCV SDEPtest set-1 SDEPtest set-2

9 United TSA-
based

103 726 3 0.90 0.75 0.69 1.20 1.46

10 United SAHA-
based

103 829 2 0.83 0.71 0.74 1.00 1.39

11 United
OAd

TSA-
based

71 659 3 0.94 0.83 0.41 1.30 1.06

12 United
OAd

SAHA-
based

71 770 3 0.91 0.75 0.51 0.96 0.99

a Number of compounds used in the model
b Number of selected variables
c Number of principal components which showed the maximum q2 value
d OA only active compounds were used in the training set
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QSAR models were derived from a training set of 40 molecules. A test set con-
sisting of 17 molecules was used to check the external predictive ability of the
CoMFA and CoMSIA models. For the superposition of the molecules on the
template structure/molecule (the most active molecule) three different techniques
were applied, namely RMS alignment (atom-based), multifit alignment (flexible
fitting), and the SYBYL QSAR rigid body field alignment. The statistical quality
of the QSAR models was assessed using the parameters r2

conv, r2
cv and r2

pred. In
addition to the steric and electronic fields, Clog P (calculated using ClogP/CMR
application within Sybyl 6.9.1.) was also taken as a descriptor to account for
lipophilicity. It has been proved that ClogP as an additional descriptor increased
the statistical significance of the model, indicating that lipophilicity enhances the
HDAC inhibitory activity.

By comparing the results of the different alignments, the atom-based alignment
with the hydroxamic acid functional group gave a better result than other atom-
based alignment, highlighting the importance of the interaction of hydroxamic
acids with the enzyme residues. Of all these alignments, the field fit alignment
(along with ClogP) resulted the best in CoMFA model. The same alignment was
also considered for CoMSIA where all five fields were considered in different
combinations. The resulting models had good values of conventional r2

conv and
cross-validated r2

cv –0.910 and 0.502 for CoMFA and 0.987 and 0.534 for
CoMSIA, respectively.

Jaiswal et al. (2006) performed a QSAR analysis on a set of sulfonamide
derivatives (Fig. 7) studied for their HDAC inhibition activity by Bouchain et al.
(2003). The compounds were subjected to energy minimization and the lowest
energy structure of each was used to calculate physicochemical parameters related
to the thermodynamic, steric, and electronic properties of all the molecules. The
best correlation revealed by a multiple regression was as shown by Eq. 3, which
suggests an important role for the energy of highest occupied molecular orbital
(HOMO) and torsion energy (TOE).

pIC50 ¼ �8:377 �3:635ð Þ � 1:668 �0:409ð ÞHOMO � 0:0263 �0:0186ð ÞTOE

n ¼ 24; R ¼ 0:881; %EV ¼ 77:6; variance ¼ 0:138; Std ¼ 0:372431;

Fð3;20Þ ¼ 36:369; Chance\0:01; SPRESS ¼ 0:422; SDEP ¼ 0:395;

q2
LOO ¼ 0:711 ð3Þ

The HOMO descriptor bears a negative coefficient in the model, indicating that
electron-withdrawing substituents will increase the affinity of sulfonamide deriv-
atives toward histone deacetylase. Similarly, the negative coefficient of TOE

O
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Y
XArFig. 7 General structure of

sulfonamide analogues
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suggests that bulky substituents are not tolerable for HDAC inhibitory activity of
these compounds.

The model has a good correlation coefficient of 0.881 with 77.6 % explained
variance in the HDAC inhibitory activity. F statistics indicated statistical signifi-
cance at 99 %. Its explained variance in the activity is 77.6 % with low standard
deviation value (0.37) and it has good predictive ability with q2

LOO = 0.711
obtained by leave-one-out (LOO) method.

Wagh et al. (2006) reported a 3-D quantitative structure-activity relationship
(3D-QSAR) study for a series of hydroxamic acid analogues using genetic func-
tion approximation (GFA). QSAR models were generated using a training set of 39
molecules and the predictive ability of final model was assessed using a test set of
17 molecules. The obtained QSAR model presented internal consistency of 0.712
and good external predictivity of 0.585. The results of the present QSAR study
indicated that molecular shape analysis (MSA) and thermodynamic and structural
descriptors are important for HDAC inhibition.

Dawson et al. (2007) conducted a QSAR analysis on the apoptotic and anti-
proliferative activities of small heterodimer partner (SHP) nuclear receptor ligand,
(E)-4-[30-(1-adamantyl)-40A-hydroxyphenyl]-3-chlorocinnamic acid (3-Cl-AHPC),
which was derived from 6-[30-(1-adamantyl)-40-hydroxyphenyl]-2-naphthalene-
carboxylic acid (AHPN), and several carboxyl isosteric or hydrogen-bond
accepting analogues. 3-Cl-AHPC continued to be the most effective apoptotic
agent, whereas tetrazole, thiazolidine-2,4-dione, methyldinitrile, hydroxamic acid,
boronic acid, 2-oxoaldehyde, and ethyl phosphonic acid hydrogen-bond acceptor
analogues were inactive or less efficient inducers of KG-1 acute myeloid leukemia
and MDA-MB-231 breast, H292 lung, and DU-145 prostate cancer cell apoptosis.
Similarly, 3-Cl-AHPC was the most potent inhibitor of cell proliferation.

A fragment-based QSAR study was conducted to identify the core recognition
elements of 55 analogues of AHPN and AHPC (Fig. 8) in apoptosis (MDA-MB-
231). The ‘overlap rule’ was used to align the training set in SYBYL QSAR; and
for the comparative molecular similarity index analysis (CoMSIA), electrostatic,
hydrophobic, and steric fields were computed on a grid surrounding the overlapped
ligands. The resulting CoMSIA analysis for apoptosis induction in MDA-MB-231
breast cancer cells resulted in a predictive R2 of 0.78 and an un-cross-validated R2

of 0.95 with a standard error of 0.45. It is a 3-D seven-point descriptive model with
the following components: components 1 and 2, hydrogen-bond acceptor; 3,
hydrogen-bond donor/acceptor; 4, hydrophobic ring; 5, hydrophobic group; 6,
sterically accessible hydrophobic region; and 7, sterically accessible polar-per-
missible region. Key polar points include two adjacent hydrogen-bond acceptor
groups and a hydrogen-bond donor/acceptor group. According to the resulting
model the dimensions of the elements and their minima in computed electrostatic
potential on the van der Waals surface of the fragments was found to play a major
role in determining growth inhibitory activity.

Katritzky et al. (2007) tried to compare 2D- and 3D-QSAR approaches in order
to correlate the inhibitory activity of a series of indole amide hydroxamic acids.
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The molecules (Fig. 9) and the biological data for the study were obtained from
the work of Dai et al. (2003). The study involved two alternative treatments of the
activity data for the inhibition of HDACs: (i) a QSAR modeling, by multilinear
regression performed by the CODESSA-PRO software which calculated about 800
different constitutional, geometrical, topological, electrostatic, quantum chemical,
and thermodynamic molecular descriptors and (ii) a 3D-QSAR analysis using
CoMFA method as implemented in the Chem-X software combined with a
Weighted Least Squares method (WLS) for important regional mapping and
docking analysis. A Partial Least Squares (PLS) procedure generated the principal
components needed to build a 3D-QSAR model. All descriptors used in 2D-QSAR
were derived solely from molecular structure.

A Best Multilinear Regression Method (BMLR) applied for 2D-QSR revealed
the following correlation.

log IC50 ¼ �25:31 �3:20ð ÞABOC� 9:40� 10�3 �9:98� 10�4
� �

TMSA

þ 34:59 �3:67ð Þ
N ¼ 36; R2 ¼ 0:778; R2

CVOO ¼ 0:721; R2
CVMO ¼ 0:721;

F ¼ 57:71; s ¼ 0:328

ð4Þ

In the above equation, ABOC is the average bond order for atom C and TMSA
is the total molecular surface area. Molecular size and shape affect almost all
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chemical processes. The TMSA descriptor is based on a calculation of van der
Waals radii of the atoms and mainly reflects steric interactions. The ABOC
descriptor defines the degree of unsaturation/aromaticity of the structure and its
flexibility, which is related to the transport properties and the surface recognition
profile of the molecules.

In 3D-QSAR analysis, the PLS model that used principal components exhibited
the steric interactions with the following statistical parameters: R2 = 0.881, pre-
dictive R2 = 0.708, Q2 = 0.540, predictive ERROR = 0.389. When four outliers
were excluded, statistical parameters were as R2 = 0.937, predictive R2 = 0.811,
Q2 = 0.624, predictive ERROR = 0.322. The correlation coefficient of this pre-
diction was R2

ext ¼ 0:715. By using the Weighted Least Square (WLS) method, R2

maps for the steric and electrostatic fields were generated separately. The initial
PLS model based on electrostatic fields had the following statistical parameters:
R2 = 0.789, predictive R2 = 0.642, Q2 = 0.280, predictive ERROR = 0.431 and
after the removal of four outliers R2 = 0.931, predictive R2 = 0.847, Q2 = 0.434,
predictive ERROR = 0.295. The external predictive power of this model was
evaluated and the correlation coefficient of this prediction R2

ext was as 0.552. It
suggests that the steric effect made a higher contribution to the biological activity
than the electrostatic interaction.

Using HDAC inhibition data of Moradei et al. (2006) on some aminophenyl-
benzamide and acrylamide derivatives (Fig. 10), Dessalew (2007) carried out a
2-D, 2D-QSAR study that had revealed Eq. (5), where L refers to Verloop’s length
parameter and B2 and B3 Verloop’s width parameters of substituents orthogonal to
length opposite to each other. This equation suggests that only the width of one
side of substituents would be advantageous and the other two steric parameters
will be detrimental to the activity.

pIC50 ¼ �0:214845Lþ 0:452952875B2 � 0:2152599B3 þ 2:5249031

r2 ¼ 0:725; r2
cv ¼ :594; r2

pred ¼ 0:577
ð5Þ

Ragno et al. (2008) performed molecular modeling and 3-D QSAR studies on a
set of 25 aryloxopropenyl-pyrrolyl hydroxamates (Fig. 11) studied by Mai et al.
(2005a, b) to gain insight into their activity and selectivity against maize HD1-B
and HD1-A, the two enzymes homologous to mammalian class I and class II
HDACs, respectively. The studies had been accomplished by calculating
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alignment-independent descriptors (GRIND descriptors) using the ALMOND
software. Highly descriptive and predictive 3-D QSAR models were obtained.
Comparison of the two PLS coefficient plots revealed some similarities and dif-
ferences between the models. Both plots showed the distance between an H-
acceptor bond group (C=O) and an aromatic portion of the cap to be the most
important variable. In general, a bent molecular shape was a prerequisite for HD1-
A-selective inhibitory activity, while straight shape molecular skeleton was
observed to be selective to HD1-B. The reported 3-D QSAR models helped the
interpretation of the selectivity issue for the class I and II HDAC inhibitors.

Chen et al. (2008a, b) built quantitative pharmacophore models from a training
set of 30 diverse hydroxamic acid derivatives active as inhibitors of the HDAC1
enzyme. All pharmacophore models were generated using the Catalyst 4.10 soft-
ware (Accelrys Inc., San Diego, CA) on Silicon Graphic O2 workstation. The best
pharmacophore hypothesis consisted of five pharmacophore features, including a
hydrogen-bond donor, a hydrogen-bond acceptor, and three hydrophobic features.
It is characterized by the highest cost difference, lower errors, lowest root mean
square (rms) divergence, and best correlation coefficient of 0.924 (r = 0.924).

The type and spatial location of the chemical feature agree perfectly with the
pattern of enzyme-inhibitor interactions (MS-275 and HDAC) identified from
crystallography.

In order to investigate the potential for isoform selectivity in the inhibition of
HDACs, Kozikowski et al. (2008) designed and synthesized a small series of
ligands (Fig. 12) bearing the 2,40-diaminobiphenyl scaffold in which the para-
amino group bears an appendage containing either a hydroxamate or a mercap-
toacetamide group coupled to an amino acid residue at the ortho-amino group. For
comparison, a smaller series of substituted phenylthiazoles was also investigated
by replacing the biphenyl group with a phenylthiazole containing a substituent at
the 2-position or 3-position of the phenyl ring. This modification was explored
based on the realization that connectivity through the five-membered thiazole ring
will situate the phenyl ring substituent closer to the HDAC protein surface.

To examine the SAR of these compounds quantitatively, some QSAR equations
(Eqs. 6–11) were developed against HDAC-1,2,6,8,10, where mostly two indicator
variables, I�NHCOCH2SH and I-Thiazole, were found

pIC50 HDAC� 1ð Þ ¼ �1:844 �0:248ð ÞI�NHCOCH2SH þ 0:983 �0:149ð ÞI�Thiazole

þ 7:299 �0:114ð Þ
n ¼ 23; r2 ¼ 0:920;RMSE ¼ 0:322; p\0:0001 ð6Þ

N
NHOH

OCH3

R1

O

R

Fig. 11 Aryloxopropenyl-
pyrrolyl hydroxamides

Quantitative Structure–Activity Relationship Studies on Hydroxamic Acids 219



pIC50 HDAC-2ð Þ ¼ �1:963 �0:258ð ÞI�NHCOCH2SH þ 0:606 �0:155ð ÞI�Thiazole

þ 6:813 �0:115ð Þ
n ¼ 20; r2 ¼ 0:860; RMSE ¼ 0:326; p\0:0001 ð7Þ

pIC50 HDAC-2ð Þ ¼ �2:127 �0:195ð ÞI�NHCOCH2SH

þ 0:606 � 0:151ð ÞI�Thiazole þ 6:813 �0:112ð Þ
n ¼ 22; r2 ¼ 0:918;RMSE ¼ 0:318; p\0:0001

ð8Þ

pIC50 HDAC-6ð Þ¼�1:429 �0:246ð ÞI�NHCOCH2SHþ0:711 �0:184ð ÞI�Thiazole

þ0:046 �0:023ð Þ C logPð Þ2þ7:799 �0:163ð Þ
n¼ 23; r2¼ 0:861;RMSE¼ 0:384; p\0:0001

ð9Þ

pIC50 HDAC8ð Þ ¼ � 0:461 �0:097ð ÞI�NHCOCH2SH þ 5:668 � 0:040ð Þ
n ¼ 23; r2 ¼ 0:518;RMSE ¼ 0:176; p\0:0001

ð10Þ

pIC50 HDAC-10ð Þ ¼ �2:029 �0:222ð ÞI�NHCOCH2SH

þ 1:007 �0:153ð ÞI�Thiazole þ 7:192 �0:116ð Þ
n ¼ 22; r2 ¼ 0:916;RMSE ¼ 0:328; p\0:0001

ð11Þ

to dominate. The indicator variable I�NHCOCH2SH: takes the value of 1.0 for the
mercaptoacetamides and 0.0 for all others. The indicator variable I-Thiazole takes
the value of 1.0 for the phenylthiazoles and 0.0 for all others. In almost all the
cases mercaptoacetamides seem to be inferior to thiazoles.

Vadivelan et al. (2008) used Medichem database in order to identify HDAC
inhibitors (Fig. 13). The aim of this study was: (a) to generate pharmacophore
models as powerful search tools to be used as a 3-D query to identify lead mol-
ecules as HDAC inhibitors and (b) to utilize the pharmacophore model as a pre-
dictive tool for estimating biological activity of virtual molecules or molecules
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Fig. 12 General structures of biphenyl-bearing hydroxamates, mercaptoacetamides and phenyl-
thiazole-bearing hydroxamates
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designed on the basis of structure-activity relationship analysis. A total of 20
well-defined inhibitors representing three different chemotypes were used to
generate pharmacophore models using HypoGen module of catalyst. The best
quantitative HypoGen model consisted of four pharmacophore features: a hydro-
gen-bond acceptor, a hydrophobic aliphatic feature, and two ring aromatic fea-
tures, which were further validated for 378 known HDAC inhibitors with a
correlation coefficient of 0.897 (r = 0.897). This model was further used to
retrieve molecules from NCI database with 238,819 molecules. 4,638 molecules
were identified as hits that satisfied the 3-D query. Among them 297 presented
high, 1,433 medium, and 2,988 low activity.

A series of hydroxamic acids with the general formula R0-C(=O)NROH have
been designed, synthesized, and tested in vitro for their HDAC inhibition activity
by Rajwade et al. (2008). Multivariate analytical tool, projection to latent struc-
tures was used to develop a suitably predictive model for the purpose of optimizing
and identifying better HDACIs. The cross-validated Q2

cum values for two optimal
PLS models of hydroxamic acids were above 0.690 (remarkably higher 0.500),
indicating good predictive abilities for log(1/IC50) values of hydroxamic acids. By
partial least square regression, two QSAR models obtained revealed that, besides
the essential pharmacophore –NOHC = O moiety, retention capacity factor
(logk0), polar surface area (PSA), dipole moment (Dm), total number of hydrogen-
bond donor and acceptor atoms, H, and chlorine atoms attached in upper or/and
lower phenyl rings, were also important determinants for the inhibitory potency.

Continuing their research on N-aryl-substituted hydroxamic acids (Fig. 14),
Rajwade et al. (2009) derived a 2D-QSAR model (Eq. 12) using principal com-
ponent analysis (PCA) and partial least squares (PLS) regression.

log 1=IC50ð Þ ¼ 4:870� 10�1logkw þ 3:764� 10�1IH þ 1:966� 10�1x

� 1:646� 10�1ELUMO þ 1:515� 10�1NVEþ 17:9901

n ¼ 14; A ¼ 1; R2
x adjð ÞðcumÞ ¼ 0:334; R2

y adjð ÞðcumÞ

¼ 0:732;Q2
ðcumÞ ¼ 0:638; RMSEE ¼ 0:1153;

RMSEP ¼ 0:2954; outliers 5

ð12Þ
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X

X

(a) (b) (c)

Fig. 13 Scaffolds a, b, and c represent three class of compounds, namely, hydroxamic acids/
short-chain fatty acids, sulfa/benzamides, and cyclic tetrapeptide or epoxides, respectively

R1 N

CR2 O
OHFig. 14 N-aryl-substituted

hydroxamic acids
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The model indicated that increase in lipophilicity (logkw), presence of H atom
(IH), global electrophilicity index (x), total number of valance electrons (NVE),
and decrease in energy of lowest unoccupied orbital (ELUMO) value would increase
the activity. The cross-validated Q2

cumð Þ values for optimal PLS model of hy-
droxamic acids is 0.638 (remarkably higher than 0.50), indicating good predictive
ability for log(1/IC50) values of hydroxamic acids.

For the above case, the k-nearest neighbor molecular field analysis (kNN-MFA)
was also performed. Statistically stepwise variable selection k-nearest neighbor
molecular field analysis (SW-kNN-MFA) model was found comparatively better
as compared to other methods. The developed SW-kNN-MFA model field plot
indicated that the positive steric and electric potential were favorable for the
increase in the activity and thus more bulky substituent at the 5-position of phenyl
ring connected at amide group and less electronegative substituent at 3-position of
phenyl ring connected to carboxyl group were postulated to be favorable for the
increase in the potency of the molecules.

The biological data obtained by Price et al. (2007a, b) on a series of thienyl-
based hydroxamic acids (Fig. 15) were analyzed by three groups of workers,
Zhang et al. (2009), Pontiki and Hadjipavlou-Litina (2012), Melagraki et al.
(2009). In order to rationalize the observed variance in inhibitory activity of these
compounds, to propose a possible mechanism of antitumor activity and to guide
the synthesis of additional compounds, Zhang et al. applied CoMFA and CoMSIA
techniques. Models obtained by both the techniques exhibited the importance of
steric, hydrophobic, and H-bond donor fields in the activity of the compounds.

Melagraki et al. (2009) performed a simple multiple regression analysis on a set
of 58 compounds of the same series. For a training set of 45 compounds they
obtained Eq. 13, in which DPL refers to the dipole moment of the compound,
PMIX the principal moment of inertia along X-axis, ShpC the shape coefficient,
TopoJ Balaban topological index, and ChiInf0 the Randic information index of
zero order. This equation suggests that only Balaban topological index would have
the favorable effect and other variables would have negative effect.

log 1=IC50ð Þ ¼ 5:69� 0:0762 DPL� 0:000441 PMIX � 2:11 ShpC

þ 3:87 TopoJ� 4:35 ChiInf0

n ¼ 45; S ¼ 0:34; R2 ¼ 0:78; RMS ¼ 0:34;R2
adj

¼ 0:75; Q2 ¼ 0:68; PRESS ¼ 6:59; F ¼ 26:870

ð13Þ

For a set of 34 compounds of the same series, Pontiki and Hadjipavlou-Litina
(2012) derived the following 2D-model, exhibiting the importance of the molec-
ular size of the compound in their HDAC inhibition activity.

SR
NHOH

OFig. 15 Structures of
thienyl-based hydroxamic
acids
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log 1=IC50ð Þ ¼ 0:012 �0:002ð ÞMgVolþ 3:467 �0:738ð Þ
n ¼ 34; r ¼ 0:893; r2 ¼ 0:797;

q2 ¼ 0:767; s ¼ 0:368; Q ¼ 2:426; F1;32 ¼ 125:847; a ¼ 0:01

ð14Þ

Clog P vs MgVol 0:400

For a series of hydroxamate-based HDAC inhibitors (Fig. 16) collected from
the studies of Remiszewski et al. (2002), Woo et al. (2002), Lavoie et al. (2001),
Massa et al. (2001), and Delorme et al. (2001), two highly predictive and statis-
tically significant models were derived by Chen et al. (2009) from CoMFA and
CoMSIA based on pharmacophore alignment. With steric and electrostatic fields,
the CoMFA model had q2 = 0.726 and r2 = 0.998 and with steric, electrostatic,
hydrophobic, hydrogen-bond donor and acceptor fields the CoMSIA model had
q2 = 0.610 and r2 = 0.995. Both the models were validated by an external test set,
which gave a satisfactory predictive r2 value of 0.800 and 0.732, respectively. The
CoMSIA steric and electrostatic contour maps were in accordance with field
distribution of CoMFA contour maps and consistent with structure-activity rela-
tionships. 3D-QSAR models seemed to agree with the active sites of HDAC as the
amino acid residues interact with the three fragments of HDAC inhibitors with
steric, electrostatic, hydrophobic, hydrogen bond fields around them.

Pontiki et al. (2009) tested a series of aryl-acetic and hydroxamic acids
(Fig. 17) for their anticancer activity using different cancer cell lines. The activity
data were subjected by us to a 2D-QSAR analysis which revealed the following
correlations for different cell lines, where Eqs. 15 and 17

Human colon cancer cell lines (HT-29)

log 1=IC50ð Þ HT� 29ð Þ ¼ 0:041 �0:018ð ÞEsp�min

þ 0:093 �0:039ð ÞDmþ 5:543 �0:728ð Þ
n ¼ 13; r ¼ 0:872; r2 ¼ 0:760; q2 ¼ 0:573;

s ¼ 0:078; F2;10 ¼ 15:737; a ¼ 0:01

ð15Þ
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Fig. 16 Structures of hydroxamate-based HDAC inhibitors used by Chen et al
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Lung cancer cells (A-549)

log 1=IC50ð Þ A� 549ð Þ ¼ �0:002 �0:001ð ÞMgVol

þ 0:031 �0:017ð ÞEsp�minþ 5:802 �0:989ð Þ
n ¼ 12; r ¼ 0:826; r2 ¼ 0:683; q2 ¼ 0:426;

s ¼ 0:083; F2;9 ¼ 9:653; a ¼ 0:01

ð16Þ

Ovary cancer cell lines (OAW-42)

log 1=IC50ð Þ OAW� 42ð Þ ¼ 0:062 �0:028ð ÞEsp�min

þ 0:084 �0:065ð ÞDmþ 6:447 �1:142ð Þ
n ¼ 12; r ¼ 0:862; r2 ¼ 0:743; q2 ¼ 0:602;

s ¼ 0:128; F2;9 ¼ 13:038; a ¼ 0:01

ð17Þ

suggest that minimum electrostatic potential (Esp-min) and dipole moment (Dm)
of the compounds would be crucial for their activity against colon and ovary
cancer cell and lines. For lung cancer cell line, Eq. 16 however suggests that while
minimum electrostatic potential may be beneficial to the activity, the molar vol-
ume may be detrimental.

The QSAR analyses did not indicate any role for lipophilicity. Electrostatic
potential, dipole moments, and the bulk primarily affected the biological response.

Like above, Pontiki and Hadjipavlou-Litina (2012) reported 2-D QSAR results
in a recent review on several series of hydroxamic acids acting as HDAC inhibitors
as described below.

Amide Analogues of Trichostatin (Fig. 18) (Jung et al. 1999)
Lipophilicity was found to be the most significant parameter (Pontiki and

Hadjipavlou 2012).

log 1=IC50ð Þ ¼ 3:716 �1:742ð ÞClog P� 2:471 �1:347ð Þ Clog Pð Þ2

þ 5:702 �0:404ð Þ
n ¼ 9; r ¼ 0:925; r2 ¼ 0:856; q2 ¼ 0:713;

s ¼ 0:196; Q ¼ 4:719; F2;6 ¼ 17:792;

a ¼ 0:01; Clog Po ¼ 0:752 �0:129ð Þ from 0:674 to 0:931

ð18Þ

Sulfonamide hydroxamic acids (Lavoie et al. 2001) (Fig. 19)

C C
H Y

C

O

XZ

Fig. 17 Substituted aryl-
acetic and hydroxamic acids
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spacer C

O

H
NHOH

Fig. 18 Hydroxamates
synthesized by Jung et al.
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a.

log 1=IC50ð Þ recombinant human HDAC� 1ð Þ ¼ �0:240 �0:189ð ÞCMR

þ 1:444 �0:463ð ÞI�CH¼CH

� 1:059 �0:658ð ÞrP þ 7:727 �1:629ð Þ
n ¼ 18; r ¼ 0:882; r2 ¼ 0:779;

q2 ¼ 0:666; s ¼ 0:331; Q ¼ 2:665;

F3;14 ¼ 16:421; a ¼ 0:01;

Clog P vs CMR ¼ 0:579

ð19Þ

CMR represents the molar refractivity of the molecules. Its negative sign brings
out a steric effect. The presence of a double bond seems to be favorable for the
inhibitory activity. The role of rp (Hammet) term of p-substituents of R was found
to be important.

b. The in vitro antiproliferative activity at human colon cancer HCT 116 cells

log 1=EC50ð Þ ¼ �0:282 �0:164ð ÞCMRþ 1:406 �0:388ð ÞI�CH¼CH

� 1:247 �0:627ð ÞrP þ 7:397 �1:44ð Þ
n ¼ 17; r ¼ 0:916; r2 ¼ 0:840; q2 ¼ 0:747; s ¼ 0:290; Q ¼ 3:159;

F3;13 ¼ 22:733; a ¼ 0:01;Clog P vs CMR ¼ 0:571 ð20Þ

CMR, I-CH=CH and rP were found to be conducive in this case also

c. T24 cancer cells

log 1=EC50ð Þ ¼ �0:356 �0:220ð ÞClog P

þ 0:428 �0:178ð ÞL4 þ 4:723 �0:479ð Þ
n ¼ 11; r ¼ 0:893; r2 ¼ 0:797; q2 ¼ 0:725;

s ¼ 0:199; Q ¼ 4:487;

F2;8 ¼ 15:697; a ¼ 0:01; Clog P vs L4 ¼ 0:207

ð21Þ
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NHOHFig. 19 Sulfonamide
synthesized by Lavoie et al.
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Hydrophilicity with a negative sign of Clog P seemed to be important followed
by the Verloop parameter (L4) for the length of the first atom of the substituent at
the 4-position of the phenyl ring.

Succinimide Hydroxamic acids (Curtin et al. 2002) (Fig. 20)
For the antiproliferative activity in human HT1080 fibrosarcoma cells of these

compounds the equation obtained was as

log 1=IC50ð Þ ¼ 0:379 �0:316ð ÞMRR þ 4:070 �1:500ð Þ
n ¼ 5; r ¼ 0:911; r2 ¼ 0:829; q2 ¼ 0:567; s ¼ 0:293; Q ¼ 3:109;

F1;3 ¼ 14:568; a ¼ 0:01;Clog P vs MR�R ¼ 0:436 ð22Þ

Simple Trichostatin A-Like Straight Chain Hydroxamates (Woo et al. 2002)
(Fig. 21)

log 1=IC50ð Þ ¼ 2:099 �1:027ð ÞCMR� 0:094 �0:059ð ÞCMR2 � 3:238 �4:420ð Þ
n ¼ 23; r ¼ 0:909; r2 ¼ 0:826; q2 ¼ 0:777; s ¼ 0:332;

Q ¼ 2:738; F2;20 ¼ 47:435; a ¼ 0:01;

CMRo ¼ 11:157 �2:576ð Þ from 10:122 to 15:274 ð23Þ

Molar refractivity of the whole molecule is found to be the most important
variable. CMR in a parabolic model explains 82.6 % of the variance.

Phenylalanine Containing Inhibitors of Histone Deacetylase (Wittich et al.
2002) (Fig. 22)

a. Maize HD inhibition

log 1=IC50ð Þ ¼ 0:359 �0:154ð ÞClog Pþ 0:141 �0:089ð ÞMR
R
0 þ 5:953 �0:267ð Þ

n ¼ 16; r ¼ 0:892; r2 ¼ 0:796; q2 ¼ 0:713; s ¼ 0:236; Q ¼ 3:780;

F2;13 ¼ 25:356; a ¼ 0:01;Clog P vs MR�R
00 0:080 ð24Þ

R
N
H

O

O
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Fig. 20 Succinimide
hydroxamic acids synthesized
by Curtin et al.
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Fig. 21 TSA like straight
chain hydroxamate analogues

226 D. Hadjipavlou-Litina and E. Pontiki



b. Proliferation of the Friend leukemic cells

log 1=IC50ð Þ ¼ 0:543 � 0:197ð ÞClog P� 0:413 �0:125ð ÞMR
R
0 þ 5:010 � 0:225ð Þ

n ¼ 15; r ¼ 0:905; r2 ¼ 0:818; q2 ¼ 0:739; s ¼ 0:251; Q ¼ 3:606;

F2;12 ¼ 27:044; a ¼ 0:01; Clog P vs MR�R
0 0:470 ð25Þ

In both the above cases the hydrophobicity of the molecule is found to have a
positive effect, while the molar refractivity of R00-substituent has the positive effect
for maize HD-2 inhibition and that of R0-substituent a negative effect in prolif-
eration of the Friend leukemic cells.

Indole Amide Hydroxamic Acids (Dai et al. 2003) (Fig. 23)
a. HDAC-1 and HDAC-2 Inhibition

log 1=IC50ð Þ ¼ 0:167 � 0:108ð ÞMRAr þ 1:892 �0:481ð ÞIIND

þ 0:507 �0:227ð ÞI2 þ 4:894 �0:619ð Þ
n ¼ 32; r ¼ 0:881; r2 ¼ 0:776; q2 ¼ 0:709; s ¼ 0:303; Q ¼ 2:908;

F3;28 ¼ 32:257; a ¼ 0:01; C log P vs MRAR0:784 ð26Þ

This equation suggests a favorable role for molar refractivity of aromatic group
Ar and an additional positive effect if Ar is an indolyl group since an indicator
parameter IIND used for it is positive. I2 is an additional indicator variable used for
a substituent at the 2-position of Ar group. The positive coefficient of it suggests a
positive effect of such a substituent.

b. Antiproliferative activity against human HT1080 fibrosarcoma cell line

log 1=IC50ð Þ ¼ �0:007 �0:004ð ÞMgVolþ 0:654 �0:491ð ÞMR4 þ 8:699 �1:415ð Þ
n ¼ 12; r ¼ 0:852; r2 ¼ 0:725; q2 ¼ 0:575; s ¼ 0:192; Q ¼ 4:438;

F2;9 ¼ 11:89; a ¼ 0:01; MR�4 vs C log P 0:107 ð27Þ

MgVol (molar volume) with a negative sign is shown to have an unfavorable
steric effect, but the MR4, the molar refractivity of the substituent at the 4-position
of aryl moiety, is shown to have the positive effect.
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Fig. 22 Phenylalanine
containing inhibitors of
histone deacetylase
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hydroxamic acids
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Sulfonamide Derivatives (Bouchain et al. 2003) (Fig. 24).
The inhibitory activity of these compounds on partially purified recombinant

human HDAC-1 was shown to be with molar refractivity as shown by Eq. 28,
where the molar refractivity of the whole molecule was shown detrimental to the
activity but that of only aromatic group to be favorable. The whole molecule may
create the steric problem but the aromatic group might be involved in a dispersion
interaction with some site of the receptor.

log 1=IC50ð Þ ¼ �0:455 �0:104ð ÞCMR

þ 0:506 �0:190ð ÞMRAr þ 9:537 �1:022ð Þ
n ¼ 27; r ¼ 0:879; r2 ¼ 0:772; q2 ¼ 0:708;

s ¼ 0:374; Q ¼ 2:350; F2;24 ¼ 40:716; a ¼ 0:01

ð28Þ

N-Hydroxy-3-phenyl-2-propenamides (Remiszewski et al. 2003) (Fig. 25).
The activity of these compounds against HCT116 human colon carcinoma cells

was found to be correlated with molar refractivity as shown by Eq. 29, where
MRR1 refers to the molar refractivity of only R1-substituent. This equation sug-
gests that only the molecular size of the R1-substituent is important for the activity
but a larger size (MRR1 [ 4:714) will be detrimental to the activity, which may be
probably due to steric effect.

log 1=IC50ð Þ ¼ 27:613 �25:161ð ÞMRR1

� 2:929 �2:826ð Þ MRR1ð Þ2�57:237 �55:740ð Þ
n ¼ 10; r ¼ 0:862; r2 ¼ 0:744;

q2 ¼ 0:566; s ¼ 0:430; Q ¼ 2:005;

F2;7 ¼ 10:151; a ¼ 0:01; MRR1ð Þo¼ 4:714ð�3:797Þ from 4:530 to 12:124

ð29Þ

(Aryloxopropenyl)pyrrolyl Hydroxyamides (Mai et al. 2003a) (Fig. 26).
The activity of this series of compounds tested against the HD1-A was also

shown to correlate with molecular refractivity as shown by Eq. 30. However, this

YXAr O

NHOH

YXAr O

HN

H2N

Fig. 24 Sulfonamide analogues
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Fig. 25 N-Hydroxy-3-
phenyl-2-propenamides
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equation exhibited that the molecular refractivity of only R-substituent at
2-position of the phenyl ring was effective.

log 1=IC50ð Þ ¼ 1:534 �0:890ð ÞMRR2 þ 6:366 �0:309ð Þ
n ¼ 6; r ¼ 0:923; r2 ¼ 0:851;

q2 ¼ 0:735; s ¼ 0:178; Q ¼ 5:185; F1;4 ¼ 23:484; a ¼ 0:01

ð30Þ

3-(4-Substituted-phenyl)-N-hydroxy-2-propenamides (Kim et al. 2003) (Fig. 27).
For this series of compounds, their antiproliferative activity was reported

against human lung cancer-A549 cell lines as well as human cell lines of breast
cancer (SK-BR-3). Both the activities were shown to be significantly correlated
with ClogP as exhibited by Eqs. 31 and 32, respectively, suggesting that hydro-
philicity of these compounds was the major controlling factor of their activity

log 1=IC50ð Þ ¼ 0:755 �0:265ð ÞClog Pþ 4:984 �0:338ð Þ
n ¼ 6; r ¼ 0:970; r2 ¼ 0:940; q2 ¼ 0:892;

s ¼ 0:112; Q ¼ 8:661; F1;4 ¼ 62:560; a ¼ 0:01

ð31Þ

log 1=IC50ð Þ ¼ 1:058 �0:514ð ÞClog Pþ 4:909 �0:657ð Þ
n ¼ 6; r ¼ 0:944; r2 ¼ 0:891; q2 ¼ 0:778;

s ¼ 0:217; Q ¼ 4:350; F1;4 ¼ 32:638; a ¼ 0:01

ð32Þ

3-(4-Aroyl-1-methyl-1H-2-pyrrolyl)-N-hydroxy-2-propenamides (Mai et al. 2004)
(Fig. 28).

For the inhibitory data of these compounds on maize histone deacetylase HD-2,
a bilinear model, as shown by shown by Eq. 33, was reported.
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log 1=IC50ð Þ ¼ 1:804 �0:707ð ÞCMR� 2:193 �0:957ð Þlog b � 10CMR þ 1
� �

þ 1:074 �0:353ð ÞICH¼CH � 8:583 �5:442ð Þ
n ¼ 22; r ¼ 0:931; r2 ¼ 0:868; q2 ¼ 0:773; s ¼ 0:358; Q ¼ 2:601;

F4;17 ¼ 27:856; a ¼ 0:01; CMRð Þ0¼ 8:953; l og b : �8:286

Clog P vs CMR ¼ 0:835 ð33Þ

This equation suggests that instead of a parabola, the correlation had a
K-shaped curve. Whatsoever, the correlation indicated a positive role of molar
refractivity of the compound till CMR attains an optimum value equal to 8.953.
Indicator variable ICH=CH was used for analogues where X or Y bridge could be
–CH=CH–. Its positive coefficient indicates that these compounds might be more
active.

Pthalimide-type HDACIs (Shinji et al. 2005) (Fig. 29).
For this series of compounds also, the molar refractivity was found to play an

important role as shown by Eq. 34. As is obvious, this equation suggests that while
molar refractivity of R-substituent may be detrimental to the activity that of R1

group would be conducive. The R-substituent might produce the steric effect,
while R1 group may participate in dispersion interaction with the receptor.

log 1=EC50ð Þ ¼ � 0:337 �0:153ð ÞMRR

þ 1:376 �0:589ð ÞMRR1 þ 4:871 �1:129ð Þ
n ¼ 13; r ¼ 0:892; r2 ¼ 0:795; q2 ¼ 0:638;

s ¼ 0:318; Q ¼ 2:805; F2;10 ¼ 19:405; a ¼ 0:01

ð34Þ

Cyclic amide/imide-bearing hydroxamic acid derivatives (Shinji et al. 2006)
(Fig. 30).

For this series of compounds the HDAC-6 inhibitory activity was found to
correlate with ClogP and Taft’s steric factor as shown by Eq.35, which suggests
that not the hydrophobic but the hydrophilic property of the molecule would be
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conducive and some steric interaction of 3-substituent in R-moiety may also be
beneficial.

log 1=IC50ð Þ ¼ �0:199 �0:086ð ÞClog P� 0:101 �0:093ð ÞES�3

þ 6:775 �0:196ð Þ
n ¼ 16; r ¼ 0:835; r2 ¼ 0:698; q2 ¼ 0:571; s ¼ 0:115; Q ¼ 7:261;

F2;13 ¼ 15:053; a ¼ 0:01; C log P vs ES�3 0:000 ð35Þ

Novel uracil-based hydroxamates (Mai et al. 2005a, b) (Fig. 31).
The synthesized compounds were tested in different forms of HDAC.
For uracil-based hydroxamates reported by Mai et al. (Mai et al. 2005a, b)

(Fig. 31), their maize HDAC class II (HD1-A) inhibition activity was found to be
correlated as shown by Eq. 36 and maize HDAC class I (HD1-B) inhibition
activity as shown by Eq. 37. Both the equations are parallel and suggest that both
the activities would depend on the molar refractivity of Y moiety of the com-
pounds with almost an equal optimum value of MRT around 4.5. This Y moiety
may be assumed to have dispersion interaction with the receptor.

log 1=IC50ð Þ ¼ 8:498 �4:610ð ÞMR! � 0:934 �0:578ð ÞðMR!Þ2 � 11:843 �9:090ð Þ
n ¼ 11; r ¼ 0:919; r2 ¼ 0:844; q2 ¼ 0:781;

s ¼ 0:389; Q ¼ 2:362; F2;8 ¼ 21:704; a ¼ 0:01;

ðMR!Þo ¼ 4:548 �0:662ð Þ from 4:246 to 5:571 ð36Þ

log 1=IC50ð Þ ¼ 8:621 �4:124ð ÞMR! � 0:998 �0:517ð ÞðMR!Þ2

� 11:268 �8:122ð Þ
n ¼ 10; r ¼ 0:917; r2 ¼ 0:842; q2 ¼ 0:668;

s ¼ 0:332; Q ¼ 2:762; F2;7 ¼ 18:588; a ¼ 0:01; MRYð Þo
¼ 4:317 �0:340ð Þ from 4:104 to 4:784

ð37Þ

Pyrimidyl-5-Hydroxamic Acids (Angibaud et al. 2005) (Fig. 32).
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The above compounds were tested on HeLa cell nuclear extracts as a source of
HDAC enzyme. For these data the following 2D-QSAR model was formulated
suggesting that bulky molecule will not be favorable to the activity.

log 1=IC50ð Þ ¼ �0:030 �0:014ð ÞMgVolþ 20:759 �6:169ð Þ
n ¼ 8; r ¼ 0:908; r2 ¼ 0:824; q2 ¼ 0:718; s ¼ 0:161; Q ¼ 5:640;

F1;6 ¼ 27:646; a ¼ 0:01 ð38Þ

(Aryloxopropenyl)pyrrolyl Hydroxamides (Mai et al. 2005a) (Fig. 33).
These compounds were tested against maize HDACs (HD1-B and HD1-A).
For maize HD-1-A inhibition activity of this series of compounds the corre-

lation obtained was as

log 1=IC50ð Þ ¼ �0:025 �0:008ð ÞMgVolþ 1:813 �0:826ð ÞB1�2

þ 12:524 �2:688ð Þ
n ¼ 18; r ¼ 0:893; r2 ¼ 0:798; q2 ¼ 0:693; s ¼ 0:418; Q ¼ 2:136;

F2;15 ¼ 59:114; a ¼ 0:01; MgVol vs B1�2 ¼ 0:020 ð39Þ

which revealed the role of steric effects. This coincides with the molecular
modeling results of Mai et al. (2005b) which had pointed out that a bent molecular
shape structure was a prerequisite for HD1-A-selective inhibitory activity. Mac-
Gowan volume (MgVol) with negative sign implies steric hindrance. B1–2 is the
sterimol parameter of Verloop for the smallest width of substituent at the
2-position of the phenyl ring at R. It seems that as the smallest width of substituent
increases, the inhibitory activity also increases.
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For the maize HD1-B inhibitory activity of these compounds the correlation
obtained was as

log 1=IC50ð Þ ¼ �1:747 �0:933ð ÞClog Pþ 0:889 �0:491ð ÞL-2 þ 6:275 � 2:091ð Þ
n ¼ 18; r ¼ 0:836; r2 ¼ 0:699; q2 ¼ 0:560;

s ¼ 0:631; Q ¼ 1:325; F2;15 ¼ 17:365;

a ¼ 0:01; Clog P vs L-2 ¼ 0:013 ð40Þ

where negative Clog P term indicates that hydrophilic molecules would present
better inhibitory activity. L-2, the sterimol parameter for the length of the sub-
stituent at the 2-position of the aryl ring R would influence the activity positively.

Rigid Trichostatin A analogues (Charrier et al. 2006) (Fig. 34).
These trichostatin analogues were tested for their antiproliferative activity

against non-small cell lung cancer H661 cells and their activity was found to be
significantly correlated with hydrophobicity as

log 1=IC50ð Þ ¼ � 0:343 � 0:242ð ÞC log Pþ 6:382 ð� 0:627Þ
n ¼ 6; r ¼ 0:891; r2 ¼ 0:795; q2 ¼ 0:567; s ¼ 0:134; Q ¼ 6:649;

F1;4 ¼ 15:389; a ¼ 0:05 ð41Þ

which suggest that not the hydrophobicity but hydrophilicity of the compounds
would be important for their activity.

Hydrophilic Hydroxamates and 2-aminobenzamide-containing derivatives
(Nagaoka et al. 2006) (Fig. 35).

These compounds were tested for their HDAC inhibitory activity and HCT116
colon carcinoma cell antiproliferative activity. For both these activities the cor-
relations obtained were as shown by Eqs. 42 and 43, which suggests that both the
activities will be primarily governed by hydrophobic property of the molecule.
Thus the whole molecule in both the cases might be involved in hydrophobic
interaction with the receptors. In Eq. 42, the presence of an indicator variable used
for R=OH, however, indicates that HDAC inhibition activity may have an addi-
tional advantage of the presence of an OH moiety at R, and this may be due to the
participation of OH in hydrogen bonding with some site of the receptor.

O O

N
X

H
R

n

R = H, F, Me2N
X = OH, 2-NH2Ph
n = 1,2

Fig. 34 TSA analogues
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log 1=IC50ð Þ ¼ 0:387 �0:358ð ÞClog P

þ 1:873 �0:668ð ÞIOH þ 4:626 �0:908ð Þ
n ¼ 10; r ¼ 0:933; r2 ¼ 0:871; q2 ¼ 0:761;

s ¼ 0:355; Q ¼ 2:628; F2;7 ¼ 23:683;

a ¼ 0:01; ClogP vsIOH ¼ 0:243

ð42Þ

log 1=IC50ð Þ ¼ 0:434 �0:175ð ÞClog Pþ 4:207 �0:357ð Þ
n ¼ 9; r ¼ 0:911; r2 ¼ 0:831; q2 ¼ 0:737; s ¼ 0:217; Q ¼ 4:198;

F1;7 ¼ 34:427; a ¼ 0:01 ð43Þ

SAHA analogues functionalized adjacent to the hydroxamic acid (Bieliauskas
et al. 2007) (Fig. 36).

For a small series of SAHA analogues, the correlation obtained was as

log 1=IC50ð Þ ¼ 0:389 �0:283ð ÞB5�R þ 2:316 �1:099ð Þ
n ¼ 6; r ¼ 0:886; r2 ¼ 0:784; q2 ¼ 0:505; s ¼ 0:149; Q ¼ 5:946;

F1;4 ¼ 14:651; a ¼ 0:05 ð44Þ

where B5–R is the Sterimol parameter of Verloop for the largest width of R-
substituent. The positive coefficient of B5–R suggests that this subtstitent might be
involved in some dispersion interaction with the receptor.

Aminosuberoyl hydroxamic acids (Belvedere et al. 2007) (Fig. 37).
The aminosuberoyl hydroxamic acids were tested for their activity against

HDAC-1 for which the correlation obtained was as

log 1=IC50ð Þ ¼ �12:545 �4:636ð ÞMRR1 þ 1:934 �0:686ð Þ MRR1
ð Þ2

þ 27:415 �7:566ð Þ
n ¼ 14; r ¼ 0:924; r2 ¼ 0:854; q2 ¼ 0:778;

s ¼ 0:236; Q ¼ 3:915; F2;11 ¼ 32:184;

a ¼ 0:01; MRR1
ð Þo¼ 3:244 �0:080ð Þ from 3:145 to 3:305

ð45Þ
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which suggests that the molar refractivity of R1-substituent would govern the
activity but would have the positive effect only after MRR1 attains an optimum
value of 3.244. An R1-substituent of larger size might be involved in dispersion
interaction.

d-Lactam-Based Histone Deacetylase Inhibitors 9 (Fig. 38) (Kim et al. 2007).
For the HDAC inhibitory enzyme activities of these compounds obtained from

HeLa cell lysate the following model was derived by Pontiki and Hadjipavlou
(2012) to suggest that lipophilicity is the most important parameter describing the
activity of these compounds.

log 1=IC50ð Þ ¼ 0:556ð�0:360ÞClog Pþ 5:870 ð�0:389Þ
log 1=IC50ð Þ ¼ 0:556 �0:360ð ÞClog Pþ 5:870 �0:389ð Þ

n ¼ 6; r ¼ 0:906; r2 ¼ 0:821; q2 ¼ 0:506; s ¼ 0:243; Q ¼ 3:728;

F1;4 ¼ 18:295; a ¼ 0:05 ð46Þ

2-Aroyloindoles and 2-Aroylbenzofurans with N-Hydroxyacrylamide Sub-
structures (Mahboobi et al. 2007) (Fig. 39).

E-N-hydroxy-(2-aroylindole)acrylamides and E-N-hydroxy-(2-aroylbenzofu-
ran)acrylamides were profiled using nuclear extra HDAC and recombinant HDAC-
1. For HDAC inhibitory activity the correlation obtained was as shown by Eq. 47
and HDAC-1 inhibitory activity the correlation obtained was as shown by Eq. 48.
As is obvious, while the molar refractivity of R2-substituent at the 3-position of the
phenyl ring will favor the HDAC inhibitory after it attains an optimum value equal
to 0.707, the molar refractivity of R2-substituent at the 4-position of the phenyl
ring and that of R3 group would be detrimental to HDAC-1 inhibitory activity.

log 1=IC50ð Þ ¼ �0:875 �0:677ð ÞMRR2�3 þ 0:618 � 0:307ð Þ MRR2�3ð Þ2

þ 6:528 �0:196ð Þ
n ¼ 13; r ¼ 0:936; r2 ¼ 0:876; q2 ¼ 0:784;

s ¼ 0:184; Q ¼ 5:086; F2;13 ¼ 35:294;

a ¼ 0:01; ðMRR2�3Þo ¼ 0:707ð�0:287Þ from 0:308 to 0:864

ð47Þ

R1 N
H

O
H
N

O

OH

HN O

R2

Fig. 37 Aminosuberoyl
hydroxamic acids

N

O

N
H

OHR1

O

m n

Fig. 38 d-Lactam-based
histone deacetylase inhibitors

Quantitative Structure–Activity Relationship Studies on Hydroxamic Acids 235



log 1=IC50ð Þ ¼ �0:418 � 0:162ð ÞMRR3 � 0:514 � 0:172ð ÞMRR2�4

þ 7:388 �0:295ð Þ
n ¼ 13; r ¼ 0:916; r2 ¼ 0:839; q2 ¼ 0:737; s ¼ 0:215; Q ¼ 4:260;

F2;13 ¼ 25:995; a ¼ 0:01 ð48Þ

Triazolylphenyl-Based Histone Deacetylases Inhibitors (Chen et al. 2008b)
(Fig. 40).

For this series of compounds, their activity against HDAC-1 and HDAC-3 was
found to correlate with MR-3PH, the molar refractivity of substitution at 3-position
of the phenyl group (X), and ClogP as shown by Eqs. 49 and 50, respectively. The
hydrophobicity is shown to have the effect only on HDAC-1 inhibitory activity and
not on that of HDAC-3.

log 1=IC50ð Þ ¼ 0:157 �0:153ð Þ Clog Pþ 0:137 �0:031ð ÞMR�3Ph

þ 6:741 �0:381ð Þ
n ¼ 15; r ¼ 0:949; r2 ¼ 0:900; q2 ¼ 0:839;

s ¼ 0:108;Q ¼ 8:787;F2;12 ¼ 54:170;

a ¼ 0:01; Clog P vs MR�3Ph ¼ 0:286

ð49Þ

log 1=IC50ð Þ ¼ 0:135 � 0:033ð ÞMR�3Ph þ 7:051 � 0:116ð Þ
n ¼ 15; r ¼ 0:924; r2 ¼ 0:855; q2 ¼ 0:805; s ¼ 0:141;Q ¼ 6:553;

F1;13 ¼ 76:488; a ¼ 0:01 ð50Þ

3 Conclusion

All the above QSAR studies on hydroxamic acids acting as HDAC inhibitors have
shown the importance of basically two properties of the compounds, the hydro-
phobicity and molar refractivity, where in the majority of cases the latter has been
more dominant. They basically indicate the involvement of dispersion, or say,
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N-hydroxyacrylamide
substructures

N
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Z
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essentially the electrostatic interaction with the receptor. In a few cases, there can
be, however, the hydrophobic interaction, too. In a few cases, the negative coef-
ficient of MR also suggests the steric effect of bulky substituent or of the whole
molecule. All the three kinds of interactions, i.e., electrostatic, hydrophobic, and
steric have also been demonstrated by CoMFA and CoMSIA studies performed on
several cases. Thus all the studies have provided the guidelines for designing
better, more potent HDAC inhibitors in the class of hydroxamic acids.
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Hydroxamic Acids as Inhibitors of Urease
in the Treatment of Helicobacter pylori
Infections

E. M. F. Muri and T. G. Barros

Abstract Helicobacter pylori (H. pylori) is a microaerophilic spiral bacterium
and infection by it in the human stomach causes gastritis and is considered to be
involved in the pathogenesis of peptic ulcer and in the development of gastric
carcinoma. It produces a nickel-dependent enzyme called urease which catalyzes
the hydrolysis of urea to produce ammonia and carbamate. This ammonia pro-
duced by urease elevates the level of pH in the stomach, breaks gastric mucus,
inhibits the consumption of oxygen, and reduces the production of ATP in gastric
mucus cells or in mitochondria. In order to stop the pathogenesis of these disorders
in the body, it is therefore essential that potent inhibitors of H. pylori urease be
developed. The present chapter discusses the role of hydroxamic acids as inhibi-
tors of this enzyme.
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1 Introduction

The bacterium Helicobacter pylori (H. pylori) was discovered in 1982 by Marshall
and Warren (1984). These researchers were jointly awarded the Nobel Prize in
Physiology and Medicine in 2005 for their discovery of ‘‘the bacterium H. pylori
and its role in gastritis and peptic ulcer disease’’.

Helicobacter pylori is a spiral-shaped gram-negative bacterium that colonizes
the stomach or duodenum in about 50 % of all humans and causes more than 90 %
of duodenal ulcers and up to 80 % of gastric ulcers (Dunn et al. 1997). However,
although H. pylori is definitely responsible for these diseases, only less than 10 %
of people colonized with H. pylori portray disease symptoms. This suggests that
specific H. pylori strains may be responsible for virulence in different hosts
(Ahmed and Sechi 2005).

Various drug regimens have been proposed for the initial treatment of H. pylori
infection. The most recommended therapy for the eradication of H. pylori is the so
called standard or proton pump inhibitor (PPI)-based, triple therapy, which com-
bines two antibiotics—clarithromycin plus amoxicillin or metronidazole—with a
PPI for at least 7 days (Chey and Wong 2007; McLoughlin et al. 2004). An
alternative to standard triple therapy is sequential treatment, which involves a
simple dual regimen including a PPI plus amoxicillin for the first 5 days followed
by a triple regimen including a PPI, clarithromycin, and tinidazole for the fol-
lowing 5 days. It is not clear if the sequential approach, which may be more
complicated, can offer specific advantages (Gisbert and Calvet 2012; Gisbert et al.
2010; Moayyedi 2007). Despite the progress, the eradication of H. pylori remains
elusive because of the H. pylori resistance is still increasing. So, it is clear that
alternative treatment regimens are urgently needed.

2 The Urease Enzyme

Helicobacter pylori produces an nickel-dependent enzyme called urease which
catalyzes the hydrolysis of urea to produce ammonia and carbamate. The carba-
mate hydrolyzes to form carbonic acid and a second molecule of ammonia
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(Scheme 1) (Kosikowska and Berlicki 2011). This production of ammonia by the
microorganism helps to counteract the harsh environment of the stomach. So,
inhibition of this urea to ammonia catalysis should be beneficial by stopping this
neutralization mechanism (Mobley 1996; Mobley and Hausinger 1989; Mobley
et al. 1995; Jabri et al. 1995).

The two nickel centers in the urease active site coordinate by residues of
histidine, bridged with a carbamoyl lysine group, and one of the two nickel forms a
bond with aspartate residue (Mobley et al. 1995). The H. pylori (HP) urease
enzyme consists of two monomers, a a- and b-subunit exhibiting 26.5 and
61.7 kDa, respectively, as shown in its crystal structure (Fig. 1) (Kosikowska and
Berlicki 2011; Ha et al. 2001).

According to their binding mode, compounds acting as inhibitors of urease
activity are divided in two classes: (i) Substrate-like or active site-directed
inhibitors, which include the urea derivatives, chemotypes and analogs, phosp-
hazenes and the hydroxamic acids (HAs), (ii) Non-substrate-like or mechanism-
based inhibitors, e.g., phosphorodiamidate and imidazoles (Amtul et al. 2002).
Many urease inhibitors have been described in the last decades, such as, phos-
phoramidates, urea derivatives, quinones, heterocyclic compounds, and HAs, in

Fig. 1 Crystal structure of
Helicobacter pylori urease
(PDB id 1E9Z) (Kosikowska
and Berlicki 2011; Ha et al.
2001)

H2N NH2

O

+ H2O

H2N OH

O

+ NH3 CO2 + 2 NH3

Scheme 1 Hydrolysis of urea by urease
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which the hydroxamic acids have been well recognized. Unfortunately, most of
HAs acting as urease inhibitors have been rejected due to their instability or
toxicity (Kosikowska and Berlicki 2011; Muri et al. 2003; Amtul et al. 2002;
Nujumi et al. 1991; Huang et al. 2011). Therefore, studies on novel H. pylori
urease inhibitors have become essential and an urgent need for the development of
a therapy for bacterial infections. In this chapter, we therefore have focused on the
design and development of new HAs acting as H. pylori urease inhibitors and new
technologies in drug delivery systems. Till to date there is only one hydroxamic
acid to be used clinically for the treatment of urinary tract infections by urease
inhibition, and that is acetohydroxamic acid (Kosikowska and Berlicki 2011;
Nujumi et al. 1991).

3 Hydroxamic Acids as Urease Inhibitors

Hydroxamic Acids are among the most well-studied compounds due to their sig-
nificance in so many different applications, for example, as inhibitors of a variety of
enzymes such as ureases (Muri et al. 2003, 2004a, b; Barros et al. 2009; Amtul et al.
2002), peroxidases (Tsukamoto et al. 1999), and matrix metalloproteinases (Leung
et al. 2000). The coordination chemistry of HAs can explain their ability to inhibit
different classes of enzymes, since they can coordinate with metal ions in the
Ni(II)- and Zn(II)-containing metalloenzymes. These observations can explain
their ability to inhibit ureases which contains in their active sites two nickel(II)
atoms linked by a carbamate bridge (Jabri et al. 1995; Benini et al. 2000). The HAs
are also capable of competing as siderophores for iron-(III) (Codd 2008; Benini
et al. 2000; Puerta and Cohen 2002; Brown et al. 2004; Jedner et al. 2002; Arnold
et al. 1998). The current use of the mesylate salt of DFOB (Desferal

�
) in the

treatment of iron-overload disease in humans shows a significant use of HAs in
medicine (Chaston and Richardson 2003). In the context of pharmacological
potentials of HAs, which has been recently reviewed, we present here their utility
HP urease inhibitors (Codd 2008; Muri et al. 2002; Muri et al. 2004a, b).

Since the first determination of X-ray structure of acetohydroxamic acid-
enzyme complex by Stemmler et al. (1995), a few different interaction models of
HAs in the active site of urease have been presented—Zerner model (Blakeley
et al. 1969; Dixon et al. 1980), Stemmler model (Stemmler et al. 1995), and
Wedekind and Zhang Model (Wedekind et al. 1994; Zhang et al. 1994) . The HAs
were initially described as potent and specific inhibitors of urease from plants and
bacterial origins more than 30 years ago by Kobashi and co-workers (Kobashi
et al. 1962; Kobashi 1992; Park et al. 1995). For the last few decades, researchers
have started the search for aliphatic, aromatic, amino acids, and dipeptidyl HA
derivatives that could be able to inhibit the urease mainly of Jack bean (JB) and
Proteus mirabilis with low IC50 values (e.g., Structures 1–6, Fig. 2). Hydroxamic
Acids as inhibitors of urease can be very interesting to treat H. pylori and urinal
tract infections. Therefore, N-aroyl-glycino-hydroxamic acid series was obtained
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and well studied, resulting in active compounds with IC50 values in the range of
0.5–2.0 lM (e.g., Structure 7, Fig. 2) and useful for treating urolithiasis and
pyelonephritis, but most of them were mutagenic (Munakata et al. 1980; Esai Co.
Ltd. 1978).

In the early studies on the synthesis and structure-activity relationship (SAR) on
HAs, an absolute importance of their –CONHOH group in the urease inhibition
was pointed out (Kobashi et al. 1966, 1971; Kumaki et al. 1972; Odake et al. 1992;
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Fig. 2 Structures of the most active HA analogs studied by Kobashi group (Kobashi et al. 1971;
Odake et al. 1992, 1994; Ito et al. 1994)
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Chyioda et al. 1998; Satoh et al. 1991; Fishbein and Carbone 1965; Blakeley et al.
1969). Later, Kobashi et al. investigated the inhibitory effects of HAs on urease of
HP and compared their inhibitory activities with the urease obtained from JB and
P. mirabilis (Odake et al. 1994). Also, some authors (Ito et al. 1994) made a study
on HA derivatives obtained from glycoside with hexose residues, such as glucose,
galactose, glucuronic acid or galacturonic acid and Park et al. (1995) found that a
glycoside derivative (Structure 8, Fig. 2) inhibited rat feces-derived urease by
80 % after 60-min incubation in vitro. The most active compounds investigated
are shown in Fig. 2.

In 1983, the acetohydroxamic acid (AHA) (CH3CONHOH) was approved by
FDA and is used to treat chronic urea-splitting urinary infections and hyperam-
monemia associated with liver cirrhosis in Europe and USA (Griffith et al. 1978;
Griffith and Musher 1975). Until now, AHA is the most studied and considered a
prototype for the HA class of compounds. It is a highly potent urease inhibitor with
a Ki value of 5 lM (Fishbein and Carbone 1965; Kumaki et al. 1972).

In 1990s, some authors (Ramadan and Megahed 1994; Abou-Sier et al. 1995)
described the synthesis and bacterial urease inhibiting activity of hydroxy ben-
zohydroxamic acid derivatives, where the 3,4,5-trihydroxybenzohydroxamic acid
and 2-(3,4,5-trimethoxybenzyloxy)acetohydroxamic acid (Fig. 3) exhibited high
potency. Activities of these compounds were compared with those of some non-
HA compounds as hydrazone derivatives.

In order to achieve a better knowledge of the urease inhibition mechanism by
HAs, several molecular modeling and model dinuclear complexes studies were
performed (Stemmler et al. 1995; Arnold et al. 1998; Brown et al. 2004, 2005).
Manunza et al. (1997) made a molecular dynamics study on the formation of
HA–urease complexes and concluded that the oxime oxygen of HA acts as a
bidentate ligand and bridges two nickel atoms forming a chelate with the first nickel
by the carbonyl oxygen. In a 3D-QSAR study on 35 HAs, comparative molecular
field analysis (CoMFA) and comparative molecular similarity indices analysis
(CoMSIA) contour maps were obtained which provided important information on

HO

OH

OH

NHOHO

H3CO

OCH3

OCH3

NHOH

O

3,4,5-trihydroxybenzohydroxamic acid (9) 2-(3,4,5-trimethoxybenzyloxy)
acetohydroxamic acid (10)

Fig. 3 Structures of some potent trihydroxy-HA derivatives studied by Abou-Sier et al. (1995)
and Ramadan and Megahed (1994)
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the factors required for the activity and possible modification on HA structures for
improved activity (Zaheer-ul-Haq et al. 2009).

Mishra et al. (2002) developed a 3D-QSAR model in order to explain the
biological activity of HAs inhibitors of HP urease and correlated with a homology
model by using the urease crystal structure from Klebsiella aerogenes as template.
They confirmed the importance of HA moiety and the requirement of an ionizable
NH2 group and identified a hydrophobic region, providing significant advantage in
the design of new inhibitors. On the basis of these 3D-QSAR results, several
heterocyclic HA derivatives as mimics of the dipeptide inhibitors were designed
and synthesized, via transamination of heterocyclic esters, to have compounds
with increased biological stability and inhibitory activity (Muri et al. 2003, 2004a,
b; Barros et al. 2009) (Fig. 4).

Although the literature on HAs is extensive, little information is available on
polymers containing HAs and acting as urease inhibitors (Johnson and Andersen
1972; Kobashi and Shimizu 1977; Domb et al. 1988). Domb et al. (1988), how-
ever, attempted to synthesize polymers that may have biological activity, with a
predominance of HA groups and a low percentage of carboxylic acid groups. For
this, they allowed primary amide polymers to react with hydroxylamine under
mild conditions to give products useful as an ion exchanger and in biomedical
applications. In a urease inhibition test, the poly(hydroxamic acid), synthesized
from poly(acrylamide), showed activity similar to that of acetohydroxamic acid
used as standard.
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Fig. 4 Structures of some heterocyclic HA derivatives as reported by Muri et al. (2003, 2004a, b)
and Barros et al. (2009)
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4 Acetohydroxamic Acid: New Technologies for Delivery

The effectiveness of treatment regimens frequently recommended for therapy
against H. Pylori infection has been increasingly compromised with increased
bacterial resistance (De Francesco et al. 2012; Rimbara et al. 2011; Chuah et al.
2011; Malfertheiner et al. 2006), making the establishment of a scheme of re-
treatment difficult (Nallasamy and Ramanathan 2012; Mégraud and Doermann
1998).

Clinicians should prescribe therapeutic regimens that have eradication rate
C90 % or the most effective therapeutic regimen available. However, for several
treatment regimens reported in the literature, this eradication rate has declined to
below 80 %, the minimum recommended by Maastricht III Consensus (Rimbara
et al. 2011; Chuah et al. 2011; Malfertheiner et al. 2006).

Despite the adversities related to the oral route, it is preferred for drug delivery,
primarily by patient compliance. In order to improve therapy against H. pylori
infection and overcome several physiological adversities, attempts are being made
to find the drug administration forms from which the drug can be retained in the
stomach for extended period of time. For this propose, gastroretentive drug
delivery technology is showing promise to enhancing the bioavailability and
controlled release of drugs (Pahwa et al. 2010). Here we highlight several works
related to the gastroretentive drug delivery technology.

Drug delivery carriers and gastroretentive drug delivery systems are two site-
specific techniques that could be used synergistically for the improvement of H.
pylori therapy (Umamaheswari et al. 2002). Bioadhesive (plugging and sealing
effect) and floating microspheres (gastroretentive formulations) are joined in
floating-bioadhesive microspheres containing AHA by novel quasi-emulsion sol-
vent diffusion method, in which the floating microspheres can be distributed
widely throughout the stomach and may provide longer lasting and more reliable
release of drugs (Kawashima et al. 1991; Pahwa et al. 2010).

The device is a polymeric microsphere with a spherical cavity that was termed
‘‘microballon’’ because of its characteristic internal hollow structure and excellent
floatability in vitro. The preparation of AHA microballons consisted of co-disso-
lution of the drug (AHA) and an acrylic polymer (Eudragit E) in ethanol/dichlo-
romethane mixture. This phase was poured into a stirred aqueous medium
containing polyvinyl alcohol (PVA) and dispersed into discrete droplets, forming
an oil–water (o/w) emulsion. Bioadhesive microspheres were prepared by coating
the Eudragit E microballons with polycarbophil. As a result, the drug release rate
could be controlled by the polymer concentration. Furthermore, it was reported
that almost 90 % of microballons remained floating on the surface of the test
solution even after 12 h of testing, because of their low densities (because the gas
phase remained inside the microballons). So, the microballons with the higher
concentration of polymer were more floatable than those with lower concentrations
of polymer. The fact that there was no swelling or gelation of the microballons
during the floating test suggested that they were dispersed individually in the
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stomach after administration, leading to decreased variability of drug action
among patients compared with that occurring in the case of the single unit dosage
form. For bioadhesive microspheres, with bioadhesive coating, the rate of the drug
release decreased. With an increase in polymer concentration, the adhesive
property of the microspheres is also increased. These studies suggest that the
spherical matrix can interact with mucosubstrate on the surface of the stomach,
leading to prolonged stay in the stomach (Umamaheswari et al. 2002).

In 2003, Umamaheshwari and co-workers prepared cellulose acetate butyrate
(CAB)-coated cholestyramine microcapsules as intragastric floating drug delivery
system endowed with floating ability due to the carbon dioxide generation when
exposed to the gastric fluid and with mucoadhesive property. Ion-exchange resin
particles could be loaded with bicarbonate followed by AHA and coated with CAB
by emulsion solvent evaporation method. According to the report, the drug release
rate was higher in simulated gastric fluid than in simulated intestinal fluid. Cho-
lestyramine microcapsules were distributed throughout the stomach that exhibited
prolonged gastric residence via mucoadhesion. These results suggested that CAB-
coated microcapsules could be a floating as well as a mucoadhesive drug delivery
system. Thus, it can be a promising treatment for H. pylori infections (Umama-
heshwari et al. 2003). Later, the researchers showed a receptor-mediated targeting
of lipobeads, bearing AHA for eradication of H. pylori. The final formation of
lipobeads was accomplished by combining acylated PVA beads with a phospha-
tidyl ethanolamine (PE) liposome suspension. In this study, pretreatment of H.
pylori with lipobeads was found to completely inhibit the adhesion of H. pylori to
both human stomach cells and in KATO-III cells. These assays could serve as
in vitro models for the study of binding efficacy of lipobeads with H. pylori surface
receptors. This proposed site-specific drug delivery system targets the H. pylori
more effectively and could serve to optimize antibiotic monotherapy of H. pylori
based infections (Umamaheshwari and Jain 2004).

In 2007, Rajinikanth and Mishra used gellan gum as a matrix polymer for the
preparation of AHA beads in the formulation. This gum is a bacterial anionic
deacetylated polysaccharide secreted by Pseudomonas elodea and it has charac-
teristic property of temperature-dependent and cation-induced gelation. So, these
authors developed an anti-H. pylori agent (anti-urease), AHA-loaded gellan
floating beads coated with chitosan, for stomach-specific drug delivery by the
ionotropic gellation method. The chitosan coating increased encapsulation effi-
ciency of the beads and reduced the initial burst release of the drug from the beads.
The prepared gellan beads of AHA floated in simulated gastric fluid for a pro-
longed period of time and sustained drug release from the beads over a period of at
least 8 h. In vivo results indicated that the prepared floating beads of AHA
remained buoyant for at least 6 h in rabbit’s stomach and that they had good
floatability. With these results, the gellan-based floating beads containing AHA
have a promising potential for delivering AHA at the stomach site (Rajinikanth
and Mishra 2007).
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5 Conclusion

In conclusion, the article emphasizes the need for the development of new drugs
for the treatment of H. pylori infections, to minimize the side effects of the triple
therapy and overcoming the resistance against the bacterium. The chapter
describes the search for HA derivatives that can be further developed for H. pylori
infection treatment, since there is no HA drugs commercially available for this
propose so far. The chapter also presents some new technologies in drug delivery
systems for the acetohydroxamic acid, the only HA used clinically for the treat-
ment of urinary tract infections. Among them, the floating-bioadhesive micro-
spheres appear to be the most interesting, as in them the floating microspheres can
be distributed widely throughout the stomach and may provide long lasting and
more reliable release of drugs.
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Therapeutic Potential of Hydroxamic
Acids for Microbial Diseases

Giseli Capaci Rodrigues, Flavia Alexandra Gomes de Souza,
Whei Oh Lin and Alane Beatriz Vermelho

Abstract Hydroxamic acid derivatives have recently been recommended for
therapeutic treatment of several diseases, such as hypertension, cancer, as well as
inflammations and infectious diseases due to their ability to chelate metals,
especially in metalloenzymes. This chapter will focus on the role of metallopep-
tidases and their homologs in microbial diseases and the potential use of
hydroxamates and their derivates for the treatment and control of such diseases.
A general overview of the structure, synthesis, and inhibition mechanisms of
hydroxamates as well as their potential use, including the advantages and relative
problems, for medicinal chemistry will be discussed.
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1 Introduction

The involvement of matrix metallopeptidases (MMPs) and their homologs in
microbial disease pathogenesis has been extensively investigated in recent years.
Several studies demonstrated the multiple functions of these enzymes in viral,
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protozoan, and bacterial infections. These findings point to the metallopeptidases
as being a potential target for the treatment and control of these infections. Many
researcher groups are involved in the search for new therapeutic agents focused on
metallopeptidases. Based on such works, the hydroxamic acids and their deriva-
tives have been highlighted as a new, effective class of compounds for the inhi-
bition of the metallopeptidases (Hoekstra et al. 2001; Hou et al. 2012; Pepeljnjak
et al. 2005).

Several articles in the literature report the involvement of these peptidases with
the pathogenesis of microbial diseases including those caused by viruses, protozoa,
fungi, and bacteria (Lindsey and Zamilpa 2012; Marson et al. 2012).

The dengue virus has been shown to infect dendritic cells (DC) and macro-
vascular endothelial cells (MVEC) with different effects. In dendritic cells, the
infection increases the MMP-9 production triggering vascular leakage. In MVEC,
the virus infection causes an overproduction of MMP-2 leading to an enhanced
endothelial permeability (Luplertlop and Missé 2008).

Metallopeptidases have been described in a number of parasites. An increased
production of tumor necrosis factor-alpha (TNF-a) by monocytes, macrophages, or
lymphocytes is involved in symptoms of severe malaria such as hypoglycemia,
hyperthermia and neurological manifestations, dyserythropoiesis, and immun-
odepression. Phagocytosed hemozoin (malarial pigment) stimulated the production
of TNF-a and other proinflammatory cytokines in human monocytes and displayed
increased gelatinaseB (MMP-9) activity showing higher matrix invasion ability
(Prato et al. 2011). Studies using a mouse model for study of the Plasmodium
berghei ANKA cerebral malaria infection showed an increase of MMP-9
expression in positive cells and CD11b+cells in the brain (Van den Steen et al.
2006).

Toxoplasma gondii, an obligate intracellular protozoan that can be found
worldwide, is the etiologic agent of toxoplasmosis, a zoonotic infection of humans
and animals. Following oral infection, T. gondii crosses the intestinal epithelium,
disseminates into the deep tissues and crosses many biological barriers such as the
blood–brain barrier and placenta. However, the molecular mechanisms involved in
migration of T. gondii remain poorly characterized. The study of Buache et al.
(2007) demonstrated that the T. gondii RH strain invasion of THP-1 cells induced
a decrease in latent gelatinase A (proMMP-2) and latent gelatinase B (proMMP-9)
secretion and the author postulated that T. gondii may mediate its effects on
gelatinase expression through the modulation of the NF-rB (nuclear factor kappa-
light-chain-enhancer of activated B cells) activation pathway. Toxoplasmic
encephalitis is a marked astrocyte reaction to sites of inflammation and parasite
replication. Using astroglia infected with the TS-4 strain of T.gondii tachyzoites,
MMP-2, and MMP-9 increased significantly until 12 h post-infection in the cell
homogenates, and they increased until 48 h post-infection in the cell-cultured
supernatants. The author suggested that MMP-2 and MMP-9 cleave fibronectin
and may contribute to the astroglial reaction and leukocyte migration to the sites of
T. gondii replication during toxoplasmic encephalitis (Lu and Lai 2012).

Therapeutic Potential of Hydroxamic Acids for Microbial Diseases 257



In Trypanosoma cruzi, metallopeptidases, belonging to the MMP-9 family,
were revealed after Western blotting as an 85 kDa polypeptide in both cellular and
secreted parasite extracts. The surface location of homologs of MMP-9 in T. cruzi
was also evidenced by means of flow cytometry analysis (Nogueira de Melo et al.
2010). Furthermore, in hepatocyte culture infected with T. cruzi, the active
(85 kDa) and latent (100 kDa) forms of MMP-9 were detected using Western
blotting and immunocytochemistry. MMP-9-like activity was detected in the
cytoplasm of T. cruzi during in vitro infection of hepatocyte cells (Nogueira de
Melo et al. 2010). Gutierrez et al. (2008) suggested an important role for MMPs in
the induction of T. cruzi-induced acute myocarditis, since mice treated with an
MMP inhibitor showed a significant decrease in heart inflammation, delayed peak
in parasitemia, and improved survival rates compared with the control group.

On the other hand, studies have suggested a great important role for gp63 (63-
kDa glycoprotein) in the pathogenesis of leishmaniasis. gp63 is a zinc-dependent
metalloprotease found on the surface of the parasite whose expression enhances
capacity of the parasite migration through extracellular matrix (McGwire et al.
2003). Other studies demonstrated the presence of metallopeptidases during the
leishmanicidal activity in infected macrophages (Costa et al. 2008). An increase in
TGF-b production in Leishmania chagasi-hepatocyte-macrophage co-culture
supernatants was observed during the highest leishmanicidal activity by macro-
phages, coinciding with higher MMP-9 activity. The high levels of TGF-b can be
related to the synthesis of metallopeptidases and the conversion of the latent form
to the active form (Costa et al. 2008).

MMPs have also been studied in bacteria. In group A streptococcus (GAS),
Streptococcus pyogenes causes a wide range of human diseases, including bacterial
arthritis. Bacterial septic arthritis occurs by bacterial invasion into the joint cavities
through blood circulation. Bacterial infection and IL-1 activate different signaling
pathways and transcription factors involved in the expression of MMP-13. GAS
infection induces MMP-13 expression in chondrocytes through the activation of
the c-Jun N-terminal kinase (JNK) and the AP-1 transcription factor. MMP-13
plays an important role in the destruction of infected joints during the development
of septic arthritis (Sakurai et al. 2008).

In keratomycosis, an experimental murine (BALB/c mice) model, the tran-
scriptional and translational levels of MMP-8, -9, -13, and TIMP-1 increase during
the early stages of Candida albicans keratitis indicating a possible role of these
enzymes in the pathogenesis of the infection (Yuan et al. 2009).

The role of the metallopeptidases in the microbial infections cited above is an
example of the participation of this class of peptidase in the pathogenesis process
of microorganisms. This chapter discusses the current understanding of the role of
metallopeptidases in microbial diseases and their inhibition by hydroxamates and
derivates. The following section will be discussed in more detail about this
potential target of hydroxamic acids.
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2 Metalloenzymes

2.1 Peptidases

Peptidases are hydrolases that hydrolyze peptide bonds in proteins and peptides.
They are classified using three criteria: the chemical mechanism of catalysis, the
catalytic reaction and, the molecular structure and homology. The former classi-
fication is based on the presence of catalytic amino acids, any metal ion or any
unknown catalytic thing at their active site. The amino acid may be Aspartic acid
(A), Cysteine (C), Glutamic acid (G), Asparagine (N), Serine (S), and Threonine
(T). The catalytic reaction depends on the selectivity for the bonds that the pep-
tidases will hydrolyze. The molecular structure and homology is the next
approach. The amino acid sequences and three-dimensional structures of the
peptidases are analyzed and compared in order to classify and evaluate relation-
ships. The MEROPS database integrated the three systems of peptidase classifi-
cation and grouped them into protein species, which are in turn grouped into
families, and then into clans (release 9.8). Metallopeptidases are currently grouped
in 67 families in the MEROPS database (Rawlings et al. 2012).

2.2 Metallopeptidases: Endopeptidases

Metallopeptidases are produced by all species of plants, animals, and microor-
ganisms. In mammals they are called matrix metallopeptidases (Rawlings et al.
2012). Based on the work of Schechter and Berger (1967), Gomis-Rüth et al.
(2012) suggested a ‘‘standard orientation’’ for the overall description of MMPs as
shown in Fig. 1. In the interaction mode, the active site of the enzyme have
subsites named S1, S2, S3, etc., interacting with the side chains of the residues
flanking the scissile bond. The substrate side chains on the non-primed side away
from the scissile bond are termed P1, P2, P3, and their cognate enzyme subsites
(S1, S2, S3) (Gomis-Rüth et al. 2012).

Metallopeptidases contain one or two metal ions in their active site. Most
metallopeptidases contain Zn2+, while a few contain Mg2+, Ni2+, or Cu2+. The role
of the catalytic metal ions in metallopeptidases is to activate a water molecule,
which serves as a nucleophile in catalysis. Many metallopeptidase inhibitors
developed against these enzymes included pseudopeptides, mimicking their sub-
strates, as well as small molecules that bind with the catalytic zinc ion. Small non-
peptidic molecules are mostly hydroxamate derivatives (Whittaker et al. 1999).

Some metallopeptidases function within the cell or on the membrane (Wu and
Chen 2011). Other bacterial metallopeptidases are secreted to the periplasm or
outside the cell and are called extracellular metallopeptidases. Microorganisms
secrete peptidases in order to degrade environmental proteins for nutrition.
However, in recent years due to their role in pathogenicity, metallopeptidases have
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been exploited as a target for drug development (Klemba and Goldberg 2002;
McKerrow et al. 2008, Vermelho et al. 2010; Wu and Chen 2011).

An important subset of MMPs comprises a short zinc-binding consensus
sequence, HEXXH—first reported by McKerrow et al. (1987) which includes two
metal-binding histidines and the general-base/acid glutamate for catalysis. The
most studied metallopeptidases are the MMPs or matrixins. MMPs represent an
important family of metal-dependent endopeptidases that are responsible for the
degradation of extracellular matrix (ECM) components. These enzymes can
degrade all of the components of the extracellular matrix, including fibrillar and

Fig. 1 a Model of enzyme-substrate interaction according to Schechter and Berger nomenclature
(Schechter and Berger 1967) showing the active site of the peptidase (papain) with subsites (S)
and the peptide substrate (P). b Three-dimensional model of a metallopeptidase. The metal ion in
the active site is shown by green and the arrow points to the cleavage point. Diagram based on
Gomis-Rüth et al. (2012)
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non-fibrillar collagens, fibronectin, laminin, and basement membrane glycopro-
teins. Since the discovery of MMPs in 1962 (Gross and Lapiere 1962), the MMP
family has grown to include six groups (Fig. 2) and at least 28 members. Table 1
shows the members of each group.

MMPs are secreted in a latent, proenzyme form and require activation by a
proteolytic cleavage of a propeptide domain at the N-terminus of the MMP molecule
(Wojtowicz-Praga et al. 1997). They are regulated at multiple levels including gene
transcription and by oxidative stress (Castro et al. 2009). Under physiological
conditions the proteins are selectively regulated by inhibitors called tissue inhibitors
of metalloproteinases (TIMPS) (Murphy 2011). MMP activity has been related to a
number of important diseases such as rheumatoid arthritis, osteoarthritis, abdominal
aortic aneurysm, acute myocardial infarction, end-stage kidney disease, and cancer.
Although MMPs are crucial for a normal inflammatory response, uncontrolled
activity of these enzymes after infection could lead to tissue damage, microbial
dissemination, and immunopathology in the host that might lead to death. Besides
inducing MMP secretion by host cells, pathogens themselves may also produce
MMPs which are required for virulence (Geurts 2012; Vargová et al. 2012).

2.3 Metallocarboxypeptidases: Exopeptidases

Another class of metallopeptidases includes the metallocarboxypeptidases
(MCPs). They are exopeptidases that catalyze the hydrolysis of peptide bonds at

Fig. 2 MMPs groups
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the C-terminus of peptides and proteins. These enzymes possess a tightly bound
Zn2+ ion directly involved in catalysis (Vendrell et al. 2000). The most studied
MCPs are those that belong to the family M14 which contains four subfamilies.
The M14 family includes enzymes which participate in diverse processes such as
blood coagulation and fibrinolysis, inflammation, innate immunity response, food
digestion and pro-hormone, and neuropeptide processing. The family M32 with
the carboxypeptidase Taq (Thermus aquaticus) as the enzyme type has also been
subject of study. This group contains two zinc-binding histidines and a catalytic
glutamate in an HEXXH zinc-binding motif. The peptidases and homologs of this
family include peptidases from trypanosomatids, such as the TcMCP1 and
TcMCP2 (T. cruzi carboxypeptidase 1 and 2) and Leishmania major carboxy-
peptidase 1 (LmaCP1), and recently a M32 metallocarboxypeptidase of Trypan-
osoma brucei was described (Frasch et al. 2012). Peptidase members of M32
family have been detected in several bacteria, archaea, plants, and animals.

The following section describes the recent studies on structure–activity rela-
tionship, synthesis, inhibition mechanisms, and clinical trials of hydroxamic acids
developed against microbial diseases.

Table 1 Members of MMPs MMPs Enzyme

MMP-2 Gelatinase A
MMP-9 Gelatinase B
MMP–3 Stromelysin–1
MMP-10 (Progelatinase)
MMP-11 Stromelysin–2

Stromelysin–3
MMP-1 Collagenase–1
MMP-8 Neutrophil collagenase;
MMP-13 Collagenase–3
MMP-7 Matrilysin–1
MMP-26 Matrilysin–2
MMP-14 MT1–MMP
MMP-15 MT2–MMP
MMP-16 MT3–MMP
Mmp-24 MT5–MMP
MMP-25 MT6–MMP
MMP-12 Macrophage elastase
MMP-19 RASI–1
MMP-20 Enamelysin
MMP-21 XMMP (Xenopus)/Cy–MMP
MMP-22 Femalysin
MMP-23 CA–MMP
MMP-27 CMMP (Gallus)
MMP-28 Epilysin
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3 Hydroxamic Acids

Hydroxamic acids were discovered by Lossen more than 100 years ago. Since then
these acids have been extensively studied due to their multiple uses. Hydroxamic
acid derivatives have shown numerous applications from insecticides to the treat-
ment of many diseases, such as cancer, cardiovascular diseases, HIV, Alzheimer’s,
malaria, allergic diseases, tuberculosis, and antimicrobials. It is mainly because of
their ability to coordinate with metal ions in metal-containing enzymes such as
metalloproteins, urease, MMPs, carbonic anhydrase, and many others (Codd 2008;
Muri et al. 2002).

The most frequent and economical methodology employed to obtain hy-
droxamic acids (1, Fig. 3) is from the reaction between a carboxylic acid deriv-
ative and hydroxylamine. Usually the carboxylic acid is converted to the ester and
sequentially undergoes a reaction with the hydroxylamine (Codd 2008).

Other methodologies for the synthesis of hydroxamic acids have been reported
that include the use of carboxylic acids and N-protected amino acids with cyanuric
chloride (Giacomelli 2003) and the treatment of N-acyloxazolidinones with
hydroxylamines using samarium triflate as a Lewis acid (Sibi 2002). In addition,
the solid-phase synthesis of hydroxamic acids has been widely described which is
becoming an important method for obtaining this acid (Floyd 1996; Grigg 1999;
Nandurkar 2011; Zhai 2012).

An important strategy for the design of these drugs is predicting how they will
reach their site of action in a concentration which produces a pharmacological
effect. Their absorption through a membrane into solution in the blood is affected
by physical–chemical factors. For drugs which are weak acids or bases, their
dissociation constant (pKa) and the pH of the gastrointestinal tract fluid and blood
stream will control their solubility. Ionized drugs will not be able to get through
the lipid membrane. However, they can do so in the non-ionized form when they
have increased lipid solubility (Fazary 2005).

Hydroxamic acids are basically acids but also behave as weak bases because of
the NC=O moiety. In aqueous solvents, they have their pKa values in the range
of 8.5–9.4. Studies have shown that their dissociation constant is a function of
temperature, and usually, it has a minimum pKa value near room temperature,
which it could be decreased as the temperature is raised (Fazary 2005). In addition,
their acidity has received particular attention since two structures of the anion are
possible. This equilibrium depends on both the structure of the hydroxamic acid
and the reaction conditions. N-deprotonation yields the hydroxamate anion
(3, Fig. 4) and it could be generated in the gas phase. In non-protic solvents, it is
strengthened by an electron attracting substituent. In this case, the generated anion
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Fig. 3 Conventional
synthesis of hydroxamic
acids
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may be stabilized by resonance. In water, the O-deprotonation yields the hy-
droxamate anion (2, Fig. 4) and it may be found in a comparable amount or even
prevailing. Nevertheless, some studies have suggested that the acidity of hy-
droxamic acids is due to the destabilizing inductive effect of the hydroxyl group in
the acid molecule and not due to any effect of the anion (Böhma 2003). The proven
anions have some resonance contributing structures. On the other hand, hy-
droxamic acids may also be present in the tautomeric form (Fig. 41b, c).

In addition, in consequent to the free rotation about the C–N bond, hydroxamic
acid and, the hydroxamate and hydroxamate groups can exhibit cis/trans (or Z, E)
isomerism (Fig. 41a, b). Among other factors, the preferential configuration could
be related to the steric effects of the N- and C-substituents since studies have
shown that for N-methyl-substituted hydroxamic acids, the Z/E ratio increases with
the bulk of the C-substituent in DMSO-d6, CDCl3, or C6D6.

However, for the metal ion coordination, a change to the cis-geometry must
occur. Studies have shown that increasing the negative charge on the coordinating
oxygen atom with the electron donation to C or N atoms form more stable metal-
hydroxamato/imato complexes. The coordination compounds of hydroxamic acids
have been intensively studied (Riedel and Kaupp 2009). This is because negatively
charged species, such as hydroxamates (Fig. 42a, 3a), act as good ligands with
positively charged metal ions present in metalloenzymes (Goyer 2004).

The hydroxamic acids are one of the most important families of organic bi-
oligands, as they constitute as one of the major classes of naturally occurring metal
complexing agents and have been thoroughly studied as ligands. Complexes of
metals or metalloids with hydroxamic acids are spread widely throughout and are
well characterized by X-ray crystallography (Farkas et al. 2000).
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The formation of complex of the hydroxamate group with metals can occur in
different ways but the most common mode of binding is bidentate coordination.
Coordination is through the deprotonated hydroxamate oxygen and carbonyl
oxygen forming a very stable five-membered ring. Monodentate binding through
the deprotonated nitrogen or oxygen atoms have also been reported but this
requires specially designed coordination environments to provide additional sta-
bilization (Farkas et al. 2000).

The formation of simple complexes with primary hydroxamic acid ligands in
aqueous solution depends on the pH. The hydroxamato (charge -1) type mode
arises from the first deprotonation step and involves the coordination of the NHO–

moiety (4, Fig. 5). The hydroximato form (charge -2) of the ligand is produced by
further metal-induced deprotonation of NHO- (5, Fig. 5) (Farkas et al. 2000).

Mononuclear homoleptic complexes with bidentate O,O-hydroxamato/imato
coordination from monohydroxamic acids have been characterized with Fe(III),
Cr(III), Co(III), Ga(III), In(III), Si(IV) or Ge(IV) (octahedral geometry), Cu(II)
(square planar geometry), B(III) (tetrahedral geometry), or Hf(IV) or Th(IV)
(distorted dodecahedral geometry). Mononuclear heteroleptic complexes with
bidentate O,O-hydroxamato/imato coordination from monohydroxamic acids have
been characterized with Si(IV), V(V), Co(II), Co(III), Ni(II), Zn(II), Mo(VI),
Ru(III), Rh(III), Sn(IV), W(VI), Os(III), Pt(II), and U(IV) (Codd 2008).

Zinc is the second most prominent trace metal in the human body after iron. In
the adult human there are 2–3 g of zinc, as compared to 4–6 g of iron and only
25 mg of copper. Zinc deficiency may cause growth defects, although unlike
copper and iron, few harmful effects due to an excess of zinc have been observed.
Zinc is known to have an important role in a wide range of cellular processes,
including cell proliferation, reproduction, immune function, and the defense
against free radicals. The biochemical functions of zinc can be classified as cat-
alytic, structural, and regulatory. At neutral pH, all acid–base catalyzes by metal
ions in biological systems are catalyzed by Zn2+. At acid pH, manganese and iron
adopt the role. Zn2+, a d10 electron system, is a good Lewis acid which is unable to
undergo redox reactions. In acidic media, Zn2+ complexes are unstable; therefore,
Zn2+ is a good Lewis acid only under neutral or basic pH conditions. Zn2+ as a
catalyst in metallobiomolecules is in low symmetry sites bound to amino acid side
chains containing N, S, or O donor ligands. In addition, H2O/OH- is an excellent
ligand in biological systems (Goyer 2004).

Metal has an essential role in metalloenzymes. For example, all known matrix
MMPs use a zinc ion during hydrolysis of the substrate. This catalytic mechanism
is described in Fig. 6. The active site zinc (II) ion is generally bound by three
protein ligands and a water molecule suggestive of an open coordination site which
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Fig. 5 Deprotonation of
hydroxamic acid (based on
Farkas et al. 2000)
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is considered essential for the function of zinc during catalysis. Thereby, the
substrate amide carbonyl group also coordinates to zinc. This carbonyl group
undergoes nucleophilic attack by a water molecule that are both hydrogen bonded
to a conserved glutamic acid and coordinated to the zinc ion.

The water donates a proton to the active site glutamate (Glu) residue which
transfers it to the nitrogen of the amide group. Transferring the proton from the
Glu to the amide nitrogen is followed by the breaking of the N–C amide between
Glu and the free amine of the cleaved substrate (Muri et al. 2002).

The molecular design of effective MMPs inhibitors has as a prerequisite to
insert a group capable of chelating the zinc ion. The hydroxamic acid derivatives
are, so far, the most extensively studied class of MMP inhibitors. This is due to the
ability of the hydroxamate group to efficiently combine with the catalytic zinc ion
besides its ability to form hydrogen bonds to glutamic acid and alanine residue
MMPs (Fig. 7).

4 Bacterial Diseases

Bacterial resistance to multiple antibiotics is a global public health problem,
especially for seriously ill, hospitalized patients. Frequently, these infections fail to
respond to usual treatment and this results in prolonged illness and greater risk of
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death (WHO 2012a-d). Unfortunately, while resistance to recent therapies con-
tinues to increase, there are inadequate numbers of new clinical drugs to treat these
infections (Brown et al. 2012).

A strategy to combat multiresistant bacteria could be to focus on new targets
involved in the biochemical processes that are essential for bacterial growth and
thus develop new antibacterial agents. Highlighted among the multiresistant
pathogens could be the Gram-positive methicillin-resistant Staphylococcus aureus
(MRSA) (Gould et al. 2012) and the Gram-negative bacteria resistant to multiple
antibiotics that are responsible for several difficult-to-treat infections in humans,
such as Escherichia coli and Pseudomonas aeruginosa (Elhani et al. 2012).

The most frequent resistance mechanism used by bacteria is to modify their
structural enzymes so that they are able to make the antibacterial agents inactive.
Some families of resistant enzymes are well-known, such as those in aminogly-
coside antibiotics. In this case, specifically three enzymes - aminoglycoside 30-
phosphotransferases [APH(30)s], aminoglycoside nucleotidyltransferases (ANTs),
and aminoglycoside acetyltransferases (AAT) have been extensively studied and
among these, APH(30) is most studied. Their mechanism of resistance is based on
the enzyme’s ability to transfer the a-phosphoryl group of ATP to the 30-hydroxyl
of aminoglycosides, such as kanamycin A (6, Fig. 8), thus making them inactive
and clinically obsolete (7, Fig. 8) (Haddad et al. 1999).

Infectious diseases caused by Gram-negative bacteria are clinically relevant
mainly as nosocomial pathogens. In these infections, there is an increased risk due
to their endotoxin that may become a complicating factor in many serious diseases.
The syndromes most frequently associated with bacterial endotoxin are systemic
complications such as septicemias. Systemic infections or septicemias caused by
invasive Gram-negative bacteria are a well-known effect of endotoxin exposure
and E. coli is the most frequently isolated Gram-negative organism. Approxi-
mately 600,000 cases of septicemia are diagnosed annually in the US, leading to
about 100,000 deaths per year (Shin et al. 2007).

Gram-negative bacteria septicemia results from the systemic response to
infection, generally in the overexpression of cytokines and inflammatory mediators
in response to macrophage activation by lipopolysaccharide (LPS). LPS, the pri-
mary component of the outer monolayer of the outer membrane of Gram-negative
bacteria, and an essential protective barrier against such agents as detergents and
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antibiotics, is anchored to a hydrophobic domain known as lipid A (Fig. 9) (Brown
et al. 2012).

The hexaacylated disaccharide lipid A, also known as endotoxin, is a gluco-
samine-based phospholipid required for bacterial growth (Raetz and Whitfield
2002; Shin et al. 2007) and it is estimated that there are 106 lipid A residues and
107 glycerophospholipids in a single cell of E. coli (Raetz and Whitfield 2002).
When there is a lack of lipid A, the bacteria either become not viable or increase
their susceptibility to anti-bacterial agents (Brown et al. 2012).

Lipid A biosynthesis is catalyzed by nine enzymes, however, the UDP-3-O-(R-
3-hydroxymyristol)-N-acetylglucosamine deacetylase (LpxC) has been widely
studied due to the lack of homology to mammalian metalloamidases. Therefore,
LpxC has been considered an attractive chemotherapy target for the treatment of
the gram-negative bacteria infections. LpxC is a cytosolic zinc-metalloamidase
enzyme that uses a Zn2+ ion as cofactor, which is essential for cell viability. This
enzyme is present in all Gram-negative bacteria and plays a crucial role in the
pathway leading to the construction of Lipid A (11, Fig. 10) which specifically
participates in the first biosynthetic step (Brown et al. 2012). In this step the metal-
dependent deacetylase, LpxC, hydrolyzes UDP-3-O-(R-3-hydroxymyristoyl)-N-
acetylglucosamine (8, Fig. 10) to form acetate and UDP-3-O-(R-3-hydroxymyri-
stoyl) glucosamine (9, Fig. 10) (Gennadios et al. 2006).

Fig. 9 Model of the inner and outer membranes of E. coli (based on Raetz and Whitfield 2002)
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Studies have shown that the inhibition of enzymes in the lipid A biosynthetic
pathway kills Gram-negative bacteria and reduces toxic lipid A concentrations
shed by dying bacteria. Specific studies with LpxC have proven that the LpxC
gene inactivation was able to suppress bacterial growth (Mdluli et al. 2006).
Consequently, this is considered an attractive target for the development of a new
class of antibiotics. Thus the research for novel chemical substances with potential
inhibitory action of LpxC has been stimulated (Shin et al. 2007). Since the dis-
covery of this enzyme target, several LpxC inhibitors have been reported, espe-
cially those focused on the hydroxamate class (Warmus et al. 2012). However,
none of these inhibitors have as yet effectively advanced through clinical trials
(Brown 2012).

The first hydroxamic acid-based potent LpxC inhibitor discovered was
L-161,240 (12, Fig. 11) (Onishi et al. 1996). This compound contains an arylox-
azoline moiety. Thus, the discovery of this compound opened up a new pathway in
the design and development of novel aryloxazoline-based hydroxamate LpxC
inhibitors. However, this oxazoline derivative does not have a broad spectrum
against gram-negative bacteria; it has been found to be potent particularly against
E. coli but weak against Pseudomonas aeruginosa (Warmus et al. 2012; Zhang
et al. 2012).

In order to search for potent LpxC inhibitors against broad spectrum gram-
negative bacteria the substrate-based hydroxamates, such as TU-517, were
designed (13, Fig. 11). In these new structures, the hydroxamate group was
introduced into the tetrahydropyran ring of the natural LpxC substrate and
appended at the position analogous to the location of the N-acetyl group. However,
these compounds, although demonstrated a considerable potency against the wild-
type strain of the E. coli LpxC, were not able to inhibit the growth of a mutant
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strain of the E.coli (Jackman et al. 2000; Zhang et al. 2012). Afterward, in an
attempt to obtain the effective interaction with the hydrophobic tunnel in the active
site of LpxC, the CHIR-090 (14, Fig. 11), which is based on the diphenyl-acety-
lene scaffold, was developed.

Thus CHIR-090 is the first reported compound that in fact kills both E. coli and
Pseudomonas aeruginosa in bacterial disk diffusion assays (Liang et al. 2011).
Nonetheless, CHIR-090 was about 600-fold less effective against LpxC orthologs
from the Rhizobiaceae family than against E. coli LpxC. In this way, studies have
shown that the removal of morpholine ring (LPC-009, 15, Fig. 11), based on a
chemical scaffold of reduced radius, was able to increase affinity by 20-fold for
LpxC enzymes from the Rhizobiaceae family of bacteria and enhance the antibiotic
activity against E. coli and P. aeruginosa by 2–4 fold over CHIR-090 (14, Fig. 11).

5 Protozoal Diseases

Today, more than a billion people, around one-sixth of the world population, are
infected with one or more of the neglected tropical diseases (NTDs). However,
since these diseases do not cause sudden outbreaks and are mainly in countries
with limited resources for investment in public health, they do not attract the
necessary attention of the competent authorities, and thus become neglected dis-
eases (WHO 2012a-d). Prominent among the existing NTDs could be leish-
maniasis, sleeping sickness, Chagas disease, and malaria, which together account
for nearly 50 % of all deaths caused by NTDs every year (WHO 2012a-d). Such
NTDs are caused by protozoa, which are among the most prevalent pathogens
throughout the world.
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More than 225 million individuals are infected with malaria alone and this NTD
causes about 700 thousand deaths each year. This disease is caused by the Plas-
modium species, of which there are four main types able to infect humans:
Plasmodium vivax, Plasmodium ovale, Plasmodium malariae, and Plasmodium
falciparum (Andrews et al. 2009). However, P. falciparum is the most common
causative agent. Nowadays, some strains of P. falciparum have been showing
resistance against chloroquine, the most accessible antimalarial drug available.
The most recent antimalarial treatment is artemisinin-based combination therapy
(Andrews et al. 2012; Aguiar et al. 2012). However, due to treatment failure and
growing parasite resistance to current antimalarial drugs new research has been
focusing on novel therapeutic targets and new classes of chemical substances.
A better understanding of the biology of these parasites is contributing to the
discovery and development of novel drugs and vaccines (Aguiar et al. 2012).

In this context, histone deacetylases (HDACs) have been identified as an
important chemotherapeutic target since they play essential roles in regulating gene
transcription in both eukaryotes and prokaryotes. HDACs regulate chromatin status
and gene expression, and their inhibition is of significant therapeutic interest. This
enzyme affects the post-translational modification of proteins by altering the
acetylation state of the lysine residues. Thus, the acetylated form induces the gene
expression while the deacetylated form silences genes. Consequently, this enzyme
has also been considered a potential target for the treatment of several diseases,
such as cancer, neurodegeneration, metabolic, inflammatory and autoimmune
disorders, as well as infectious and cardiovascular diseases (Carafa et al. 2013). The
HDACs have also been investigated as novel prospective drug targets for malaria.
HDACs are grouped into two families, Class I and II, which differ significantly in
size and structural organization, but share a similar catalytic core that uses zinc as
the essential co-factor for deacetylase activity (Andrews et al. 2012).

There are several HDAC inhibitors under development and most of them are
hydroxamate-based inhibitors such as Trichostatin A (TSA, 16, Fig. 12),
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suberoylanilide hydroxamic acid (SAHA or Vorinostat
�
, 17, Fig. 12), suberic

bishydroxamate (SBHA, 18, Fig. 12), 2-aminosuberic acid-based hydroxamate
(2-ASA-9, 19, Fig. 12), and WR301801 (20, Fig. 12) (Andrews et al. 2012).

Recently, hydroxamic acid-based compounds, selective for P. falciparum have
been described. The selectivity has been identified by screening compounds with
variations in the basic structure of HDAC inhibitors. This includes a small zinc-
binding group (ZBG) that accesses the active zinc ion site, a linker region capable
of fitting the narrow, hydrophobic, tubular cavity emanating from the ZBG to the
HDAC surface, and a capping group that blocks the entrance to the active site
cavity (Andrews et al. 2012).

Other neglected tropical diseases such as Leishmaniasis, caused by the parasitic
protozoa of the genus Leishmania, are fatal if not treated, and the majority of
deaths go unrecognized, even with access to treatment. According to World Health
Organizations (WHO) there are four main forms of leishmaniasis: the cutaneous,
diffused cutaneous, mucocutaneous, and visceral forms, which affect approxi-
mately 12 million people worldwide. Furthermore, there are 350 million people in
88 countries at risk of contracting it (WHO 2012a-d). Vaccination remains the
best hope for control of all forms of this disease. Despite great advances in
research, no vaccine is yet available (Palatnik-de-Sousa 2012).

Studies of new drugs for the treatment of this parasitic disease have shown that
iron deficiency induced by an iron chelator such as desferrioxamine (21, Fig. 13),
which is a hydroxamic acid derivative, could favor the host in Leishmaniosis. This
is because metal chelating groups form complexes with iron in hemoglobin, and
thus with no iron available to the parasite its multiplication would be reduced and
infection attenuated (Malafaia et al. 2011).

The most important diseases caused by protozoan parasites of the genus Try-
panosoma are African trypanosomiasis or sleeping sickness and the American
disease or Chagas disease. According to the World Health Organization (WHO),
African trypanosomiasis affects at least 70,000 people per year and there are about
500,000 people infected with this disease. Furthermore, 60 million people in 36
countries are at risk of contracting it (WHO 2012a-d; Lopes et al. 2010). The
treatment available for the advanced stage of disease is the nifurtimox-eflornithine
combination therapy (NECT). It consists of a simplified co-administration of
nifurtimox, which is given orally, and eflornithine, which is given intravenously
(DNDi 2012).
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Researchers have identified a hydroxamic acid derivative as a potential thera-
peutic agent for the treatment of the disease. This is because studies have shown
the importance of 6-phosphogluconate dehydrogenase (6-PGDH), the third
enzyme of the pentose phosphate pathway, for the parasite survival, especially in
Trypanosoma brucei. 6-PGDH of the Trypanosoma brucei has been shown to be
inhibited by 2,3-O-Isopropylidene-4-erythrono hydroxamate. However, this com-
pound has reduced membrane permeability and it does not have trypanocidal
activity. Therefore, the attempt is being made to improve the antiparasitic activity
of this inhibitor by converting the phosphate group into a lower charged phosphate
prodrug. Based on this new compound, a small library of phosphoramidates was
synthesized, where some of the compounds showed high trypanocidal activity
(Ruda et al. 2010).

In Chagas disease, there are about 10,000 deaths per year caused by Trypan-
osoma cruzi, and it is estimated that 10 million people are infected worldwide,
mostly in Latin America, and that 75–90 million are exposed to infection. There is
an urgent need for safer and more efficient drugs against Chagas disease given that
there are only two compounds in clinical use, which were introduced in the 1960s
and 1970s. They are Benznidazole (BNZ) {N-benzyl-2-nitroimidazole-1-acetam-
ide} (Rochagan

�
, Roche) and Nifurtimox (NFX) {4[(5-nitrofurfuryl-idene)amino]-

3-methylthio-morpholine-1,1-dioxide} (Lampit
�
, Bayer) (Capaci-Rodrigues et al.

2010). Several studies have been made and new chemical substances and new
therapeutic targets investigated. However, none of the chemicals investigated are
in the advanced stage of clinical trials.

Studies of MMPs in T. cruzi infections have shown that the expression and
activity of two of them, MMP-2 and MMP-9, were up regulated in cardiac tissue
during the acute phase of the disease. This study detected an association with
inflammatory cells infiltrating the myocardium. Additionally, in order to establish
the role of MMPs in vivo, T. cruzi-infected mice were treated with doxycycline, a
potent inhibitor of MMP activity. It was found that mice treated with doxycycline,
a member of the tetracycline antibiotic group able to chelate the zinc metallo-
peptidases, showed a significantly decreased inflammation of the heart, delayed
peak in parasitemia, and improved survival rates, compared with the control group.
These results suggest an important role of MMPs in T. cruzi-induced acute
myocarditis (Gutierrez et al. 2008).

Metallopeptidase activities have been expressed at high density at the surface of
Leishmania promastigotes such as gp63 and in multiple isoforms in T. cruzi. An
MMP-9-like activity was detected in the cytoplasm of the T.cruzi during in vitro
infection of embryonic hepatocyte cells (Nogueira de Melo et al. 2004). Sub-
sequent studies have also demonstrated the presence of MMP-9 homologs in
T. cruzi cells and spent culture medium (Nogueira de Melo et al. 2010). There are
no efficient non-toxic inhibitors developed for these potential targets, since this
proteolytic activity could possibly contribute to an ECM protein degradation,
facilitating invasion of host cells, an activity that is probably highly relevant
in vivo during the navigation of interstitial tissue spaces by trypomastigote forms.
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Peptidase-dependent ECM remodeling is one of the key events for the regulation
of T. cruzi infection and pathogenesis of Chagas disease (Capaci-Rodrigues et al.
2010).

6 Viral Disease

The human immunodeficiency virus (HIV) affects 34 million people worldwide, of
which 16.7 million are women, 14 million men, and 3.3 million children below 15.
Only in 2011, 2.5 million individuals became infected with the virus. HIV is a
retrovirus that infects cells of the immune system, destroying or impairing their
function. As the infection progresses, the immune system becomes weaker, and the
person becomes more susceptible to infections. The most advanced stage of HIV
infection is acquired immunodeficiency syndrome (AIDS). It can take 10–15 years
for an HIV-infected person to develop AIDS; antiretroviral drugs can slow down
the process even further (WHO 2012a-d).

Now 25 years on, HIV therapy, previously focused on developing and opti-
mizing drugs based on inhibiting active HIV replication, is about to enter a new
phase. Recently, researchers have demonstrated the need for new therapeutic
strategies able to present an effective cure for latent HIV. This is because the
therapeutic strategy adopted at the moment has limitations since HIV persists even
when viral replication is suppressed. HIV persists during effective therapy, in part
because its genome becomes stably integrated in certain white blood cells known
as resting memory CD4+ T cells. In this way, these infected cells remain invisible
to the immune system as they do not express viral proteins. Supposedly, drugs that
reverse latency might lead consecutively to HIV RNA synthesis, viral protein
production, and release of HIV particles. It could lead to the death of the infected
cell and to the elimination of the viral reservoir by the virus or by the patient’s
immune system. Histone deacetylase (HDAC) plays an important role in latency
related to the removal of acetyl groups from the DNA-bound histone proteins and,
in so doing, affects gene expression. Thereby, it could reverse latency (Deeks
2012).

Some histone deacetylase inhibitors (HDACIs) have been tested. Vorinostat� or
SAHA (17, Fig. 12) that is licensed for the treatment of cutaneous T cell lym-
phoma, has been tested in vitro and was able to activate HIV production in latently
infected cell lines from 0.25 to 100 mm. Thus, this drug was shown to be a potent
inducer to activate HIV production of latently infected monocytic cell lines (U1),
T cell lines (J89 and ACH2), primary CD4+ T cells and of CD4+ T cells from
HIV-infected patients on suppressive combination antiretroviral therapy (cART).
In view of these results, several other HDACIs have been tested which can also
activate HIV production from latently infected cells such as givinostat, belinostat,
entinostat, and panobinostat (Wightman et al. 2012).

On the other hand, although HDACIs present an exciting new approach to
activate HIV production from latently infected cells and so possibly enhance
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elimination of these cells and achieve a cure, there are no answers for some
questions such as how much of the viral reservoir might be eliminated by HDAC
inhibition. Thus, there is a need for new studies to evaluate the toxicity of this
treatment (Deeks 2012; Wightman et al. 2012).

7 Conclusion

Hydroxamic acids involve a simple synthesis and possess a substantial versatile
pharmacological usefulness. Innumerous new hydroxamic acid-based compounds
have been developed for the treatment of various diseases. This is mainly due to
their ability to form complexes with various metals, particularly iron, zinc and
calcium, which are most abundant in the human body. In this chapter, the
importance of the formation of this complex with enzymes of microorganisms has
been discussed. In this context, the metallopeptidases were shown to be extremely
significant since they have been discovered in several pathogens with a key role in
their survival. Also other metalloenzymes of microorganisms that are inhibited by
hydroxamate derivatives are shown to act as potential therapeutic targets.
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Hydroxamic Acids as Chelating Mineral
Collectors

Ramanathan Natarajan

Abstract Owing to the ability to form coordination complexes with several metal
ions, hydroxamic acids have application in different fields such as analytical
chemistry, chelation therapy, nuclear fuel reprocessing, solvent extraction, ion
exchange and mineral processing. Application of hydroxamic acids as chelating
mineral collectors for ore beneficiation is a unique area of their use and has
attracted the attention of limited readers working in the relevant area. A review of
the use of alkyl and aryl hydroxamic acids in mineral processing is presented.
Some basic information on mineral flotation chemistry is provided for the sake of
common readers. Adsorption of hydroxamates on several minerals is compared
because mostly the mineral flotation studies are preceded with adsorption studies.
Usually, hydroxamic acids take the trans conformation about the carbonyl carbon
and amine nitrogen bond. However, crystal structures of two aryl hydroxamic
acids with cis conformation are furnished. Extension of QSAR approach and
molecular modelling, hitherto known in drug design, is also covered to present
them as scientific tools for design of mineral collectors that are more selective.

Keywords Hydroxamic acids � Froth flotation � Mineral collectors � Ore
beneficiation
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1 Introduction

Hydroxamic acids are N-acyl derivatives of hydroxylamine (NH2OH) and act as
bi-dentate ligands to complex with several metal ions (Fig. 1). Their ability to
form stable complexes with transition, lanthanide and actinide metal ions extends
their application in different areas such as analytical chemistry, spectral-colori-
metric analyses, solvent extraction, ion exchange, and several other fields. A large
number of articles including two early reviews in Chemical Reviews published on
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the chemistry of hydroxamic acids and their metal chelates highlight the versatility
of applications of hydroxamic acids in several fields (Agrawal 1973, 1977, 1979;
Agrawal and Tandon 1974; Agrawal and Kapoor 1977; Barocas et al. 1966;
Baroncelli and Grossi 1965; Chatterjee 1978; Inoue et al. 2000; Lutwick and Ryan
1954; Natarajan and Nirdosh 2006; Pradip and Fuerstenau 1983, 1985; Shendrikar
1960; Yale 1943; Lipczynska-Kochany 1991; Raymond et al. 1984; Anderegg
et al. 1963; Cheng et al. 1982; Majumdar 1972; Verma et al. 1977).

Application of hydroxamic acids extends to fields such as enzyme inhibitors,
soil enhancers, fungicides, mutagens, carcinogens, DNA cleavage, artificial met-
allonucleases, drug delivery systems, malarial research (Ghosh 1997), and ana-
lytical chemistry (Brandt 1960). Octyl hydroxamic acid and its salts have also been
used in solvent extraction of metals (Vernon and Khorassani 1978; Vernon 1982),
and to prevent corrosion of copper (Notoya and Ishikawa 1980). Some naturally
occurring hydroxamic acids are involved in microbial iron transport (Neilands
1974), and in the transport and deposition of heavy metals in aquatic metals in
aquatic systems (Vuceta and Morgan 1978). Hydroxamate functionalities are also
utilised by natural siderophores for the sequestration of iron by fungi in the
environment (Raymond et al. 1984; Renshaw et al. 2002a).

Hydroxamic acids form stable coloured complexes with transition metal ions,
which form the basis for their usefulness as photometric analytical reagents for the
determination of trace metals (Sandell and Onishi 1978). The deep purple or red
colour of iron (III) hydroxamate complexes and the violet coloured vanadium (V)
complex have been used for the detection of microgram amounts of hydroxamic
acids (Agarwal 1973).

Study of interactions of hydroxamic acids with actinides does not just limit it to
stability constant measurements of actinide-hydroxamate complexes (Anderegg
et al. 1963; Barocas et al. 1966; Baroncelli and Grossi 1965; Maggio et al. 1966;
Sinkov and Choppin 2002) but extends its application towards the extraction of
metal ions of nuclear interest, such as zirconium, plutonium and other fission
products. Furia et al. (1983) explained the role of hydroxamic acid in the retention
of fission products, especially 95Zr, by radiolytically degraded tributyl phosphate in
dodecane. Dissolution of aFeO(OH), ThO2�2H2O and c-UO3 by hydroxamate and
carboxylate ligands was reported by Renshaw et al. (2002b) while solublisation of
actinides by hydroxamic acid-based microbial sideraphores was reported by
Brainard et al. (1992). Microbial uptake of uranium and plutonium hydroxamates
(John et al. 2001; Renshaw et al. 2003), their solvent extraction (Dasaradhi et al.
1997) and actinide sequestration agents (Durbin et al. 1989) are examples of
actinide hydroxamate interactions in radiation chemistry. A mixture of branched
chain isomers of 13-carbon atoms, neo-tridecano-hydroxamic acid, had been
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reported as extractants in nuclear fuel processing (Cao et al. 1973, 1974; Grossi
1970; Mannone et al. 1977). Hydroxamic acids have higher coordinating ability
with tetravalent actinides such as Np4+, Pu4+ than with hexavalent uranium (Taylor
et al. 1998). Hence, hydroxamic acids were tested for the stripping of actinides in
Purex flowsheets for Advanced Fuel Cycles (Fox et al. 2006; Birkett et al. 2005,
2007; Zilberman et al. 2002; Todd and Wigelund 2006). Formo- and aceto-hy-
droxamic acids were also found to be redox-active and therefore can be oxidised
by metal ions such as Np(VI) (Colston et al. 2000; Chung and Lee 2006). The
redox behaviour exhibited by hydroxamic acids had been utilised in controlling Np
and Pu in Purex reprocessing systems both by coordination stripping of tetravalent
ions from the TBP solvent phase and by selective reduction of Np(VI) to inex-
tractable Np(V) (Birkett et al. 2005). It was also found that at the acidities used in
the process, U(VI) ions were not affected by hydroxamic acids and remain solvated
in the TBP phase (May et al. 1998). Carrott et al. (2007) reported the distribution
coefficients of Pu(IV) in the presence of hydroxamic acids in order to understand
the behaviour of hydroxamate complexes of Pu(IV) under Purex process condition.
Saha et al. (2002) tested the use of an aryl hydroxamic acid in the solvent
extraction of uranium from acid solution with pH [ 3.

One of the most interesting fields that utilises the ability of hydroxamic acids to
form stable coordination compounds with several metal ions is mineral processing.
Hydroxamic acids have been tested as mineral collectors in ore beneficiation by
froth flotation. This chapter presents the review of studies on testing hydroxamic
acids as mineral collectors. A brief outline of froth-flotation process is given below
for the benefit of readers and also certain fundamental concepts of froth flotation
process are outlined in some other sections. Though this may appear to be trivial
for experts it is deemed necessary for general readers.

2 Mineral Concentration by Flotation

Materials mined from ore deposits within the earth’s crust are usually a highly
heterogeneous mixture of solidified phases. Crushing and grinding operations are
used to free the individual phases from their neighbours, that is, to liberate the
mineral species and, occasionally, to reduce their size to a range suitable for the
intended separation technique. Once mineral species are liberated, an economic
recovery of the valuable components contained in the original mixture depends
greatly on the application of the most appropriate separation or concentration
process (Leja 1982).

The ultimate goal of ore beneficiation is mineral concentration. This is a sep-
aration process that is achieved by techniques exploiting physical and physico-
chemical characteristics such as specific gravity, shape and size, electrical charge,
magnetic susceptibility, radioactivity and surface properties (Leja 1982). Separa-
tion processes that exploit the possibility of varying the surface characteristics of
minerals make such processes more versatile and universal. Froth flotation is one
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such process that exploits surface properties of minerals and emerged as the most
dominant pre-concentration process in mineral processing.

Though it was initially developed to concentrate sulphides of base metals, it has
now been expanded to float oxides and oxidised minerals and non-metallic min-
erals such as phosphates, fluorites and fine coal. When air is passed through
aqueous slurry, hydrophobic mineral particles adhere to the air bubbles. The
mineralised air bubbles rise to the surface of the slurry. To prevent the mineral
falling back into the slurry, a frother is added to the dispersion. The hydrophobised
mineral transferred to the froth phase collects on the surface of the slurry as the
concentrate and is periodically removed. All valuable minerals are not naturally
hydrophobic. However, hydrophobicity can be imparted to minerals by adding
suitable surfactants, called collectors, to the mineral suspension. In addition to
collectors and frothers, other auxiliary chemicals are also added to modify the pH
or the surface properties of the mineral to effect selective separation (Fuerstenau
et al. 1985). Thus, mineral concentration by froth flotation is based on the different
affinity for water exhibited by mineral surfaces.

Collectors are organic substances whose molecules may accumulate at the
mineral–water interface or react with the mineral surface. Collector molecule has
polar group (hydrophilic group) and a nonpolar hydrocarbon back bone. At the
mineral water interface the polar part of the molecule faces the mineral surface
while the non-polar group (the hydrocarbon part) faces the solution. While col-
lectors are added to make specific minerals hydrophobic, other chemicals are also
introduced in the system to keep selected components water-wetted. These
‘‘modifying agents’’ are called depressants. Other modifying agents called acti-
vators are added to reinforce the action of the given collector. Though, froth
flotation is a multiphase heterogeneous system and is very complex involving
several variables the solid/liquid interface and the reaction at the interface plays
the most important and primary role (Raghavan and Fuerstenau 1976).

2.1 Measurement of Flotation Behaviour

Flotation is a complex process which is further complicated in the case of ore
flotation by the presence of a mixture of minerals. In order to elucidate the
complex phenomena involved in flotation, flotation behaviour of individual min-
erals has to be understood. Flotation studies involving pure samples of minerals
can only be accomplished with a laboratory flotation device wherein the physical
and chemical variables can be closely controlled. The Hallimond tube is the most
extensively used laboratory flotation device that fulfilled the purpose. The device
was originally designed by Hallimond (1944), modified by Evans and Ewers
(1952), and later by Fuerstneau et al. (1957). Hallimond tube allows only a few
milligrams of ores to be tested, hence laboratory bench scale flotation devices that
use up to 1 kg of ore are available and scaling up results obtained using such
systems are more reliable (Wills 1997).
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In flotation research, one of the main objectives is to investigate the surface
chemistry of minerals and how the adsorption of surface-active agents affects
hydrophobicity. Hence, preliminary investigations are usually carried out by
studying adsorption of collectors on pure minerals and their flotation using
Hallimond tube followed by bench scale flotation using real complex ores.

2.2 Chelating Agents as Mineral Collectors

Chelating agents attach themselves to a mineral surface by chelate formation. The
chelating tendency of the compounds is higher for transition metals which are
rendered hydrophobic in preference to alkali and alkaline earth metals. The
valuable minerals are normally compounds of transition and inner transition metals
while the gangue and clay minerals are that of silica, calcium and aluminium. This
makes chelating agents to perform better than conventional collectors and has
therefore attracted attention as mineral collectors in flotation research. Chelating
collectors suffer from two main defects: (i) absence of long hydrocarbon chain in
their molecules and (ii) prohibitively high cost. Marabini et al. (1988) and Nat-
arajan and Nirdosh (2006) had demonstrated that the first defect could be over-
come by new synthesis methodologies. Once it is established, a particular
chelating agent enjoys good selectivity and has promise to be used, its production
in bulk would be potentially economic.

2.2.1 Selection of Chelating Mineral Collectors

The molecule of a chelating collector has two parts, viz., the chelating group
(hydrophilic part) and the hydrocarbon backbone (hydrophobic part). Though the
chelating group can be decided from literature and experiments done in solvent
extraction (liquid–liquid extraction) of metals from process and waste solutions, and
also from solution chemistry of metal ions and their interaction with various che-
lating agents, one has to bear in mind that the metal ion under consideration in a
mineral being floated is not present as a completely free metal ion. Rather, it is
present on the surface of the mineral as a unionised entity with only some of its
valencies liberated during grinding. Therefore, a chelating agent, which is a selec-
tive extractant for a free metal ion, may not be a selective collector for the mineral of
the same metal. For example thenoyltrifluoroacetone, a good extractant for uranium
ion, was not found to function as a good collector for uranium minerals (Muthusamy
et al. 1983, 1985) and the same is true for tributylphosphate (TBP). Marabini (1993)
had laid down a guideline to choose the chelating group based on conditional
constants. Conditional constants are nothing but modified form of thermodynamic
stability constants where concentrations of hydroxylated metal ion and protonated-
ligand are used instead of the concentrations of free metal ion and ligand:

Stability constant log K ¼ ML½ �= M½ � L½ � ð1Þ
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Conditional constant log K1 ¼ ML½ �
�

M1
� �

L1
� �

ð2Þ

where [M], [L] and [ML] are concentrations of metal ion M, ligand L and complex
ML, respectively, while [M1] and [L1] are that of hydroxylated metal ion pro-
tonated ligands, respectively.

For a ligand L to act as a collector for a mineral that contains the cation M1 and
forms the complex M1L the conditional constant

logK1
M1L� 6 ð3Þ

For the same ligand to act as a selective collector for M1 against the cation M2
in another mineral in a poly mineral dispersion, the difference between the con-
ditional constants for the complexes M1L and M2L must be

logK1
M1L � logK1

M2L� 5 ð4Þ

The first criterion characterises the absolute chelating power towards a cation and
the second one defines the relative chelating power of the ligand between two cations.

Once the head group is decided on the basis of the above two criteria, the
molecular architecture needs to be designed. Among the congeners (the com-
pounds with the same chelating group), the collector efficiency varies according to
the peculiarities of the hydrocarbon part and the substituents in it.

3 Adsorption of Hydroxamates on Mineral/Water Interface

Mineral flotation involves adsorption of collector molecules at the mineral/water
interface and the understanding of adsorption of a collector on minerals is nec-
essary before testing the flotation response of minerals towards a particular col-
lector. Adsorption studies on hydroxamates, therefore, precede flotation studies.
Hydroxamates adsorb at the mineral surface through electrical double layer
interaction and the adsorption peaks around pH 9.0 which is close to the pKa of
several hydroxamic acids and at this pH hydroxamic acids are in the completely
dissociated form, i.e. the highly negatively charged form. Flotation recovery of
several minerals by hydroxamic acid collectors is maximum around pH 9.0
(Table 1). Pradip (1987) characterised the adsorption isotherms of alkyl hdyrox-
amates at mineral/water interface with five distinct regions.

1. Chemisorption occurring in horizontal configuration.
2. Saturation adsorption density corresponding to a horizontal monolayer.
3. Chemisorption leading to a vertical monolayer.
4. Saturation adsorption density corresponding to a vertical monolayer.
5. Multilayer adsorption through chain-chain interaction, hydrogen bonding,

surface participation and bulk chelation.

The free energies of adsorption DG�ads can be computed using the well-known
Stern–Grahame equation:
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/
1� /

¼ C

55:5
exp

DG�ads

RT

� �
ð5Þ

Where / is the fraction of stern plane sites covered with hydroxamate, C is the
equilibrium concentration of collector in solution, R is the universal gas constant
and T the temperature in Kelvin. Standard free energies of adsorption for different
mineral-hydroxamate systems are given in Table 2.

Natarajan et al. (2010) studied the adsorption of an N-aryl hydroxamic acid on
several minerals and the adsorption isotherms are fitted very well with Langmuir
model (Giles et al. 1960) and this confirmed the formation of monolayer, whereas
the adsorption of alkyl hydroxamates followed multilayer mechanism. Pradip and
Fuerstenau (1983, 1985) proposed that adsorption of hydroxamates on semi sol-
uble minerals such as bastnaesite, barite and calcite occurs via the formation of
hydrolyzable cationic species. The metal ions from mineral surface hydrolyse in
bulk solution and hydroxycomplexes formed then re-adsorb at the interface
assisting adsorption. The surface reaction and bulk precipitation which lead to the
formation of multilayers in the case of alkyl hydroxamates appeared to be least
probable during the adsorption of aryl hydroxamates on minerals. In the case of
alkyl hydroxamates, the hydrocarbon backbone is linear and has much more
conformational flexibility to allow multilayer adsorption. The specific adsorption
of the aryl hydroxamic acid studied was lower at pH 10.0 than at pH 9.0 and this
might be due to hydroxylation of mineral sites at higher OH- ion concentration.
Iron-containing ores were found to have very high specific adsorption and this is
due to the high affinity between the iron and hydroxamates. The adsorption on
quartz was nearly one-tenth of that on sphalerite and galena which indicated that
aryl hydroxamic acids will not float silica minerals. Comparison of specific
adsorption of octyl hydroxamates and aryl hydroxamates is given in Table 3.

4 Hydroxamic Acids as Mineral Collectors

The first application of hydroxamic acids in mineral processing appears to have
been proposed in 1940, when Popperle (1940) obtained a patent in Germany for
the use of hydroxamic acids or their salts as collectors in the flotation of ores.

Table 2 Standard free energies of adsorption for mineral-hydroxamate systems

Mineral Constituent cations Adsorption energies

DG�ads

kcal/mole
DH�ads

kcal/mole
DS�ads

Cal/mole� K

Bastnaesite Ce3+, La3+ -13.6 42.3 190
Pyrolusite Mn2+, Mn4+ -8.5 4.4 44
Haematite Fe3+, Fe2+ -7.4 15.0 76
Calcite Ca2+ -6.4 7.8 48
Barite Ba2+ -5.7 7.8 46
Cassiterite Sn4+ -25.0 -36.8 –
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However, Peterson et al. (1965) reported the use of potassium octyl hydroxamate
as a collector for chrysocolla only after 25 years. Since then, numerous investi-
gations on alkylhydroxamate flotation of minerals have been reported.

Promising flotation results were obtained in the laboratory with minerals such as
chrysocolla (Fuerstenau and Pradip 1984; Peterson et al. 1965; Barbaro et al. 1997),
malachite (Lenormand et al. 1979), haematite (Fuerstenau et al. 1967, 1970;
Ragavan and Fuerstenau 1975a), pyrolusite (Natarajan and Fuerstenau 1983),
rhodonite (Palmer et al. 1973), bastnaesite (Pradip 1987) copper oxide (Rule 1982),
copper-cobalt oxide ores (Evard and De Cuyper 1975) and oxidised zinc lead ores
(Kiersznicki 1981). Hallimond tube microflotation test using alkyl hydroxamic
collectors showed that the flotation response of different minerals towards these
collectors increase in the order spheen [ ilmanite [ pyrochlore [ pyrolucite
[ bastnaesite [ malachite [ calcite [ cassiterite [ barite. As mentioned in the
previous section, maximum flotation recoveries occur at pH 8.0–9.0.

The reagent IM-50 (a mixture of alkyl hydroxamic acids and their salts con-
taining 7–9 carbon atoms) was developed in the Soviet Union and has shown to
effectively float wolframite, cassiterite and pyrochlore (Bogdanov et al. 1973), as
well as quartz in the presence of iron salts (Koltunova et al. 1978). This reagent

Table 3 Comparison of specific adsorption of octyl hydroxamate and N-
phenylcinnamohydroxamate

Adsorbent Adsorbate PH Conc.
(mmol/L)

lmol/g Reference

Haematite
(0.5 m2/g)

Octylhydroxamate 7.5 1.0 5 Raghavan et al. (1975a ),
Fuerstenau et al. (1970)

Malachite
(\3 lm)

Octylhydroxamate 6.6 0.11 113 Lenormand et al. (1979)

Chrysocolla
(\75 lm)

Octylhydroxamate 9.0 0.17
1.13

415.0
685.0

(Urbina 1985)

Calcite
(2.15 m2/g)

Octylhydroxamate 9.0 0.6 1.7 (lmol/
m2)

Pradip and Fuerstenau
(1983)

Barite
(2.4 m2/g)

Octylhydroxamate 9.0 1.0 1.3 (lmol/
m2)

Pradip and Fuerstenau
(1983)

Sphalerite
(\75 lm)

HCNPHA 9
10

0.24
0.25

30.5
10.0

Natarajan et al. (2010)

Galena
(\75 lm)

HCNPHA 9
10

0.24
0.27

26.9
8.8

Pyrite
(\75 lm)

HCNPHA 9
10

0.54
1.45

145.4
119.5

Chalcopyrite
(\75 lm)

HCNPHA 9
10

0.22
0.22

112.3
90.4

Quartz
(\75 lm)

HCNPHA 9
10

0.20
0.24

2.9
0.7
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was also used for processing tin and rare metal ores (Bogdanov et al. 1977).
Hydroxamate collectors with 6–9 carbon atoms are also being used in China for
the flotation of copper oxide ores.

Fuerstenau et al. (1970) developed octyl hydroxamate-based collector for the
beneficiation of iron ores and showed that the new collectors performed better than
the conventional tall oil fatty acids. Pradip and Fuerstenau (1989) tested hy-
droxamate collectors for the beneficiation of rare earth ores. Hydroxamates were
found to be more selective than fatty acids for the separation of bastnaesite, a
serium lanthanum fluoro carbonate. This ore from California had calcite, barite
and celestite as gangue minerals and was successfully suppressed by using
ammonium lignin sulphonate and washing soda. A rare earth ore from China that
could not be beneficiated using fatty acids was successfully beneficiated using a
hydroxamate reagent scheme (Ref. 26 in Pradip 1987).

Many sulphide minerals of copper have oxidised copper minerals, such as
malachite, associated with them. The oxidised copper minerals such as malachite,
azurite, cuprite, tenorite and chrysocolla do not respond to the traditional xanthate
collectors used to float sulphide minerals of copper and require alternative flotation
methods. Generally, the oxide minerals are treated by sulphidisation using reagents
such as sodium hydrogen sulphide and then floated with conventional collectors.
Hydroxamate collectors were found to float the oxidised copper minerals (Peterson
et al. 1965) without sulphidisation. Ausmelt Ltd developed a hydroxamate-based
flotation reagent AM 28 for the recovery of copper and gold from sulphide ore
bodies that contain oxidised copper ore. Several mines are currently using Ausmelt
hydroxamate collectors for the flotation of copper oxide deposits. Hydroxamates
are also used in conjunction with xanthate collectors for improved copper recovery
(Lee et al. 2009). A copper cobalt oxide ore which failed to float even after
sulphidisation was successfully beneficiated using laurohydroxamate collector.

Bogdanov et al. (1973) concentrated wolframite, cassiterite and pyrochlore
using IM-50, a hydroxamate-based collector developed in previous USSR. In the
flotation of the tungsten minerals higher flotation recoveries were obtained at low
acidic pH. A niobium-tantalum ore was preconcentrated by flotation using hy-
droxamic acids in combination with transformer oil (Ref. 26 in Pradip 1987),
Sreenivas and Padmanabhan (2002) studied the surface chemistry and flotation of
cassiterite using alkylhydroxamic acid of carbon chain length 8, 10 and 14. Unlike
several other studies, octyl hydroxamate adsorption was found to be in an acidic pH
indicating the involvement of undissociated hydroxamic acids. Similar phenome-
non was reported in the alkyl hydroxamate-ferric oxide-manganese dioxide systems
by Raghavan and Fuerstenau (1975b) and Natarajan and Fuerstenau (1983).

Carboxylic acids were conventionally used to remove coloured impurities
(TiO2) from kaolin clay. Yoon and Hilderbrand (1986) developed a hydroxamate-
based process for clay flotation and patented the technology. The hydroxamate
collector has many advantages over the conventional fatty acids flotation. The
amount of hydroxamate collector required is far less than the carboxylic acid (tall
oil) and moreover, no frother is needed owing to the frothing properties of hy-
droxamic acid (Willis et al. 1999). Cytec industry developed a new hydroxamate-
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based commercial collector under the name S-6493 Promotor and this is currently
used by several kaolin industries. Hydroxamates were found to yield higher kaolin
recoveries with better grade in reverse flotation of kaolin clay (Yoon et al. 1992;
Clifford 1998); Yordan et al. (1993) and Yoon et al. (1992) showed that direct
flotation of anatase using hydroxamates gave higher yields with faster flotation
kinetics. The clay product obtained using hydroxamates were better in quality and
the hydroxamate-based process could be extended to different kinds of kaolin
clays. Cytec’s S-6493 has been shown to recover oxide copper minerals.

4.1 Arylhydroxamic Acids as Mineral Collectors

Natarajan and Nirdosh (2001a) preferred to synthesise and test N-aryl hydroxamic
acids with wide structural variations that might affect electronic and steric
parameters. Sphalerite (ZnS) is associated with galena (PbS) and in the conven-
tional xanthate flotation of scheme galena is floated first by suppressing sphalerite
using NaCN. Suppressed sphalerite is activated by copper sulphate and then
floated with potassium amyl xanthate (PAX). Amount of copper sulphate required
for activation depends on the grade of the ore and it varies from 500 g to 1 kg per
tonne of ore. Copper sulphate is corrosive and expensive. Natarajan and Nirdosh
(2006) synthesised several arylhydroxamic acids (Table 4) and tested for the
flotation of sphalerite without copper sulphate activation. Though they success-
fully floated sphalerite without copper sulphate activation, concomitant flotation of
iron minerals, pyrite and pryrrhotite, owing to the strong affinity of hydroxamic
acids towards iron, the reduced grade of zinc concentrate was obtained. Hamilton
et al. (2009) went on to improve the zinc grade by suppressing pyrrhotite using
carboxy methyl cellulose (CMC).

4.2 Flotation Kinetics Using Arylhydroxamic Acids

It is generally accepted that froth flotation follows first order kinetics (Wills 1997),
and the rate expression therefore leads to

ln
Co

Ct
¼ kt ð6Þ

On rearrangement, this gives

C0 � Ct ¼ C0ð1� e�ktÞ ð7Þ

C0 in the above equation is the initial concentration of the mineral in the ore at
time zero, i.e. the maximum theoretically flotable amount or the theoretically
maximum possible recovery of the mineral. However, the complete recovery of the
entire mineral present in the ore feed is never achievable because some mineral
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particles will remain inaccessible due to their being locked inside other matrices
such as quartz or in very coarse particles. Hence, C0 on the right hand side of
Eq. (7) is replaced by the term R?, where R? is the maximum recovery achievable
or the cumulative recovery at infinite time. Noting that Ct is the concentration of
the mineral at time t during flotation, C0-Ct is therefore equal to the cumulative
recovery, Rt, at time t. Thus, Eq. (7) can be rewritten as:

Rt ¼ R1ð1� e�ktÞ ð8Þ

A plot of cumulative recovery versus time is an asymptotic curve and the
cumulative recovery corresponding to the asymptotic portion is the maximum
recovery achieved, R?. Agar (1985) introduced a time correction factor u in
Eq. (8) for the first order flotation kinetics. The modified rate equation is:

Rt ¼ R1ð1� e�kðtþ/ÞÞ ð9aÞ

The changes in flotation variables such as airflow rate and collector dosage alter
the numerical values of R? and/or k. The effect of an operating variable on
flotation characteristics is usually interpreted from the trend observed in the
change in the values of these parameters. However, in a batch flotation test, a
change in one flotation variable may have opposing effects on the parameters.
Since selectivity of a collector for a certain mineral over others depends on the
value of R? and k, it becomes difficult to interpret the change in selectivity
between a valuable mineral and a gangue mineral. In order to overcome this, Xu
(1998) suggested a modified rate constant, Km, which is a combination of R? and
k and is given by the equation:

Km ¼ R1 � k ð9bÞ

It is known that for a first order kinetics,

rate ¼ Ct � k ð10Þ

when time t = 0, C = C0 (but C0 & R?), therefore

rate ¼ R1 � k ð11Þ

Hence, the modified rate constant, Km, is the rate of the reaction at time t = 0.
The modified rate constants were used by Xu (1998) to define a new quantity,

viz., the selectivity index (SI) or the relative rate constant of one mineral (M1) over
that of the other mineral (M2). The selectivity index therefore may be given by the
following expression:

SIðM1=M2Þ ¼
Kmof M1

Kmof M2
ð12Þ

Thus, the selectivity index between a valuable mineral M and a gangue mineral
G may be calculated by the equation:
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SIðM=GÞ ¼
KmM

KmG

ð13Þ

Selectivity index (SI) is the quantification of the selectivity of a collector for a
particular mineral over another mineral under the given set of process variables. It is
therefore helpful to identify the factors that have positive effects on SI in order to
maximise the separation between the two minerals. Effect of substituents on the
kinetics of flotation of a copper–nickel ore from Canada by N-arylhydroxamic acids
was studied. Seven N-arylhydroxamic acids were synthesised and tested to float a
nickel ore containing pentlandite (4–5 %), chalcopyrite (4–5 %) and pyrrhotite
(30–35 %). N-phenylacetyl-N-(2,6-dimethylphenyl)hydroxylamine (PANXPHA)
was found to have highest first order rate constant for the kinetics of flotation of
pentlandite and this was higher than that for potassium amyl xanthate, the con-
ventional collector for sphalerite. Amongst the seven N-arylhydroxamic acids,
PANXHA was also found to have the highest selectivity index for pentlandite.
Modified rate constants were linearly related to calculated dissociation constants
(pKa) of the N-arylhydroxamic acids used in the study. It may be interesting to note
that the compound found to have the highest first order rate constant and the highest
selectivity is the one detected to have the cis (E) conformation even in the solid state.

5 Crystal Structure of Hydroxamic Acids

The hydroxamate group has to be in the cis(Z) conformation to form the chelate
ring with metal ions. However, in free hydroxamic acid the C(=O)NHOH group is
usually in the trans conformation and this had been confirmed in the case of
several aryl-hydroxamic acids by X-ray crystal structure determination (Raman
et al. 1984; Bryde and Kjoeller 1993; Andreas et al. 1990; Jaroslav 2000; Urbina
2003; Fuerstenau et al. 2000; David et al. 1996). Brown et al. (1996) studied the
conformational behaviour of hydroxamate group using ab initio calculation, NMR
and IR spectroscopy, and X-ray crystal structure determination. IR and NMR
studies showed the presence E and Z isomers in chloroform while the Z form was
found to be the predominate isomer in DMSO. The ab initio calculations indicated
the stabilisation of the cis(Z) conformation in water by hydrogen bonding
with water molecules. On the other hand, the X-ray crystal structure of
p-CH3C6H4N(CH3)OH confirmed the trans conformation of the molecules in the
solid state. In spite of being crystallised from the same solvent mixture, two unique
hydroxamic acids were identified to have the cis(E) form even in the solid state
among the six arylhydroxamic acids investigated using single crystal X-ray
crystallography. This was a very rare instance where the cis(E) form was detected
even in the solid state. The two N-aryhydroxamic acids (NBNXHA and PAN-
XHA) in the cis form were found to have 2,6-dimethylphenyl group attached to the
nitrogen atom. This group on nitrogen appeared to be bulky enough to restrict the
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free rotation around the C–N bond provided a sterically bulky group or an
anchoring group such as phenyl (C6H5-) or benzyl (C6H5CH2-) is attached to the
carbonyl carbon. The trans conformation of TMAXHA clearly indicated that
bulky substituents should be present on both the nitrogen and the carbonyl carbon
of the hydroxamate group to restrict free rotation and lock the conformation in the
cis form (Fig. 2).

6 QSAR Approach for the Selection of Hydroxamic Acid
Collectors

Though the dependence of efficiency of chelating collectors on their molecular
structures had been studied (Nagaraj 1987; Marabini et al. 1988; Marabini 1993;
Das et al. 1995; Fuerstenau et al. 1967; Ackerman et al. 1984, 1987, 1999; Nirdosh

N-hydrocinnamoyl-N-phenylhydroxylamine (HCNPHA) 

N-Benzoyl-N-2,6dimethylphenylhydroxylamine (NBNXHA) 

N-Phenylacetyl-N-2,6-dimethylphenylhydroxylamine (PANXHA) 

N-tert-butylacetyl-N-2,6-dimethylphenylhydroxylamine (tBuNXHA) 

N-Trimethylacetyl-N-phenylhydroxylamine (TMANPHA) 

N-Trimethylacetyl-N-2,6-dimethylphenylhydroxylamine (TMANXA) 

Fig. 2 Crystal structures of N-aryl hydroxamic acids. PANXHA and NBNXHA in unusual cis
form
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et al. 1994; Natarajan and Nirdosh 2001a, 2006), no quantitative treatment had
been reported. There is implicit dependence of efficiency of a chelating agent
(organic compound) as flotation collector on the molecular architecture, and
QSAR is the approach that quantifies this intuitiveness. Natarajan et al. (1999;
2002a, b; 2003) extended the QSAR approach to model the efficiency of chelating
collectors. They successfully showed that the separation efficiencies of chelating
collectors are amenable to QSAR modelling and topological indices (Natarajan
et al. 2001b). Separation efficiencies of aryhydroxamic acids used to float a
Canadian zinc ore was modelled (Natarajan and Nirdosh 2003) using electronic
parameters, physicochemical properties such as octanol–water partition coefficient
(logP) and soil–water partition coefficient (logKoc), and geometrical parameters
that describe the molecular surface area and volume. Several of the computed
parameters were found to fit in a second-order polynomial regression with the
separation efficiencies (SE) of the collectors (Fig. 3). Soil–water partition coeffi-
cient, logKoc and Connolly solvent-excluded volume gave good correlation for the
complete data set. The quadratic fit showed that the collector performance peaks at
particular structural feature optimum to give the best flotation response.

6.1 Selection of Hydroxamic Acid Collectors by Molecular
Similarity Method

The success in the extension of QSAR modelling approach to flotation chemistry
indicated that efficiency of chelating collectors for a given mineral is a function of
molecular structure assuming the other conditions (variables) such as pH, particle
size, air-flow rate, etc., are constant. Hence, it may be concluded that compounds
with similar structure have comparable flotation efficiency for a mineral. In the

Fig. 3 Quadratic fit of
separation efficiency against
logKoc (data points 1, 3 and
16 are not included in curve
fitting)
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case of a chelating collector, the molecule can be visualised to consist of two parts,
namely the chelating group (polar group) and the hydrocarbon backbone. The
polar group can be decided using the difference in stability constants discussed in
Sect. 2.2.1 (Marabini 1993). Once the molecular skeleton with a polar group is
decided, the combinatorial library of possible structures can be explored for the
selection of a small number of compounds for synthesis and testing.

6.1.1 Molecular Dissimilarity/Similarity Clustering

Johnson and Maggiora (1990) showed that molecular similarity clustering was an
efficient method in the selection of compounds and prediction of biological and
physicochemical properties, and Lajiness (1990) found this method useful for the
selection of a small number of compounds from a virtual library (a database of
compounds that contain all possible structures) in the process of identification of
new therapeutic agents. To create a similarity space for the selection of compounds,
an appropriate measure of molecular similarity is needed. Physicochemical prop-
erties, topological indices and substructures, called atom-pairs, had been used in
constructing structure spaces for selections. Use of experimental data has a very
restricted application due to the limitation in their availability for all the chemicals
under consideration. Computable properties are always preferred for the purpose.

Let us consider that t numbers of topological indices are calculated for the given
set of m structures. The data set is very large, hence the (t 9 m) data matrix is
subjected to data reduction by principal component analysis (PCA). Principal
components with Eigenvalues C 1 are extracted. Before performing PCA, the
calculated topological indices are transformed into loge(TI ? 1). This is necessary
because the magnitudes of some topological indices are several times greater than
those of the others. Principal Components (PCs) derived from Topological Indices
(TIs) are efficient in clustering structurally similar compounds. The similarity
space is an n-dimensional space, where n is the number of PCs extracted from TIs
and the compounds are clustered based on their structural similarities encoded by
the PCs. The principle component scores of the extracted factors are standardised.
The standardised scores are used to form similarity spaces by a nonhierarchical
cluster analysis. Thus, the m chemicals in the virtual database are classified into a
few clusters of related compounds. The clusters are formed around a centre point,
the centroid, and have a set radius based on the molecular density around the
centroid. The number of clusters to which the chemicals are to be grouped is
decided on the basis of the selection method. One or more compounds are selected
from the clusters based on the distance from the cluster centre. There are three
methods for the selection of chemicals by cluster analysis. They are:

1. Simple cluster-based selection (SCS)
2. Maximum dissimilarity-based selection (MDS)
3. Dissimilar cluster selection (DCS)
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In the SCS method, the cluster analysis based on the similarity measures is
performed to generate a given number of clusters. One compound can then be
chosen from each cluster either randomly or on the basis of the distance from the
centroid. In the MDS method, compounds are chosen such that they are maximally
different from the compounds already chosen or tested. This can be achieved by
ordering the set of compounds in the selection list. In the DCS method, cluster
analysis is performed on the dataset to generate D ? S clusters where D is the
number of compounds decided for testing and S is the number of compounds
already tested or selected. Clusters containing screened compounds are then
eliminated and one compound from each of the remaining clusters is chosen. The
DCS method was found to be superior to the other two methods (Lajiness 1990).

A library of 3,800 N-arylhydroxamic acids was created, this being a virtual
library of compounds because most of the chemicals were not even synthesised
while preparing the database. Ninety-four topological indices were calculated for
these 3,800 compounds. Data reduction was performed using Principal Component
Analysis (PCA) extracted seven principal components (PCs) and they explained
95 % of the variance. Thus, the 600 compounds were clustered in a seven-
dimensaional space. The ten N-arylhydroxamic acids selected were synthesised
and tested as mineral collectors for two different types of ores. Results of flotation
tests indicated that out of the ten aryl hydroxamates tested in the zinc-rougher
stage, same four collectors namely HCNPHA, PANEPHA, TMEPHA, tBuAPHA
were found to be the top performers for both the ores. The collectors NAnPHA,
NAnFPHA,

NBuXHA and TMAPHA did not show any promise in the flotation of sphal-
erite. Hence, other compounds in the clusters to which each of the four chemicals
was a member were not pursued further in testing. HCNPHA was found to give the
best results in both the cases and in addition its synthesis was found to give the
best percentage yield. Results of the study indicated that molecular similarity-
based selection could be used to select a desired number of compounds for syn-
thesis and testing as mineral collectors from a large database. This offers a sci-
entific tool for the selection of compounds and avoids the trial-and-error method
and saves considerable amount of laboratory testing as one explores a large
structural database by testing a few compounds.

7 Molecular Modelling Approach for Mineral Collector
Design

Molecular modelling and docking ligands onto protein molecules are very com-
mon tool in drug design. Pradip et al. (2002) extended this approach for the design
of mineral collectors. In the molecular modelling approach the geometry of the
collector molecule is optimised using quantum chemical calculation. The opti-
mised geometry is docked on to the cluster model of mineral surface generated to
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represent the cleavage plane of the mineral under consideration. The mineral
collector interaction energies are calculated to simulate adsorption of the collector
on to the mineral surface. (Pradip et al. 2002) studied octyl hydroxamate-calcium
minerals interactions. The theoretical predictions were compared with the results
of the laboratory microflotation tests. There was excellent correlation between
theoretical prediction and experimental results.

The success of molecular modelling approach in designing mineral collectors
and the molecular similarity-based selection of compounds for synthesis and
testing offer scientific tools for the designing mineral collectors. A combination of
both these computational approaches is expected to make the significant contri-
bution in the design of tailor-made mineral collectors that are better selective than
commercially available ones. With the depletion of easy to handle high grade ores
it is necessary to find new collector molecules that are selective to effectively
separate valuable minerals from low grade ores from complex ore deposits.

8 Conclusion

Xanthate reagent scheme is widely used in the mineral processing industry and is
the most studied system over a few decades. Hydroxamate-based reagent schemes
are relatively new and most of the research is still to attract the attention of the
industry and at present appears to be simple laboratory tests. As more and more of
the high grade easy-to-process mineral resources are depleting and complex low
grade ores need to be processed, new reagents such as hydroxamate reagents are
expected to find more application. Moreover, xanthates are cheaper than hy-
droxamates and several of the hydroxamic acids are not ready to be used as
commercial chemicals. They are specialised reagents and are apparently expensive
in the absence of a demand to manufacture in large quantities. Chemical industries
such as Cytec started bringing in reagents based on hydroxamates to process
oxidised ores either alone or in combination with xanthates. It appears as lot more
research has to be carried out to develop hydroxamate-based reagent scheme that
includes proper combination of frother, suppressant, activator and other modifiers.
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