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Zinc bioinorganic chemistry has emphasized the role of the metal ion on the structure and function

of the protein. There is, more recently, an increasing appreciation of the role of zinc proteins in a
variety of human diseases. This critical review, aimed at both bioinorganic and medicinal chemists,
shows how apparently widely-diverging diseases share the common mechanistic approaches of
targeting the essential function of the metal ion to inhibit activity. Protein structure and function is
briefly summarized in the context of its clinical relevance. The status of current and potential

inhibitors is discussed along with the prospects for future developments (162 references).

I. Introduction

Zinc plays an essential role in biological systems with a variety
of functions performed by zinc-binding proteins. Up to 10%
of the human proteome is potentially capable of binding zinc
in vivo, with zinc-fingers being the most abundant class of
metalloproteins.' The zinc ion (Zn') displays suitable proper-
ties for catalytic and structural functions within proteins.
Amongst these properties are: (a) a great stability towards
redox reactions; (b) a d'® electronic configuration where the
coordination geometry (4-6) is not dependent on ligand-field
stabilization; (c) an intermediate polarizability or borderline
hardness allowing coordination of N, S, and O donor atoms;
and (d) a Lewis acid character useful to activate coordinated
substrates, whilst maintaining ligand nucleophilicity.>* These
properties make zinc the most common transition metal
observed in proteins* even though its total concentration in
the human body (2-3 g) does not make it the most abundant.

Classification of zinc sites in proteins is broadly divided into
(a) catalytic sites with the presence of a readily exchangeable
water ligand coordinated to the zinc (i.e. hydrolases)® and (b)
structural sites with no coordinated water and only protein
residues in the coordination sphere. This “coordinative satura-
tion” has as its purpose the creation or maintenance of an
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appropriate secondary/tertiary structure in the protein (i.e.
zinc fingers).® A cocatalytic site is also recognized where a zinc
ion is bridged with a second metal usually by a single protein
residue; the second metal can be zinc (i.e. B-lactamases) or
another metal (i.e. Cu in Cu, Zn-superoxide dismutases).
Finally a fourth, protein interface zinc site can be defined,
which influences the quaternary structure of proteins. The
coordinating residues for this type of zinc site are supplied by
two proteins (i.e. nitric oxide synthase, superantigens).” Ad-
ditionally, roles for the zinc metal ion can be extended to
regulatory (i.e. metallothioneins) and neuromodulation (i.e.
presynaptic vesicles) functions, Table 1. This last topic has
recently gained increasing attention due to the implied invol-
vement of free zinc ions in neurological signaling and neuro-
degenerative disorders.®!! Zinc deficiency is detrimental in
many aspects for normal function of organisms, with notable
effects on growth and immune systems.'>!3

Given the importance and the diversity of zinc-containing
metalloproteins and enzymes, perturbation of zinc homeosta-
sis, either through zinc diet deficiency or genetic alterations in
zinc proteins, is correlated with the onset of many life-threa-
tening diseases such as cancer and diabetes. These advances
have resulted in the recognition of zinc enzymes and proteins
in their own right as molecular targets for disease intervention.
The understanding of the molecular basis of zinc biochemistry
in medicine and disease has been further facilitated by
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Table 1 Representative biological functions of zinc and zinc enzymes
and proteins

Zinc protein

Alcohol dehydrogenase (ADH)

Biological function

Oxidoreductase, alcohol
breakdown

Transferase, signal transduction
Hydrolase, peptide cleavage
Lyase, activation of small
molecules

Isomerase, isomerization of
fructose-6-phosphate

Ligase, DNA repair

DNA transcription, DNA repair
Growth, neurotransmission

Farnesyl transferase (FT)
Carboxypeptidase A (CPA)
Carbonic anhydrase (CA)

Phosphomannose isomerase
(PMI)

DNA ligase 111

Zinc Fingers (ZF)

Zinc 2"

advances in molecular biology and spectroscopic techniques
such as fluorescence, which may overcome the lack of spectro-
scopic properties of the metal ion and allow development of
probes of zinc metabolism even under real-time conditions.'*

This review summarizes recent information on the relevance
of key zinc metalloproteins in current and important diseases
for public health, ranging from cancer to antibacterial drug
resistance (Table 2). The diseases are chosen for their topi-
cality and to show the diversity of zinc relevance. The bioinor-
ganic viewpoint emphasizes the structure of the zinc active
sites; the effect of mutation or alteration of the active site on
enzyme and protein mechanism and the role of the zinc protein
as a medicinal target. A common theme for therapeutic
intervention is zinc sequestration with concomitant inhibition
of biological function. The design and current clinical status of
experimental inhibitors across disease states will be contrasted.
For the purposes of this review the zinc sites are broadly
grouped into catalytic and structural.

II. Catalytic zinc as target
Il.a Matrix metalloproteinases (MMPs)

Il.a.1 Metzincin structure. Matrixins or matrix metallo-
proteinases (MMPs) along with astacins, serralysins, adama-
lysins, leishmanolysins and snapalysins are members of the
metzincin superfamily, which involves > 770 zinc endopepti-
dases. All members of this superfamily share a common zinc

Table 2 General summary of zinc metalloproteins as drug targets

environment in their catalytic domain, the binding sequence
motif HisGluXXHisXXGlyXX(His/Asp) (where X is any
aminoacid). In the active site, the three histidines from the
sequence are coordinated by the metal ion in a trigonal
pyramidal coordination sphere completed by a catalytic water
molecule as a fourth ligand. For the astacin and serralysin
families, there is also a fifth coordinated ligand from the
hydroxyl oxygen of a conserved tyrosine, which increases the
coordination number around Zn>" to five in a trigonal
bipyramidal geometry.'> A second structural zinc site exists
in the catalytic domain of MMPs, in which the central zinc
coordinates three histidines and one aspartic acid in a tetra-
hedral geometry. A detailed structural analysis for this super-
family can be found in the literature.'®

In general, peptide cleavage is achieved through polariza-
tion of the zinc-bound water molecule (by H-bonding inter-
actions with a conserved glutamate residue) followed by attack
on the scissile carbonyl group from the peptide substrate that
is oriented to the catalytic site (Scheme 1). The importance of
the glutamate residue for this general-base mechanism was
confirmed by experiments using mutants with aspartate and
alanine, where reduced and low catalytic activity was
observed, respectively.!”

MMPs are initially synthesized as a pro-enzyme or zymo-
gen, where the catalytic water in the active site is substituted by
a cysteine residue. This cysteine residue is included in a
pro-peptide domain, which must be cleaved by other MMPs
or proteases in order to activate the enzyme and provide access
to the substrate, in what is called a “cysteine switch” mechan-
ism of activation.'® This “cysteine switch” is an interesting
example of nature’s use of both structural and catalytic zinc
properties to achieve highly specific and controlled functions.
The cysteine residue must be displaced to produce a catalyti-
cally active site through binding of a water ligand or oxida-
tion. Other important domains on MMPs are the haemopexin-
like C-terminal, connected to the catalytic domain by the hinge
region and which can be up to 75 amino acids long (Fig. 1).
Both these regions are implicated in substrate specificity and
activation.

Zinc metalloproteins in the metzincin superfamily are, in
general, capable of degrading all kinds of extracellular matrix
proteins, in addition to being involved in cell-extracellular

Enzyme Function

Zn coordination sphere

Medical relevance

Catalytic Zinc

MMPs Degradation of extracellular matrix proteins.

HDAC:s Deacetylation of lysine residues in histone
N-terminal tails.

PTs Prenylation of proteins involved in signal
transduction.

SOD Disproportionation of superoxide ion.

MBLs Hydrolysis of B-lactam ring in antibiotics.

HisHisHis/HisHisAsp—H,O
HisAspAsp-H,O
CysHisAsp—H,O

HisHisAspHis
HisHisHis/HisHisAsn (Znl)

Cancer, diabetes, neurodegenerative disorders,
arthritis, infectious diseases.

Cancer, neurodegenerative disorders,
inflammatory related diseases, diabetes.
Cancer, rheumatoid arthritis,

parasitic infections, multiple sclerosis.

Familial Amyotrophic Lateral Sclerosis (FALS).
Bacterial resistance to antibiotics.

AspCysHis/AspHisHis (Zn2)

Structural Zinc

ZFs Structural, DNA/RNA /protein recognition. CysCysHisHis Applications in human gene therapy, cancer,
inflammatory conditions, antiviral therapy.
CysCysCysHis
CysCysCysCys
pS3 Tumor suppressor protein CysCysCysHis Cancer, neurodegenerative disorders.
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Scheme 1 General hydrolysis mechanism of peptide bonds by
MMPs.

matrix and cell-cell interactions such as cleavage of cell sur-
face receptors or chemokine activation/inactivation, which are
correlated to several diseases. The extracellular matrix (ECM)
or connective tissue is a complex structure of insoluble macro-
molecules consisting primarily of collagen, proteoglycans and
glycoprotein molecules such as fibronectin and laminin that
surrounds the cells and provides them with support. The
MMP or matrixin family was one of the first metalloproteins
to be recognized for therapeutic intervention as a structural
target in molecular medicine.'

II.a.2 Matrix metalloproteinase function and role in dis-
eases. There are 23 MMPs in humans from 24 genes due to a
duplicated MMP-23 gene. These metalloproteins are tightly
regulated and their expression is transcriptionally controlled
by inflammatory cytokines and growth factors within the
ECM, as well as hormones and cell-matrix interactions. A list
of substrates cleaved and resulting biological effects produced
by MMPs is given in Table 3, where their very diverse role in
biological events can be appreciated. Deviations from normal
MMP expression and behavior can lead to pathological
disorders including cancer, neurodegenerative disorders and
arthritis.

IT.a.2.1 Cancer. Due to the key role of MMPs in tissue
remodeling and angiogenesis, a direct link with cancer inva-
sion and metastasis is recognized.?® There is a general correla-
tion between the levels of MMP expression and the stage of
tumor progression.

I.a.2.2 Arthritis. MMPs as well as other metzincins such as
A disintegrin metalloproteinases (ADAM:s) and the disintegrin

substrate

-~

@D = catalytic site

substrate | = extra cellular matrix proteins
f = hinge region with haemopexin-like C-terminal

a=>

b

Fig. 1 Schematic representation of MMPs function (top) and inhibi-
tion (bottom).

= pro-domain with scissile cysteine residue (switch mechanism)

Table 3 Representative biological activities mediated by MMP
cleavage

Biological effects MMP Substrate

Tumor cell resistance MMP-9 ICAM-1
Mammary epithelial cell MMP-3 Basement
apoptosis membrane
Osteoclast activation MMP-13 Type I collagen
Adipocyte differentiation MMP-7 Fibronectin

Cell migration MMP-1, -2, -3 Fibronectin
Anti-inflammatory MMP-1, -2, -9 IL-1pB degradation
Disrupted cell aggregation MMP-3, MMP-7  E-cadherin

and increased cell invasion
Reduced cell adhesion and
spreading

MTI1-MMP, MT2- Cell surface tissue
MMP, MT3-MMP transglutaminase

PARI activation MMP-1 Protease activator

receptor 1
Vasoconstriction and cell MMP-7 Heparin-binding
growth EGF

metalloproteinase with thrombospondin type 1 like repeats
(ADAM TSs) are generally secreted by many cell types and are
involved in extracellular matrix degradation of cartilage and
bone. Their role in a range of human joint pathologies

including ostheoarthritis has also been identified and
studied.”'
Il.a.2.3 Neurodegenerative disorders. Upregulation of

MMPs is observed in all diseases of the central nervous system
(CNS) including spinal cord injury, multiple sclerosis and
stroke.

Il.a.2.4 Infection and inflammation. MMPs play an ambiva-
lent role in infectious diseases — beneficial roles involved in the
normal immune response to infection include facilitation of
leucocyte recruitment, cytokine/chemokine processing and
matrix remodeling. However, the detrimental aspect of in-
creased MMP activity following infection is correlated to
onset of HIV, endotoxin shock, tuberculosis, hepatitis B and
other diseases.?

II.a.3 MMP inhibitors (MMPIs). The appropriate regula-
tion of ECM degradation and turnover also depends on
endogenous MMPs inhibitors called TIMPs (tissue inhibitors
of metalloprotease) and op-macroglobulin.!” TIMPs are
wedge-like proteins, 184—-194 amino acids long. There are four
mammalian variants (TIMP-1 to -4), each with its own profile
of selectivity (MMPs, ADAMs and ADAM TSs). TIMPs
interact with the substrate cleft in the MMPs by slotting its
ridge composed of the first four N-terminal residues
Cysl-ThrC-Val4 (amino acid abbreviation and position in
the sequence) linked by a disulfide bond with Glu67—
SerVal-Cys70 (Fig. 2A). In this way Cl expels the catalytic
water in the active site (thus deactivating the MMP) by
chelating the zinc ion through its N-teminal amino and
carbonyl groups. In addition, TIMPs exhibit MMP-dependent
and MMP-independent actions that complicate a complete
understanding of their cell signaling process.* The resolution
of the crystal structures of TIMP-MMP complexes has helped
significantly to elucidate the types of interactions needed to
design specific inhibitors that will fit in the so-called S1’ pocket
of the active site, which is conserved within MMPs and highly

This journal is © The Royal Society of Chemistry 2008

Chem. Soc. Rev., 2008, 37, 1629-1651 | 1631



edge buige
I an-touf] i B
o gor Y
0™ "o ]
" il i
HO o s oy
o ' C
N,
A ]
=N
Zr o x o
W Ve 1
N} Py S
L S —
BATIMASTAT (BB-34) Wall-forming /7 %
segment

Ho

Fig. 2 (A) Crystal structure of the complex formed by the membrane
type 1 matrix metalloproteinase (white) with TIMP-2 (yellow). Cata-
lytic zinc with coordinating residues is colored green while structural
zinc with coordinating residues is colored cyan (PDB ID: 1BUV).! (B)
Schematic drawing of the non-peptide inhibitor batimastat (red) with
the active site (black) is shown, substrate binding pocket S1’ is
indicated in green.?*

relevant for substrate specificity (Fig. 2B).>* The majority of
MMPIs have been developed via structure-based design and
share three common features: (1) side chains binding to the
different subpockets, (2) a peptidic backbone or a peptidomi-
metic scaffold, which orients the zinc-binding group (ZBG) for
maximal interactions with the protein, and (3) a group binding
to the catalytic zinc. Fig. 2B exemplifies this for batimastat,
one of the earliest MMP inhibitors to reach clinical trials.

The matrix metalloproteinase (MMP) family has been a
pharmaceutical target for over 20 years. Most of the MMPIs
that have advanced into phase III clinical trials failed to
increase the survival of patients and only MMP inhibitor
(Periostat) has been approved by the FDA — for the treatment
of periodontal disease.?® Two main causes for this failure have
been indicated as an incorrect target validation and a lack of
information regarding in vivo MMP substrates or physiologi-
cal roles.?® Further reasons for the low success rate of MMP
inhibitors in the clinic include toxic side effects caused by their
lack of selectivity (inability to discriminate a specific MMP
substrate), poor oral bioavailability and decreased efficacy
in vivo. Approaches to reverse this disappointing trend have
been both structural and bioinorganic. Comparison of X-ray
and NMR structures obtained for MMPs indicates the flex-
ibility of the protein backbone as one of the problems towards
the development of specific inhibitors.?’

ZBGs have incorporated carboxylate, hydroxamate, phos-
phonate, or phosphinate as chelating groups for the active zinc
ion.® The hydroxamate functionality appeared early on to
have ideal properties as a ZBG for MMP inhibitors but
recognized liabilities include lack of selectivity versus other
physiologically important metals, sensitivity to rapid hydro-
lysis in vivo, rapid excretion and low bioavailability. In order
to increase specificity, pyrimidinetrione-based compounds
have been reported to discriminate between MMP-13 and
-14 with high selectivity.”® In addition, small heterocyclic
pyrone-based zinc-binding groups have been found to have a
broad therapeutic window and an enhanced zinc binding as
measured through ICsy values from an MMP-3 fluorescence
assay.>%3! Novel chelating groups can contribute to overcom-
ing observed side reactions in hydroxamate-based MMPIs,
such as the production of nitric oxide. A change in MMPI

design philosophy has pointed out the importance of a mod-
erate zinc affinity in order to improve overall specificity for the
compound.*?

In the context of medicinal inorganic chemistry, it should be
noted that the antimetastatic properties of NAMI-A (imida-
zolium trans-tetrachlorodimethylsulfoxideimidazoleruthe-
nate(i)) have been linked with its interaction with MMPs,
specifically MMP-2 and MMP-9 action is inhibited in vitro by
the Ru complex.** Further, related organometallic ruthenium
complexes such as the arene [RuCly(n°-toluene)pta] (RAPTA-
T, where pta = 1,35,-triaza-7-phosphoadamantane) exhibit
similar antitumor behavior, and mechanistic studies to date
suggest similar mechanisms of action. Platinum phosphonate
compounds such as [PtCl,(SMP)] (SMP = diethyl(methyl-
sulfinyl)methylphosphonate) are slight but specific inhibitors
of MMPs 2.3,9 and 12.>* While the anticancer activity of
transition metal complexes has been naturally dominated by
platinum-based agents, the demonstrated, albeit moderate,
activity as MMP inhibitors suggest the possibility of extending
Pt- and Ru-based chemophores beyond that of cytotoxic
agents.

IL.Lb Histone deacetylases (HDACsSs)

IL.b.1 Structure and function. DNA organization and
gene expression is tightly regulated by epigenetic processes
such as DNA methylation, and histone modification.>® His-
tones undergo extensive post-translational modifications af-
fecting gene expression. Modification of histone tails, termed
the histone code, by reactions such as acetylation, phosphor-
ylation, ubiquitination, methylation, and poly-ADP-ribosyla-
tion regulates accessibility of transcription factors to DNA.*
A major molecular epigenetic mechanism of histones is
the enzymatic acetylation and deacetylation of the g-amino
groups of lysine residues controlled by histone deacetylases
(HDAC:S) and histone acetyl transferases (HAT). Removal of
the acetyl groups that nullify the positive charge of the lysine
residues that maintain the histone tails attached to DNA,
results in repression of transcription (Scheme 2). The
reverse process is performed by histone acetyl transferases
(HATs), and the mechanism for lysine acetylation generally
involves the transfer of an acetyl group from acetyl-coenzyme
A to the specific lysine residue. Any deviation from the delicate
balance of both processes (acetylation homeostasis) results in
aberrant transcriptional activity correlated with a variety of
diseases including cancer, diabetes and neurodegenerative
disorders. The HAT-HDAC system is also considered to
modulate replication, site-specific recombination and DNA
repair.

So far, 18 different HDACs have been identified and divided
into four classes based on homology. Specifically for eukar-
yotes, 11 HDAC: of classes I (HDAC-1, -2, -3 and -8) and 11
(HDAC-4 to -7 and -9,-10) have been identified so far. HDAC-
11 is classified as the sole member of class IV and sometimes
included in class II (class III is a structurally unrelated
subfamily found in yeast).?” Class I HDACs are localized
exclusively in the nucleus and are ubiquitously expressed,
whereas the proteins in class II are larger and are shuttled
between the cytoplasm and the nucleus and display a tissue-
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Scheme 2 General mechanism for acetylation/deacetylation of
histone lysines.

specific expression. Currently only three-dimensional struc-
tures for HDAC-8 have been reported.*®

The active site is thought to be essentially identical for
HDAC:s classes I, II and IV since key catalytic residues are
conserved in the overall sequence. One of the characteristic
features of this family of zinc metalloproteins is the presence of
a narrow hydrophobic tunnel that leads into the active site: a
zinc ion coordinating one histidine (His180) and two aspartic
acids (Aspl178, Asp267) along with a water molecule to
complete the first or inner coordination sphere. Additional
key residues in the active site comprise one tyrosine (Tyr306)
and two histidines (His142, His143) in the second or outer
coordination sphere (vide infra).

The postulated catalytic mechanism of HDACs considers
the water as a nucleophile, due to polarization caused by the
zinc ion and a proximal histidine residue (H131). This acti-
vated water can the attack the acetyl group causing cleavage
from the lysine residue (mechanism 1 in Fig. 3). This mechan-
ism assumes a five-coordinate transition state and the key
residues histidine H143 (His132 for HDLP) and H142 (H131
for HDLP) as doubly and singly protonated, respectively,

acting as an acid and a base to assist in the stabilization of
the bound water molecule.®® These features are closely related
to the mechanism generally accepted for zinc proteases
(i.e. MMPs).

Theoretical studies have revealed the presence of a novel
combination of catalytic motifs in histone deacetylase. One
feature that differentiates the active site is the presence of two
adjacent histidine—aspartate (H-D) dyads where the imidazole
rings in His142 and Hisl143 are hydrogen bonded with the
carboxylate moiety of the Aspl76 and Aspl83 residues,
respectively. The strength of the hydrogen bonding causes a
modification (usually a reversal) in the pK, for histidine and
aspartate in a charge-relay mechanism.*® A second mechanism
postulates an inverse protonation for the histidines His142 and
His143 in the second coordination sphere. In addition, Tyr297
is proposed to help in the stabilization of the water molecule in
the first step, although the zinc ion remains as a pentacoordi-
nated intermediate (mechanism 2, Fig. 3). A third postulated
mechanism considers both singly protonated histidines stabi-
lizing the coordinated water molecule in the first step of the
reaction, and decreasing the energy for the reactant state in
20.93 kJ mol™'. The zinc ion is tetracoordinated in the
intermediate state and in the rest of the reaction process, with
its principal role the activation of the carbonyl group of the
amide (mechanism 3, Fig. 3).*!

ILb.2 Clinical relevance. Given the importance of the
acetylation process for gene regulation and the type of sub-
strates that HDACs modulate, it is therefore straightforward
to imagine the profound implications of these zinc

O ASP172

ASPIT3 B
\g— }.]/msm s J\g Wv\ HiS122 T sz
] Y st
N . £
HN. _— \’\’\ D —
f
e )P ' e
____ RIS H HIS131 HIS131
P G L W - SR> mﬂm :
Hit, 1 g i %
g 5 an'. 5
oj\ M| asp f\ T 4{
AsP108 R O N pseren AsPa ASPIES -
2 His 132 s His 132 Subsrata lyvne a2
[Substrate: acetyiated hysine | [Subsrate ysine \
yﬂ P Y D)4 H oy o A N
O H H- N —C o... M- N/ —C —g.. “w,_ 7 o [ W
., Asowa O "\°+; mna — H o_F;bV Asp 1Ty ———B= O>—°I"""\/< N/ o
Tw297 O Tyr 287 1 Tyr 267 e Rl o Ng Asp 173
= e @ .
N :
W 131 \n oiﬂ.wmﬁ His 131 ""_amues WALy A 90 Hs 131 Ny Ao 168
c}\ o}\ o7~ »
H
H | }‘ HIS132
substrate '\ HIS132 N,
Ty2e7 .{ (:']/ E Y/ HIS132 (\:‘\ﬂ/ ,E'
3 "V"Y NS Tyasr ‘n' Y ; “ﬁ_j’usm
. i~ 1" HISI31 B o) R K
o ~O—H. -y R "~ :
Uit G - -0 /,Y = o
M, /?"", h! o "\_“'n \IT_
] - H “.‘»/1‘, .o

S Wl
o

Fig.3 HDAC-8 complexed with inhibitor MS-344 (in green), chelating the zinc ion (in red) PDB ID: 1T67 (A). Proposed mechanisms for HDAC

activity (1-3).3®

This journal is © The Royal Society of Chemistry 2008

Chem. Soc. Rev., 2008, 37, 1629-1651 | 1633



O ]
R
Ny = R
Ilz('\N CHy CHy

/
HC

,\—: 0
o™ "NI\/\/\(Q"J
NH NS0 =
o

Trichostatin A Trapoxin B
o
H 2 y
NWNHU![ H wo |
° O
MS-275

A

SAHA 9
0
o
S
Fath T L
A

Depsipeptide (FK 228)
Fig. 4 Structures of different type of HDACIs.

metalloproteins in multiple diseases, notably cancer. The first
disease with demonstrated HDAC involvement was acute
promyelocytic leukaemia (APL), where transcriptional silen-
cing is produced by aberrant HDAC behavior. Administration
of retinoic acid, the substrate for the transcription factor
retinoic acid receptor-a (RAR), along with HDAC inhibitors
has proven to cause remission in transgenic models of therapy-
resistant APL.*? It is generally accepted that imbalances in
epigenetic modification play a basic role in cancer develop-
ment and progression, and thus efforts towards the develop-
ment of HDAC inhibitors as anticancer agents have flourished
in recent years (vide infra),*> even though the molecular basis
for their anticancer selectivity remains largely unknown.**

An acetylation balance is important also for neuronal
vitality, and an increasing amount of evidence shows that this
balance is greatly impaired during neurodegenerative condi-
tions, in line with the fact that HDACs inhibitors prevent
oxidative neuronal death and ameliorate the conditions asso-
ciated with Alzheimer’s, Parkinson’s and Huntington’s dis-
ease, multiple sclerosis and Friedreich’s ataxia.* The potential
use of HDAC inhibitors for inflammatory diseases has also
been reviewed.*®

I1.b.3 HDAC:S inhibitors (HDACISs). The precise molecular
mechanism for inhibition of the class I and II zinc-HDAC:sS is

Fig. 5 Overlay of the B subunit (Ca only) in farnesyl transferase
(white, PDB ID: 1FT2),° geranylgeranyl transferase type I (yellow,
PDB ID: 1N4P)®! and geranylgeranyl transferase type II (green, PDB
ID: 1DCE).® First sphere of zinc coordination is shown is square,
except for water (right). Zinc atoms are drawn as grey CPK balls.

not clearly understood, and the genes responsible for the
biological response have not been identified. However, several
three-dimensional structures of HDLP and HDAC-8 com-
plexed with HDACIs (hydroxamate type) have been deter-
mined and the general features observed involve first the
obstruction of the substrate pocket (rim) and hydrophobic
binding tunnel that leads into the catalytic site. Secondly the
chelation of the active zinc ion displaces the nucleophilic water
molecule from the active site, while simultaneously saturating
its coordination sphere, Fig. 3. Therefore three main charac-
teristics are generally present in common HDACTs, beginning
with a metal binding site for zinc chelation, followed by a
linker or spacer that mimics the substrate and fills the hydro-
phobic tunnel, and lastly a hydrophobic cap that closes the
entrance to the tunnel and ideally should exhibit good inter-
action with the outer rim.

The HDACT literature has been reviewed thoroughly,*”*
and these compounds can be categorized into six different
chemical classes* as:

11.b.3.1 Carboxylates. Including short-chain fatty acids like
butyric and valproic acids, which has undergone phase II
oncology trials.>® Although generally weak inhibitors and
highly unspecific, they are still a valuable (i.e. valproic acid)
tool to study the structure and mechanism of HDACTIs.

11..3.2 Small-molecule  hydroxamates. Including early
HDACIs like Trichostatin A (TSA), PXD101 and SAHA. This
group exhibits an unfavorable pharmacokinetic behavior re-
sulting from glucuronidation and sulfation, and from metabolic
hydrolysis, decreasing the half-life of the hydroxamic group.
The choice of hydroxamate as ZBG seems to have followed
from the matrix metalloproteinase inhibitor concept but, not
surprisingly, the chemical and biochemical problems remain the
same. The design of more potent HDAC inhibitors would
equally benefit from development of compounds with a differ-
ent chelation group. The a-mercaptoketone and a-thioacetoxy-
ketone analogs of SAHA are reported to have higher potency
on in vitro and in vivo tests than the parental HDACIs.”'

I11.b.3.3 Electrophilic ketones (epoxides). Including AOE
and trapoxin B, make use of the epoxy group to modify or
alkylate the active site in the HDAC.

I11.b.3.4 Cyclic peptides. Generally the macrocyclic peptide
portion of the inhibitor is used to bind to the rim of the active
site, while an aliphatic linker anchors in the hydrophobic
tunnel, for example depsipeptide or FK228 is considered a
pro-drug that needs intracellular reduction, is in phase III
oncology trials.*”*8

I1.b.3.5 Benzamides. As represented by MS-275 and CI-944.
The former is undergoing phase II clinical trials as an antic-
ancer agent, and its use in the treatment of epigenetically
induced psychiatric disorders has been suggested.>> CI-944 on
the other hand, has been used in several clinical phase I trials.
Their mechanism of action remains uncertain.

11.b.3.6 Other hybrid compounds. Where recent examples
include short-chain fatty acids with Zn?"-chelating binding
motifs®® and a cyclic tetrapeptide (chlamydocin) with an
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epoxyketone surrogate,™ which combines the inhibition
mechanisms of both cyclic peptides and epoxides and are
sometimes active at the nanomolar level.

Although there is some evidence that there is certain degree
of specificity among HDACI, (i.e. drugs capable of discrimi-
nation between HDACGCs classes I and II) and recent results
from clinical trials are encouraging, a greater specificity even
among members within a class is preferable to increase the
therapeutic window of HDACISs, because key cellular func-
tions could be disrupted by its indiscriminate use.

The success of HDACIs as anticancer agents relies on an
apparent selectivity in apoptosis induction for cancer cell lines,
compared to normal cells. Attempts to explain this fact point
to a preferential up regulation of pro-death genes or down
regulation of pro-survival genes at the transcriptional level, or
a different cascade of events produced in normal and cancer
cells. HDACISs can also increase reactive oxygen species pre-
ferentially in transformed cells, which would explain the
selectivity towards cancer cells.’> The need to understand in
more depth the mechanism of action (anticancer, anti-inflam-
matory, diabetes) of these compounds is critical since non-
histone substrates might be playing a more important role in
the therapeutic activity, and the almost random up/down
regulation of genes remains far from being controlled.

II.c Protein prenyl transferases

IL.c.1 Structure and function. Protein prenyltransferases
(PTs) catalyze a variety of biochemical reactions involving
the isoprenyl group including chain elongation of allylic
pyrophosphate groups; transfer of an isoprenyl pyropho-
sphate (e.g. farnesyl pyrophosphate) to a peptide and the
cyclization of isoprenyl pyrophosphates.>® This post-transla-
tional modification is necessary not only for subcellular loca-
lization but also plays a direct role in protein—protein and
protein—membrane interactions. Transfer of the farnesyl
pyrophosphate involves the covalent attachment of the poly-
isoprene group, from an appropriate prenyldonor i.e. farne-
syldiphosphate (C,s) or geranylgeranyldiphosphate (Cy), to a
cysteine at or near the carboxyl termini of proteins involved in
signal-transduction pathways and cell growth (Scheme 3).
Table 4 summarizes the three different PTs in humans. Farne-
syl transferase (FT) and geranylgeranyl transferase type I
(GGT-I) recognize a similar motif at the C-termini of the
substrate proteins, while geranylgeranyl tranferase type II
(GGT-1I) does not require a specific motif as long as there is
one or two cysteines available. However, it does require an
escort protein called Rab escort protein (REP) to transfer two
geranylgeranyl moieties to a flexible motif with two cysteines
in the sequence.’’

Ras FTAse is a Zn> ' -dependent enzyme that catalyzes the
farnesylation on a C-terminal CysAlaAlaX motif of the Ras
protein. The active zinc ion is coordinated by three conserved
residues: aspartate, cysteine and histidine. There is one tightly
bound water ligand, as befits the role of a catalytic zinc. The
aspartate is considered to be possibly bidentate — producing an
overall penta-coordinated rather than tetra-coordinated zinc.
Results from computational studies have pointed out the close
energetic proximity between both possibilities, although favor-
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Scheme 3 General mechanism for protein prenylation.

ing the second alternative at least in the case of FT.*®
Replacement of the essential Cys reduces Zn>" affinity and
abolishes enzyme activity. Confirmation of the role of zinc in
these metalloproteins as purely catalytic is also found from
studies with zinc-depleted FT where the overall structure was
shown to be identical to the original, with binding of the
farnesyldiphosphate substrate possible also in the absence
of zinc.

Kinetic analysis of the enzymatic prenylation reaction re-
vealed a relatively fast chemical step (approx. 0.8-12 s71)
followed by rate-limiting product release. Scheme 3 shows
the general mechanism with substrate binding resulting in the
essential CAAX moiety making extensive van der Waals
contacts with all the isoprene moieties but the first, and the
zinc-coordinated cysteine sulfur producing an initially five-
coordinated intermediate. The exact nature of the cysteine
before coordination (thiol versus thiolate) is another matter of
debate since the pK, of the thiol depends on several factors
such as the nature of residues surrounding the cysteine,
presence of substrate, efc. Upon rotation of the first isoprenoid
unit to facilitate approach of the activated cysteine to the C1
carbon in the prenyl diphosphate, an Sn, mechanism is
indicated with the thioether formation proceeding with con-
figuration inversion of C1. Pyrophosphate leaving then ensues
and the developing charge in the diphosphate group is stabi-
lized with the assistance of a Mg®" ion in the case of FT.
Inclusion of Mg?" greatly enhances enzyme activity.

It can also be seen from Table 4 that there is some overlap of
the protein substrates for these enzymes but particular features
on each one contribute to further selectivity. Regarding the
catalytic mechanism for prenylation, an important distinction
between the FT and GGT-I mechanism on one side and GGT-
IT on the other can be made due to specific structural differ-
ences. In the former case, the binding of the prenyl dipho-
sphate to the hydrophobic o—a barrel from the § subunit in FT
or GGT-I constitutes the first step of the catalytic cycle. The
depth of the cavity in the o—a barrel is an important factor to
modulate selectivity between FT and GGT substrates. A
second factor for substrate specificity, in addition to the depth
of the cavity in the oo barrel, is given by the last AlaX pair of
residues in the recognition motif (CysAlaAlaX) of the protein
terminus. Since the cysteine is coordinated to the zinc and the
next A residue is basically open to the solvent, the interaction
of the last two residues with the tranferase enzyme has been
found to play an important role according to three-
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Table 4 Comparison among PTs in terms of recognition motif and
protein substrate

Enzyme Protein substrate Recognition motif
Farnesyl Ras (H-, N-, K-); prelamin ~ CysAlaAlaX, X =
transferase A, HDJ2, PTP- CysAlaAlaX/ Ser, Met, Gln, Ala.
PRL tyrosine phosphatases,
Rho-B, Rheb, CENP-E, -F
Geranylgeranyl ~ Racl,-2; RalA, RaplA,-1B; CysAlaAlaX,

transferase type I Rho-A,-B,-C; Rab 8, Cdc42, X = Leu, Phe

Geranylgeranyl ~ Rab —CysClys,

transferase type I1 —CysXCys,
—CysCysX,
—CysCysXX/REP

dimensional structures obtained for models of the recognition
motif. Notably the X-residue binding pocket in FT was found
to be more polar than GGT-I, explaining the differences in
affinity observed for the X residue among both enzymes
(Table 4).

IL.c.2 Clinical relevance. The clinical relevance of PTs
stems from the fact that proteins involved in cell proliferation,
signal transduction and malignant transformation, need to be
prenylated in order to exert their vital functions. Small
GTPases in Ras, Rho and Rab families in addition to nuclear
lamins, cGMP phosphodiesterase are amongst the substrates
for PTs. The involvement of mutated forms of ras genes and
farnesylated Ras proteins in human tumors has been observed
for 30-40% of cases. The mutated Ras have suppressed
GTPase activity and remain active (GTP bound) indepen-
dently of upstream activation, therefore relaying a signal for
tumor growth. There are three ras proto-oncogenes that
encode for four proteins H-Ras, K-Ras (two splice variants)
and N-Ras. H-Ras mutations are rare, however they have
been observed in bladder cancers (15-20%), mutated K-Ras
are prevalent in some adenocarcinomas including pancreatic
(>90%), colorectal (50%) and lung cancer (30%), while
mutated N-Ras occur in melanoma (10-20%) and some
hematologic malignancies. A correlation between the kind of
cancer developed with mutations in a specific Ras protein has
also been suggested.>

II.c.3 Prenyltransferase inhibitors. The elucidation of
structural and mechanistic aspects of PTs has provided essen-
tial information for the development of inhibitors with diverse
potential therapeutic applications. To summarize, the farnesyl
transferase inhibitors (FTIs) as anticancer agents are designed
to block the post-translational attachment of the prenyl
moiety to C-terminal cysteine residue of Ras and thus inacti-
vate it. Because Ras plays an important role in tumour
progression and the ras mutation is one of the most frequent
aberrations in cancer, this strategy represents an appealing
approach for non-cytotoxic anticancer drug development.
FTase has two binding sites; one contains the recognition site
for farnesyl pyrophosphate and the other for the CysAlaAlaX
box of the protein. While the role of the zinc ion in the
catalytic mechanism appears well defined, inhibitor design
strategy does not seem to have focused on inhibition of the
catalytic activity per se — rather drug development has fol-
lowed rational design strategies as well as screening of combi-

nation libraries to produce compounds that may be
competitive with farnesylpyrophosphate and or compounds
that compete with the CysAlaAlaX binding motif of the
protein. At least six FTIs have been tested in human clinical
trials, (Fig. 6).°% All these compounds display a high selectivity
with ICsy for FT inhibition in the nanomolar range although
inhibition of other prenyl transferases cannot be ruled out. A
well-defined proof of concept in preclinical and clinical studies,
especially as single-agent anticancer drugs in solid cancers, has
not unfortunately been achieved. The activity in clinical trials
has been disappointing. The exact mechanism of action of this
class of agents is currently equivocal and increasing lines of
evidence indicate that the cytotoxic actions of FTIs are not
due to the inhibition of Ras proteins exclusively, but to the
modulation of other protein targets.®* The inherent pharma-
cokinetic problems of peptidomimetic compounds (rapid in-
tracellular degradation and deficient cellular uptake), are also
factors to be taken into consideration. The quest for a specific
target protein is complicated by the fact that there are more
than 30 proteins that are known to be farnesylated emphasiz-
ing the difficulty of substrate specificity. This lack of knowl-
edge in terms of molecular pharmacology for FTIs has been
pointed out as one of the factors contributing to the poor
clinical trial results. Finally, activation of K-ras geranylger-
anylation may, in fact, suppress the effect of FTIs. The clinical
and pre-clinical situation has been reviewed thoroughly in
recent publications.®*%3

A very promising efficacy has been found for FTIs as anti-
parasitic drugs and the development of a proper pharmaco-
kinetic profile seems to be the next step towards a parasitic
chemotherapy. Interestingly, there appears to be an inherent
cytotoxic selectivity for pathogenic protozoa compared to
normal mammalian cells, which could be due to a lack of an
analogue of GGT-I or a higher sensitivity for farnesylation
inhibition in the parasite.®

II.d Metallo-p-lactamases (mfiLs)

I.d.1 Structure and function. B-Lactams are the oldest,
least expensive and most used family of antibiotics, these
include penicillins, cephalosporins and carbapenems
(Scheme 4B). These antibiotics act by interfering with cell wall
peptidoglycan biosynthesis, using their four membered
B-lactam moiety to deactivate the key enzyme transpeptidase.
This chemotherapeutic approach, although very selective, is
hampered by a special class of enzymes that hydrolyzes the
important cyclic amide C-N bond within the B-lactam ring,
hence the name B-lactamases. These enzymes represent the
most common mechanism of resistance to antibiotics®® and
they are mainly classified as serine-p-lactamases (classes A, C
and D) or metallo-B-lactamases, mBLs, (class B) depending on
the sequence homology (Ambler). An alternative classification
based on substrate specificity also exists, which places mBLs
under group 3 (Bush—Jacoby—Medeiros).®> Depending on the
catalytic mechanism employed, serine-f-lactamases use an
activated serine nucleophile to attack the carbonyl carbon
atom in the B-lactam ring, while mBLs employ a water
(hydroxide) molecule coordinated to one or two zinc ions to
achieve the same chemical effect (Scheme 4A).
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New zinc B-lactamases continue to be described and several
pathogens are recognized to synthesize these enzymes. Metal-
lo-B-lactamases are of special concern due to their broad
activity especially against the carbepenems, the potential for
horizontal transference and the current absence of clinically
useful inhibitors.”

Based on amino acid sequence and substrate affinities mBLs
are further divided in three subclasses (B1-B3, Fig. 7) but
general features in the active site are somewhat conserved, that
is one of the zinc ions (Zn1) has a tetrahedral geometry and the
other (Zn2) is trigonal bipyramidal. Both zinc ions are usually
within 3.6 A and bridged by a hydroxide group, which is
thought to act as the nucleophile in the hydrolytic reaction,
although some results points to Zn2 as intimately involved in
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the hydrolytic reaction.”' The nature of the coordinated
residues for the zinc ions vary with the subclass. Accordingly
Znl will coordinate three His residues for Bl and B3
subclasses, while two His and an Asn will be the coordinating
residues for B2. Zn2 on the other hand coordinates an
Asp, Cys and His triad in B1, B2 while the Cys is substituted
by another His in B3; the coordination is completed by
the bridging OH™ and a water molecule in Zn2. The affinities
for zinc in the two coordinating sites are different, and
it is accepted that Bl and B3 mPLs are active through
Znl while the presence of Zn2 typically enhances their
activity. On the contrary, for B2 mPLs the presence of
Znl causes an inhibition in function and usually the active
position is Zn2.”?
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Scheme 4 (A) Hydrolysis of B-lactam ring (red) in a penicillin derivative by a dinuclear zinc site (subclasses Bl and B3). (B) Basic structure in a

B-lactam antibiotic.
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Fig. 7 Structural comparison among the three subclasses of metallo-B-lactamases from different features within each sub-class are highlighted.”

In terms of the mechanism employed by these enzymes it is
accepted that the zinc ions are primarily responsible for
substrate binding and catalysis, leaving to the surrounding
ligands (with a few exceptions) the main role of maintaining
the zinc ions in position. For mBLs sub-classes Bl and B3 with
two zinc ions in the active site it is generally accepted that Zn2
and a conserved lysine residue Lys224 help to stabilize the
substrate by interaction with the carboxylate moiety in the
ring adjacent to the PB-lactam, while Znl coordinates the
carbonyl in the B-lactam ring and assists in the nucleophilic
attack by the hydroxide ligand. For sub-class B2 with only one
zing, it has been proposed that the residue Aspl20 acts as a
general base that activates a water nucleophile for its attack to
the B-lactam ring. Further steps in the cycle involve proton
transfer and intramolecular arrangements to regenerate the
active site.

I.d.2 Clinical relevance. B-Lactam antibiotics are the main
front line against opportunistic Gram-negative bacterial
pathogens that can affect severely the life expectancy in
patients with a compromised immune system, i.e. HIV, che-
motherapy, and advanced age. For this reason, and the
important public health problem associated with resistant
bacteria, B-lactamases are an important target for chemother-
apy. mBLs in particular, despite representing a small group of
B-lactamases, display a very broad substrate spectrum hydro-
lyzing almost all B-lactam antibiotics and especially carbape-
nem-derivatives, which are the newest and most powerful
generation of B-lactams. In addition, there are no clinically
useful inhibitors for mBLs, in contrast to serine-f-lactamases
where inhibitors such as clavulanic acid or sulbactum can be
used effectively. Indeed, all known inhibitors of serine -
lactamases are inefficient toward the metallo-B-lactamase
class. The continued production of mBLs by major pathogens
in the near future is also a very likely event due to the current
abuse of antibiotics in clinical and agricultural purposes.™
Worldwide surveillance programs such as the SENTRY,
MYSTIC have confirmed an escalated rate of occurrence of
mpL-mediated resistance for different gram-negative bacilli
like the P. aeruginosa since 2000.”° mPLs can be either
chromosomally mediated or encoded by transferable genes,
the most recognized among the latter are IMP-1, VIM-1,
SPM-1 and GIM-1, and especially the first two types are the
most frequent. The fact that genes encoding for these four
mpBLs can be associated with integrons and other genetic

elements such as transposons or plasmids means a higher
probability for worldwide dissemination.

I1.d.3 Metallo-p-lactamases inhibitors (mpLIs). A variety
of chemical classes have been tested as mBLIs (B1-B3), among
them trifluoromethyl alcohols and ketones, biphenyl tetra-
zoles, succinic acids, peptides, cephamycins and several thiol
compounds.’® The most potent known inhibitors so far are
2,3-disubstituted succinic acids and mercapto-carboxylic
acids, with inhibition constants in the 3-90 nM range
(Fig. 8). One of the key steps in the mechanism of action for
mpLIs is the displacement of the bridging hydroxyl ligand or
water by an appropriate sulfur or oxygen atom in the thiol or
carboxylate moiety, respectively. Formation of disulfides with
the Cys ligand in Zn2 has also been observed leading to
irreversible inhibition. The approach to design of an ideal
mpLI, however, is by no means straightforward, since the wide
distribution of dinuclear active sites in enzymes (i.e. human
glioxalase II) could lead to the issue of a high toxicity due to
inhibition of essential enzymes in the host. Also it has been
shown that the affinity of any given mBLI can vary vastly
among mPBLs due to important differences in sequence diver-
sity — the mutation of the highly conserved Lys224 to a Tyr224
in the important VIM-2 is a clear example of this affirmation.
However, the role of two key amino acids has been highlighted
in terms of design of more specific mBLIs, namely Lys224 and
Aspl120. The former residue and specifically the N; has been
implicated by mutagenic and structural data as contributing to
binding and orientation of substrates by hydrogen bonding to
the carboxylate group usually present adjacent to the B-lactam
ring (Scheme 4). A novel class of inhibitors takes into account
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interactions with this residue in order to target the active site in
IMP-1, a Bl mpL.”” Another potentially relevant residue in
the active site is Trp64 present in the flexible loop of mBLs that
could be involved in hydrophobic/non-covalent interactions
with the substrate. Additional residues in the active site could
play a determinant role as recognition motifs and modulators
of mBLI efficacy. Therefore its consideration should be taken
into account in the design of novel inhibitors.”® Up to now, as
stated, none of the mPBLIs reported have been developed
into drugs.

Il.e Zinc and neurochemistry

A growing area of considerable importance to bioinorganic
chemistry is the role of endogenous metal ions (Zn, Cu, Fe) in
the pathogenesis of various neurodegenerative diseases.””” The
role of metal ions in “metalloneurochemistry”” or ‘“‘metallo-
neurobiology” encompasses the study of metal ion homestasis
and transport across membranes, the role of Zn>" in synaptic
transmission and in memory formation as well as the causes
and treatment of neurological diseases. With specific respect to
the role of Zn®" ion in neurochemistry, there has been a
concomitant increase in development of fluorescent sensors
capable of specifically imaging the metal ion at biologically
relevant concentrations. Besides the study of the “free” ions, a
number of metalloproteins and their metal ion status have been
implicated with the advance of some neurological disorders.
This review will briefly discuss two of the most studied —
superoxide dismutase and its relevance to familial ALS and
the role of Zn and redox metal ions in Alzheimer’s disease.

Il.e.1 Cu, Zn-superoxide dismutase (SOD-1)

Structure and function. Up to 10% of the oxygen utilized by
tissues may be converted by metabolism to its reactive inter-
mediates, which impair the functioning of cells and tissues.
These reactive oxygen species, such as superoxide radicals, are
thought to underly the pathogenesis of various diseases.
Superoxide dismutase (SOD) catalyzes the dismutation or
disproportionation of the superoxide anion (O,*") into hydro-
gen peroxide and oxygen (Scheme 5). The reaction is per-
formed in two steps, both first-order with respect to O,*~ and
is extremely efficient, being basically limited by substrate
diffusion thus shortening the lifetime of the superoxide radical
by a factor of & 10'". There are several classes of SOD that
differ in their metal-binding ability, distribution in different
cell compartments, and sensitivity to various reagents. Among
these, Cu, Zn superoxide dismutase (SOD1) is widely distrib-
uted and comprises 90% of the total SOD. The SOD-1 protein
found in the cytosol is a homodimeric protein with 32 kDa
molecular mass. Two other forms, SOD-2 (Mn) and SOD-3
(Cu, Zn), are found in the mitochondria and outside the cell,
respectively forming tetramers. The structural details of Cu,
Zn SOD have been well studied. Indeed, this is an example
where the basic knowledge accrued from studying the enzyme
from the “traditional” viewpoint of bioinorganic chemistry —
structure and function related to the metal active site — was
extremely helpful in the early 1990’s once the role of the
enzyme in neurodegenerative diseases was appreciated. Briefly,
each subunit in SOD-1 contains 158 amino acids folding as a
flattened eight-stranded B-barrel containing one catalytic cop-

(His),Cu'— Moy ™ ~Znl(His),Asp + H*

O, 0,

(His),Cul """ 2znl(His),Asp + H*

0, n—p>

H,0,

(His),Cul—"\Z" ~Zni(His),Asp

Scheme 5 Dismutation of two molecules of superoxide anion (O,* ")
by the Cu, Zn-SOD. The scheme shows successive breaking and
formation of the inter-metallic brid?e formed by His61, upon changes
in copper oxidation state (Cu"~Cu).

per and one structural zinc ion in the active site. The residues
coordinating the metal ions are strictly conserved: His44,
His46 and His118 for copper and His69, His78 and Asp81
for zinc. Residue His61 acts as a bridging ligand between the
two metal centers that are approximately 6 A apart, complet-
ing the tetrahedral coordination sphere for zinc and the square
pyramidal coordination sphere for copper, together with a
solvent molecule that is not involved in the catalytic cycle
(Fig. 9). The metal ions, together with an important intramo-
lecular disulfide bridge (Cys57-Cys146), are post-translational
modifications that greatly stabilize the metalloprotein. The
stability of wild type SOD-1 is remarkable, being active even
after being subjected to harsh conditions such as 4% SDS,
10M urea or 80 °C. Several studies have highlighted the
importance of the disulfide presence for dimer stability and
further relevance in pathogenic aggregation.

SOD-1 presents a funnel-like cavity or cone with a 24 A
diameter at the surface of the metalloprotein ending in a
narrow 4 A channel that leads to the partial exposure to
solvent of the active copper ion. The zinc ion is indirectly
involved in the accepted catalytic mechanism with an impor-
tant role for electronic polarization and electrostatic stabiliza-
tion due to the His61 coordination. The two steps in the
catalytic cycle for SOD-1 correspond to a first half-reaction
where the reduction of copper (Cu"-Cu!, inner sphere me-
chanism), upon binding of a first superoxide anion, is coupled
to protonation of H61 and simultaneous rupture of the Cu—Zn
bridge. The resulting cuprous ion with a trigonal planar
coordination now releases dioxygen as the first product,
diffusing out of the electrostatic cone thanks to its neutral
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Fig. 9 Ribbon structure of Cu, Zn-SOD homodimer, showing the
metal ions Cu?" in yellow and Zn>* in green (left). Image of the active
site showing the coordinating residues (right).

charge. In the second half-reaction, a subsequent superoxide
anion enters the cone and oxidizes the Cu' by an outer-sphere
mechanism to its initial state, with protonation of the substrate
to form and release hydrogen peroxide re-establishing the
imidazolate bridge through His61.

II.e.2 Clinical relevance. This ubiquitous enzyme has great
physiological significance and therapeutic potential from a
number of perspectives.®! SODs are implicated in cancer and
several neurological disorders. The lack of success in the
development of SOD enzyme as a therapeutic agent can be
attributed in part to a lack of an accurate method to quantitate
SOD activity, lack of oral bioavailability and inability of the
enzyme to enter cells. Small molecule mimics of SOD such as
Mn-cyclams could overcome these deficiencies — again an
interesting example of metal-based targeted drugs.®? In spite
of the important biological function of SOD-1 in depleting the
reactive superoxide anion, a selective targeting of this metal-
loprotein could also be important for anticancer applications.
Due to the exacerbated metabolism in cancer cells the produc-
tion of reactive oxygen species in general is increased and
cancer cells could exhibit a higher dependence on SOD
activity. It has therefore been suggested that inhibition of this
metalloprotein could have potential therapeutic interest as an
antitumor strategy.®®

Recent interest in the medical relevance of SOD-1 derives
from the presence of mutants associated with Amyotrophic
Lateral Sclerosis (ALS) or Lou Gehrig’s disease, a neurode-
generative disorder characterized by the selective death of
motor neurons in the spinal cord, brain stem and brain. This
disease is one of the most common neurodegenerative disor-
ders, with a prevalence of 4-6 per 100000 and affecting more
than 35000 people in the USA alone. It is frequently diag-
nosed between the ages of 40 and 70, being 20% more
common in men than women. Specifically, point mutations
in SOD-1 have been linked to a sub-set of the familial form of
ALS or fALS, which constitutes approximately 1/5 of the
cases. Up to 130 point mutations in SOD-1 (almost 1/3 of the
protein sequence!) have been identified so far. They are evenly
distributed throughout the metalloprotein and have been
classified mainly in two groups based on their position and
metal content (see http://www.alsod.org). The first group
comprises the so-called ““‘wild-type-like mutants” with an al-
most intact metal content compared to the wtSOD-1. The
second group comprises “‘metal-binding region mutants” that

exhibit mutations in the metal-binding region involving co-
ordinating residues or close neighbors, thus generating mu-
tants with aberrant metal content. Since some mutant forms of
SOD-1 retain the dismutase activity of the wild type, the
toxicity arising from mutations is rather ascribed to a gain
of function. Several hypotheses have been suggested in this
regard but, so far, two main views are predominant in the
literature, although these are not necessarily mutually exclu-
sive. The “perplexing” role of SOD-1 in fALS has been
summarized.®® One general hypothesis states that mutant
SOD-1 toxicity is due to an enhanced oxidative activity, which
contributes to oxidative damage, supported by evidence of the
high level of oxidative-stress in presence of SOD-1 mutants
and stimulation of oxidative damage in the presence of
physiological bicarbonate.®> However, although an increased
peroxidase and thiol oxidase activity has been found for zinc-
deficient SOD-1,%¢ and there is a certain correlation between
wild-type-like mutants and this hypothesis;®’ the majority of
SOD-1 mutants do not exhibit such an enhanced activity
compared to the wild type further complicating support for
this hypothesis.

A second hypothesis has gained considerable support and
involves essentially the misfolding and aggregation of mutant
SOD-1, a common point also for other neurodegenerative
diseases such as Alzheimer’s disease and transmissible spongi-
form encephalopathies. A multi-step process has been sug-
gested for the mechanism of aggregation, involving sequential
dimer dissociation, metal loss from the monomer and oligo-
merization of the apo-monomers.®® This contrasts with the
sequence of post-translational modifications involved for acti-
vation of the metalloprotein i.e. copper and zinc binding,
disulfide bridge formation and dimerization. Several results
support this hypothesis. Recently the equilibrium between the
native dimer, monomer intermediate and the unfolded mono-
mer was observed and studied for various mutants, with
favorable conditions for the last two monomer states.®® Dif-
ferent conformations in living cells have been also observed for
SOD-1 mutants compared to wild-type metalloprotein, using a
fluorescent assay with green fluorescent protein.”® Determina-
tion of melting temperature in fALS relevant SOD-1 mutants
by differential scanning calorimetry has been extensively used
to compare relative stabilities in the apo-protein and various
reports evidenced a net destabilization for the mutants com-
pared to the wtSOD-1.°! However, another recent study using
a larger range of mutants (20) found that some of them can
actually exhibit higher stability compared to the wtSOD-1
compromising to some extent the general agreement, the
results were confirmed by hydrogen—deuterium exchange.”
Clarification of this point is important since the nascent
SOD-1 apo-monomer is regarded as the main fALS relevant
toxic species.

As mentioned before, the metal ions are important for
kinetic stability in SOD-1, and in this regard it has been
determined that copper contribution is greater than Zn.”*
The other important stabilizing key feature is the sulfide
bridge, where it has been shown that mutants are more
susceptible to reduction on this sulfide bridge and recent
in vivo experiments points to an incorrect disulfide cross-
linking in the mutant SOD-1 as a cause for aggregation.
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Aberrant intra- to inter-molecular reactivity from these im-
mature of disulfide-reduced forms in mutants can lead to
insoluble high molecular mass species containing even wild-
type SOD-1."* Overall evidence points to stability issues
generated in the SOD-1 homodimer by the mutants, and this
is a biologically relevant point in the mechanism. In this
regard, molecular dynamics has contributed with significant
findings, first by identifying disruptions in the inter-monomer
dynamics in all mutants tested. An additional study involving
kinetic measurements of folding behaviour suggest that
misfolding issues in the SOD-1 apo-monomer could arise from
B-strands 1-3.%°

The aggregation hypothesis is thus the most actively studied
regarding mutant SOD-1 toxicity, although it is worth men-
tioning alternative hypotheses such as an aberrant copper
chemistry producing mutations that can lead to catalytic
nitration of tyrosine residues close to the copper ion.

II.e.3 SOD inhibitors. The wide variability in SOD-1
mutations linked to fALS makes a structure-based drug-de-
sign approach to inhibitors extremely difficult. Nevertheless,
the screening of small molecules that can enhance SOD-1
dimer stability and prevent SOD-1 aggregation might also
prevent amyeloid formation and the onset of ALS.”® In
general, results obtained for animal models of SOD1-linked
fALS have helped in the development of novel chemothera-
peutic approaches for ALS.®” Current approved treatment for
ALS is riluzole (rilutek) — 2-amino-6-(trifluromethoxy)ben-
zothiazole — which has an inhibitory effect on glutamate
release and ability to interfere with intracellular events that
follow transmitter binding at excitatory amino acid recep-
tors.”® This drug prolongs survival by only three months and
improvement on quality of life or muscle strength is not clear.
Advances in drug development are hopefully increasing the
number of potential therapeutic agents. Valproic acid has also
been implicated in ALS suppression in mice models.”® This
agent has found use previously as an HDAC inhibitor (See
section I1.b), and by analogy, a zinc ion interaction may also
exist in this case.

Il.e.4 Zinc, redox metal ions and Alzheimer’s disease. The
role of Zn?" ion in the brain cannot at this time be separated
from that of the redox active Fe and Cu ions. The maintenance
of metal ion homeostasis in the brain is of paramount im-
portance to normal function. There is evidence that endogen-
ous metal ion dyshomeostasis contributes to the
neuropathology of Alzheimer’s disease (AD).' This progres-
sive degenerative disease destroys the mental health of millions
of people worldwide, with the subsequent loss of independence
producing devastating social effects on family. Four features
characterize the AD brain: (i) the presence of extracellular
amyloid plaques comprised mainly of aggregated, insoluble
amyloid-B (AP) peptide; (ii) the presence of neurofibrillary
tangles (NFTs) containing hyperphosphorylated tau; (iii) in-
creased oxidative damage to lipids, proteins and nucleic acids;
and (iv) loss of endogenous metal ion homeostasis (dys-
homeostasis).

The difficulties in separating cause from consequence in
delineating the role of metal ions in AD is well appreciated.

Nevertheless, the evidence of neural metal ion concentration
and distribution deserves examination. Iron is unevenly dis-
tributed in the brain and is enriched in areas such as the
substantia nigra. Likewise, the largest labile pool of Zn®" in
the brain is found in the synaptic region of the hippocampus.
It has been pointed out that the cortical glutamatergic sy-
napse, where amyloid pathology is first manifested in AD,
contains high concentrations of Cu and Zn, which are released
during neurotransmission. All three ions interact with Af
protein and the observation that the chelator EDTA could
prevent Cu, Zn-induced AP aggregation suggested a therapeu-
tic approach involving modulation of metal bioavailability.
Certainly, in the absence of effective therapies, modulation of
dyshomeostasis through metal ion chelation is an interesting
approach, despite the difficulties of selectivity, passage
through the blood brain barrier and metal-ion specificity.'°!
The iron chelator desferrioxamine has been used to reverse or
retard the pathology of AD. The hydroxyquinoline based
chelator clioquinol has also received limited clinical trials,
spurring the search for a newer generation of metal-ligand
based therapeutics.

III. Structural zinc

IIl.a Zinc fingers (ZFs)

IIl.a.1 Structure and function. The zinc finger (ZF) motif,
first described in the transcription factor TFIIIA from the
clawed toad Xenopus laevis,' exhibits a notably diverse array
of structure and functions, the latter involving important
cellular processes such as transcription, DNA repair, cellular
signaling, metabolism and apoptosis. Typically the term ZF
implies a definite number of amino acid residues within the
protein, usually 30 to 40, with suitable metal-binding sites
composed of cysteines (Cys) and histidines (His). A key
component of this system is the zinc ion (Zn?>"), which binds
to the residues in a tetrahedral environment providing essen-
tial elements of structure. Release or substitution of the central
zinc ion, as well as mutation of coordinating residues can
result in a loss or impairment of the biological function. In
ZFs the Zn>" ion is thermodynamically preferred to other
metal ions such as Co?", Ni** or Fe?", attributed to con-
tributions from ligand field stabilization energy and other
entropic factors.!> Formation and dissociation of ZFs has
been postulated to be a multi-step process, and the presence of
an equilibrium between a tri- and tetra-coordinate zinc could
exist.'® This fact is in agreement with the reported non-equal
contribution from the coordinating residues to the formation
of ZFs.'”

Typically ZFs can be classified according to the type of
residues coordinated by the metal ion, i.e. Cys,His,, Cys;His
or Cysy (Fig. 10), although this classification might be ex-
tended to include more complex domains that need more than
one zinc ion for structure stabilization. Zinc fingers are
estimated to represent 3% of the human genome — a total of
4500 Cys,His, zinc finger domains from 564 proteins are
recognized, whereas only 17 domains from 9 proteins contain
the CysCysHisCys zinc knuckle motif.!°® Double ZFs like the
estrogen receptor (Cysg) require eight binding residues, that
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NCp7 (F2) ADA

Sp1 (F2)
Spl (F2) = Cys,His,
NCp7 (F2) = Cys;His
ADA = Cys,
RING = Cys,

Fig. 10 3D structures of different ZFs showing coordinating residues.
PDB ID: 1VA2 (Sp1),!” 1ESK (NCp7),''® IADN (ADA),!"! an
intertwined dinuclear domain is also shown PDB ID: 2DS8T
(RING).""? Sequences for the domains shown are at the bottom with
coordinated residues in red (coordinating residues for the second zinc
in RING are underlined).

are predominantly cysteines, and the mode of Zn coordination
can vary between a simple one, with the first four residues
coordinating Znl and the second four Zn2, to an intertwined
or an interleafed coordination, and in addition bridging
cysteines can be found for Cyse-ZFs.>'°7 Within this review
we will use the term zinc finger for functional and independent
zinc sites with at least two cysteines as binding residues, but it
is useful to keep in mind that the versatility of zinc—protein
complexes for modulation of biological functions depends
largely on the type of secondary structure or fold formed by
the ZFs. More than 10 different topologies for the ZF motif
have been reported, although in general it features a Cys,His,-
like, treble clef or zinc ribbon structure.>!'%®

The classical role of Cys,His,-ZFs as transcription factors
has focused attention on the mode for DNA recognition,
which mainly involves hydrogen-bond interactions between
side chains of a-helical residues (frequently at positions —1,
+2, +3 and +6) and base pairs in the DNA major groove
(preferences for arginine/guanosine; aspartic acid/adenosine,
cytidine; leucine/thymidine). Whereas other DNA-binding
proteins generally make use of the 2-fold symmetry of the
double helix, zinc fingers do not and so can be linked linearly
in tandem to recognize DNA sequences of different lengths,
with high fidelity. Every ZF recognizes 3 or 4 consecutive base
pairs and some of the ZF units in a larger array can be used as
spacers. This is true for Spl and Zif268 (both 3 x Cys,His,)
but a slightly different DNA recognition pattern can be found
for other Cys,His,-ZFs, i.e. GLI (5 x Cys,His,). This modular
design and the large number of combinatorial possibilities
within the ZF motif offer an attractive approach to the design
of DNA-binding proteins for the specific control of gene
expression. Fusion of zinc finger peptides to repression or
activation domains can selectively target genes for switching
off and on. Cys,His,-ZFs have been methodically designed
and used in an array of ZF modules (n x Cys,Hys,) to further
increase the sequence-specific recognition of DNA. 13114

The interaction of Cys,His,-ZFs with RNA on the other
hand, has gained increased interest thanks to crystal structures
of TFIIIA in complex with a core 5S rRNA, where two
different modes of interaction are observed depending on the
substrate DNA/RNA. It was found that fingers used as

spacers for DNA interaction, ZF4 and ZF6, are strongly
involved in the interaction with RNA. The former by interac-
tions of a histidine residue with two guanines (His119-Gua75,
Gua99) in the internal loop region E, and the latter by stacking
of a tryptophan residue into an adenine (Trpl77-Adell) in
loop A. ZF5 only interacts with backbone atoms in helix V.1
This latter type of interaction involving stacking of aromatic
residues in the zinc finger, mostly tryptophan, with nucleo-
bases has been reported for the HIV Nucleocapsid 7 protein
(NCp7).'1% In the particular case of an Cys;His-ZF, exposed
guanine bases bind to hydrophobic clefts in both ZFs of the
protein, and additionally the ZFs form hydrogen bonds to
groups in the RNA that normally engage in Watson—Crick
hydrogen bonding in A helices.'!” Cys,-ZFs are another motif
for DNA recognition as exemplified in the typical DNA-
binding domain (DBD) for nuclear receptors like the human
estrogen related receptors (LERR1-hERR3) or the glucocor-
ticoid receptor, both involving two sets of Cys4-ZFs in tandem
(2 x Cy). In contrast to Cys,His,-ZFs which bind DNA as
monomers, Cysy-ZFs have been found in many instances to
bind as homodimers or heterodimers, in the former case they
exhibit two-fold rotational symmetry

IIl.a.2 Clinical relevance. One of the interesting features
regarding ZFs is the high specificity and affinity in substrate
binding that they can achieve, and as stated they have been
proposed as key building blocks in the design of proteins
towards human gene therapy.''® One of the potential applica-
tions is to use ZFs in combination with endonuclease proteins
to selectively produce DNA double strand breaks, because the
presence of these lesions is reported to increase the frequency
for homology recombination events thus favoring gene target-
ing to a specific mutation. This is a very promising area of
research with recent examples of viability in targeting specific
genes. In addition, several libraries of ZFs have been devel-
oped to discriminate DNA sequences, and are available for the
design of novel polydactyl ZFs.!1%120

Alternatively, the sequence specificity of ZFs can also be
coupled to a transcription activation or repression domain to
regulate gene expression. An example is the use of a designed
zinc finger to inhibit gene expression in the virus of herpes
simplex 1 using a six-finger peptide to partially repress the
replication cycle in the virus.'?! This strategy has also been
applied to inhibit transcription and replication of HIV-1.1%
Moreover the use of designed ZFs to regulate endogenous
genes promotes expression of the natural splice variants of
that gene, in contrast to standard gene therapy where only a
single variant of the gene is expressed.

Cys,His,-ZFs belonging to the Sp (specificity protein) and
KLF (Kriippel-like factors)'® are recognized as targets for
development of new anticancer drugs. Their involvement in
tumorigenesis stems from a variety of reasons including its
interaction with oncogenes and tumor suppressors. Spl alone
is thought to regulate several hundreds of genes and is the
most characterized transcriptional activator in mammalian
cells. The importance of this family of transcription factors
in gene regulation for tumor development, growth and meta-
stasis has been reviewed.'?* The LIM superfamily of transcrip-
tion factors briefly mentioned before features a double ZF
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motif involved mostly in protein—protein interactions, related
to cellular architecture, intracellular signaling and transcrip-
tional processes. Their involvement in multiple human dis-
eases has been addressed.'*® Another important superfamily
exhibiting double ZF motifs (2 x Cysy) in their DNA-binding
domain is the nuclear receptor. Its protein members are
activated as transcription factor after binding of small lipo-
philic molecules such as lipids, metabolites or steroid hor-
mones. Specifically, the steroid hormone glucocorticoid
produces glucocorticoid receptor (GCR) proteins, whose clin-
ical importance stems from the anti-inflammatory/immunosu-
presive effects exhibited by glucocorticoid hormones.

IIl.a.3 Zinc fingers inhibitors (ZFIs). In contrast to cata-
lytic zinc, where inhibition is usually through blocking of an
active site, inhibition of structural zinc must involve chemical
modification of the coordinating residues (oxidation/alkyla-
tion) with metal-ion removal. Inhibition of ZFs, as in the case
of MMPs and HDAGCs, is a double-edged sword because,
although beneficial responses can be achieved, the potential
risk of impairing or disturbing essential cellular functions is
also high. In fact the damage of zinc fingers in DNA repair
proteins such as the xeroderma pigmentosum group A (XPA),
one of the proteins involved in the nucleotide excision repair
pathway, by oxidizing agents or redox-active metals has been
regarded as a novel mechanism of carcinogenesis.'?® In this
regard it has been shown that human DNA polymerase-o is
inhibited by cis-diamminedichloroplatinum(ir), by covalent
interaction with the cysteine residues on its C4~ZF motif.'?’
Other important zinc metalloproteins involved in DNA/RNA
repair could be potentially inhibited, as in the case of the
bacterial sacrificial protein Ada whose Cyss-ZF motif located
in the N-terminal domain repairs the methyl phosphotriester
lesion in DNA. In this mechanism an alkyl group is trans-
ferred from the damaged DNA to an activated cysteine
(Cys38) residue in the ZF.!?®!?° In addition, the interaction
from the DNA/ZF interaction in Spl and TFIIA has been
reported to be disrupted by selenite ions.'?®

However, there are cases in which structural differences
between the target substrate to be inhibited and alternative
substrates can be exploited, as in the case of key ZFs within
retroviruses and arenoviruses.'>® In addition the possibility to
extend this strategy to other viruses is feasible given the
importance of zinc domains for virus stability. The nucleo-
capsid protein NCp7 (HIV-1) in particular, has been the
subject of an in-depth study in the last years including
characterization and substrate interaction.'!

This small protein with two CyszHis-ZFs, plays many
essential roles along the viral life cycle (such as RNA packa-
ging, reverse transcription and integration). In addition it is
remarkably mutation intolerant, therefore making it an at-
tractive target for the development of novel and complemen-
tary HIV chemotherapeutic agents. Several molecules with
electrophilic functional groups have been employed to oxidize
or methylate cysteine residues within the ZFs causing inhibi-
tion of normal NCp7 functions. Specifically thiosulfonate and
azodicarboxamide (ADA) have been shown to promote zinc
ejection from NCp7 at concentrations that do not impact
other important human ZFs such as Spl, PARP or GATA-I;

this fact shows that key differences in terms of ZF reactivity
could lead to an appropriate discrimination of inhibition
targets (i.e. CyssHis in NCp7 vs. Cys,His, or Cysy, which
are more common in human ZFs).'*> Additional non-covalent
motifs can also be exploited for an additional increased
selectivity towards NCp7; recently platinum—nucleobase com-
plexes explored this area by the use of nucleobase recognition
from the C-terminal ZF, reporting zinc displacement and loss
of tertiary structure (Fig. 11).'**

MLb p53

IIL.b.1 Structure and function. The tumor suppressor gene
Tp53 codes for the p53 protein with a molecular mass of
53 kDa (hence its name), corresponding to 393 amino acids in
four domains: an N-terminal transactivation domain, a central
DNA-binding core domain, an oligomerization (tetrameriza-
tion) domain and a C-terminal regulatory domain. The central
DNA-binding core domain (DBD) with a molecular mass of
25 kDa comprises residues 94-312 and contains the essential
structural zinc ion. The zinc ion coordinates Cys176, Cys238,
Cys242 and Hisl79 in a pseudo-tetrahedral coordination
geometry (Fig. 12), that connects loops L2 and L3 in the
domain. The Zn?" is required for structural reasons, since the
apo-protein exhibits a DBD significantly different with re-
duced DNA-binding specificity and prone for aggregation.
The role of zinc in p53 function extends beyond this domain
and has been shown to coordinate the movements of different
structural elements in the protein required for DNA
binding.'**

The p53 metalloprotein has a central role in one of the
major signal-transduction pathways in the cell, which regu-
lates its response to environmental and internal cues. At the
same time this pathway is intimately linked to others and their
inter-coordinaton has been proposed to be regulated by loops,
which involves proteins such as P38, COP1, PIRH2, AKT,
ete.®” In addition, p53 has been called the guardian of the
genome due not only to its role as a tumor suppressor but also
as a regulator of more than 160 genes in response to various
types of stress — in fact microarray experiments have suggested
500 up-regulated and 260 down-regulated p53 target genes! In
the presence of diverse stress signals that can be classified as
genotoxic (DNA adducts or breaks), oncogenic (activation of
proto-oncogens) or non-genotoxic (ribonucleotide depletion
or oxygen oversupply), the pS3 protein is activated mainly by
post-translational modifications including phosphorylation,
acetylation, methylation and others. These changes increase
pS3 concentration in the cell by several ways (p53 modi-
fier—partner relationship) including MDM2 degradation. Sub-
sequently, the modified p53 can bind to specific DNA
sequences, tetramerize and enhance the transcription rate of
required genes (Fig. 8). The details of such p5S3-DNA inter-
action involving the tetramer were characterized recently for
different DNA sequences, a correlation between differential
binding affinities for the sequences studied and protein—-DNA
contact geometry was demonstrated.!®

II1.b.2 Clinical relevance. The evidence showing an invol-
vement of p53 in human tumors is overwhelming. Mutations
of the gene encoding for this metalloprotein are found in
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Fig. 11 Structure of representative organic and metal compounds used to target the nucleocapsid protein (NCp7, top). Sequence of NCp7

showing coordinating residues in red (bottom).

Fig. 12

Two different views of a p53 tetramer (white ribbon) with
DNA (yellow), the structure was determined using the DNA-binding
site only. Zinc ions are represented in green. First coordination sphere
in p53-zinc site is shown inside square. PDB ID: 2FEJ, 2AC0.13>13¢

approximately 50% of tumor cases, causing either a loss of
activity or a gain in function producing p53 capable of cellular
transformation.'*® In the latter case two types of pathways are
differentiated, the first corresponding to aberrant interactions
with DNA as shown for p53 mutants interacting with different
DNA regions compared to wild type p53 (wt-p53). The other
type of aberrant interaction observed for mutants is with
diverse cellular proteins such as with p73, an homologue
protein that does not interact with wt-p53 but its reactivity
with mutated p53 has shown otherwise. Moreover this inter-
action correlated with resistance to anticancer agents.'>® p53 is
at the junction of several interrelated pathways in the cell. A
wide variety of stress signals activates pS3 resulting in cellular
responses such as apoptosis, cell-cycle arrest, senescence and
DNA repair.'*® There is evidence that p53 can play a part in
determining which response is induced through differential
expression of target-gene expression. The importance of p53-
induced response to tumor suppression is clear but previously
unanticipated contributions of these responses are being un-
covered. An integrated view of p53 has lately suggested that
not all of its functions are beneficial.'!

II1.b.3  p53 Inhibitors (p53Is) and the bioinorganic chemistry
of apoptosis. Therapeutic strategies based around the p53

pathway include both inhibition and activation of the protein.
The frequency of p53 mutations in human tumors and the
presumed dominant gain-of-function effect of p53 mutations
makes mutant p53 a prime target for pharmacological ther-
apeutic intervention in cancer. Gene therapy with wtp53,
mimicking downstream genes, and pharmacological rescue
of mutant p53 have all been explored to reactivate mutant
p53. In the case of wtp53, activation of the p53 response,
inhibition of Mdm2 function and expression may all be
categorized as therapeutic strategies. Novel strategies aiming
to restore or control p53 function in cancer patients have also
made use of viruses to either destroy wt-p53 deficient cells or in
a gene-therapy approach to replace wt-p53.!4?

There are three aspects to mutations in p53, not all of which
are shared by all mutants found in human cancer: loss of
function (common to all), dominant negative activity (present
in about one third), and gain of function (present in some).'*?
Tumor cell selectivity may be achieved because the target is
often expressed at high levels in tumor, but not normal, cells
and tissues. Selectivity could also be expected from p53-
activating post-translational modifications in tumor cells.
Pharmacological reactivation of mutant p53 should efficiently
eliminate tumor cells through induction of apoptosis with
minor unwanted side effects. Different classes of mutants
require different rescue strategies. Two broad structural classes
of mutant are defined as (a) involving residues that physically
contact the DNA, including the two mutational hot spots
Arg248 and Arg273 and (b) those residues destabilizing ter-
tiary structure essential for DNA binding. The first group may
be further subdivided into DNA-contact mutations with little
effect on folding or stability (Arg273His) and those that cause
a local distortion in proximity to the DNA-binding site
(Arg249Ser). DNA contact mutants need the introduction of
functional groups that will establish new contacts with the
DNA, compensating for the missing contacts. Globally un-
folded mutants could be rescued by stabilizing agents that will
lead to refolding of the mutant.

Small molecules and peptides can restore DNA-binding
ability to mutant p53."** Some of these molecules, such as
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ellipticine and CP-31398, do not bind directly to the protein
but may be involved in the protein—DNA complex or in other
protein-related cellular events. On the other hand, the low
molecular weight compound PRIMA-1 is capable of inducing
apoptosis in human tumor cells through restoration of the
transcriptional transactivation function to mutant p53. The
molecule restored sequence-specific DNA binding and the
active conformation to mutant p53 proteins in vitro and in
living cells and rescued both DNA contact and structural p53
mutants. In vivo studies in mice revealed an antitumor effect
with no apparent toxicity. The molecular mechanisms of
mutant p53 reactivation are largely unknown and may well
be diverse. Nevertheless, the principle is established that small
molecules may restore DNA-binding capacity to mutant
p53s.145

Pifithrin is the most representative of p53Is and acts at the
post-transcriptional level; it was discovered in 1999 in a
screening study for compounds that block the transcriptional
activity of p53. This compound can rescue wt-p53 cells from
apoptosis induced by irradiation and cytotoxic drugs, there-
fore has been widely used as a protector against secondary
effects from chemotherapy and radiotherapy. However, a
careful balance between the treatment and the dose of pifithrin
needs to be maintained to avoid mutagenesis. The design of
improved P53Is based on pifithrin’s moiety has been published
recently, an additional in vivo cyclization from the precursors
is suggested to increase the activity in this novel com-
pounds.'#® To date, no P53Is has been approved for use; so
far the mechanism of action of pifithrin and derivatives
remains largely unknown, although there is strong evidence
suggesting that its antiapoptotic action is p53 dependent and
does not affect the ubiquitin pathway. In this regard the
consideration of p53-independent therapeutic effects should
also be taken into account for pifithrin and analogue com-
pounds.

On the other hand, disruption of the MDM?2-p53 interac-
tion has been achieved by the use of cis-imidazoline analogues
called nutlins or benzodiazepinediones (Fig. 13), these inhibi-
tors need to basically inhibit the formation of the MDM2-—p53
adduct by mimicking three key residues from p53: Leu26,
Trp23 and Phel9 (Fig. 14), which are in close proximity at the
same end of a helix and bind in a hydrophobic cleft of MDM2.
Efforts towards the development of enhanced affinity deriva-
tives are currently under way.'*’ It has been reported that even
with peptide sequences as small as nine residues, it is possible
to bind and stabilize p53 mutants with subsequent restoration
of DNA-binding activity.'*® Other inhibitors for MDM2 are
either small hydrophobic molecules or oligomeric molecules
that can reproduce the natural substrate site in p53, although
novel peptoids where the side chain is directly attached to the
backbone nitrogen atom rather than to the a-carbon have also
been tried recently.'*

Zn and p53 therapeutic strategies. Analysis of the role of Zn
effects in p53 structure and function interestingly reveals a
growing emergence of the appreciation of the role of redox-
metal ions in p53 function and indeed in apoptosis. Modula-
tion of p53 protein conformation and DNA-binding may be
achieved through intracellular zinc chelation.'®!' Likewise, zinc
may mediate the renaturation of p53 after exposure to metal
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Fig. 13 p53 inhibitors (top) and mdm2-p53 inhibitors (bottom).

chelators in vitro and in intact cells. Copper ions are also
critical for p53 protein conformation and DNA-binding ac-
tivity, implying that copper ions may participate in the phy-
siological control of p53 function.'>* In this case, unlike Zn, a
role for redox activity is possible.

Thus, metal binding and oxidation-reduction may
affect p53 activity in vivo. There is a possible involvement of
thioredoxin, Ref-1 (redox factor 1), and metallothionein in
the control of p53 protein conformation and activity.
The data indicate that p53 lies at the center of a network of
complex redox interactions. In this network, p53 can
control the timely production of reactive oxygen intermediates
(e.g., to initiate apoptosis), but this activity is itself under the
control of changes in metal levels and in cellular redox
status. This redox sensitivity may be one of the biochemical
mechanisms by which p53 acts as a “sensor” of multiple forms
of stress.

Fig. 14 Crystal structure of the 109-residue amino-terminal domain
of MDM2 (green) bound to a 15-residue transactivation domain of
p53 (yellow). Potential inhibitors of the p53-MDM?2 interaction
generally mimic the interaction of the key residues Phel9, Trp23 and
Leu26 indicated with the arrows. PDB ID: 1YCR.!*
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Metal chelators as well as well-defined metal Cu and Zn
compounds may affect p53 expression and apoptotic pathways
in cells. Tachpyridine (N,N’,N”-tris(2-pyridylmethyl)-cis,cis-
1,3,5-triaminocyclohexane; tachpyr) is a potent hexadentate
iron chelator under pre-clinical investigation as a potential
anticancer agent. Tachpyridine induces apoptosis in cultured
cancer cells by triggering a mitochondrial pathway of cell
death that is p53-independent.'> Major species identified in
cells treated with tachpyr were tachpyr itself, [Zn(tach-
pyn](2+), and iron coordinated to two partially oxidized
species of tachpyridine, [Fe(tachpyr-ox-2)](2+), and [Fe(tach-
pyr-ox-4)J2+). [Zn(tachpyr)](2+), [Fe(tachpyr-ox-2)](2+),
and free tachpyr accounted for virtually all of the tachpyr
added, indicating that iron and zinc are the principal metals
targeted by tachpyridine in cells. Consistent with these find-
ings, activation of the apoptotic caspases 9 and 3 was blocked
in cells pre-treated with either iron or zinc. Pre-treatment with
either of these metals also completely protected cells from the
cytotoxic effects of tachpyridine.

The pro-apoptotic activity of two new synthesized isatin-
Schiff base copper(i1) complexes, obtained from isatin and 1,3-
diaminopropane or 2-(2-aminoethyl)pyridine: (Cu(isapn)) and
(Cu(isaepy),), respectively has been reported.'** These com-
pounds trigger apoptosis via the mitochondrial pathway. The
extent of apoptosis mirrors the kinetics of intracellular copper
uptake. Particularly, Cu(isaepy), enters the cells more effi-
ciently and specifically damages nuclei and mitochondria, as
evidenced by atomic absorption analysis of copper content
and by the extent of nuclear and mitochondrial integrity.
Conversely, Cu(isapn), although less permeable, induces a
wide-spread oxidative stress, as demonstrated by analyses of
reactive oxygen species concentration, and oxidation of pro-
teins and lipids. The increase of the antioxidant defense,
through the overexpression of Cu, Zn-SOD, partially counter-
acts cell death; On the contrary, apoptosis significantly de-
creased when the analogous zinc complex was used or when
Cu(isaepy), was incubated in the presence of a copper chela-
tor. Altogether, the data provide evidence for a dual role of
these copper(i1) complexes: they are able to vehicle copper into
the cell, thus producing reactive oxygen species, and could
behave as delocalized lipophilic cation-like molecules, thus
specifically targeting organelles.'>*

Decreased intracellular zinc concentration has also been
shown to precede early markers of apoptosis, with alterations
in mitochondrial transmembrane potential preceding the loss
of polarity in the cell membrane.'*®> Dansylamidoethylcyclen,
as a biomimetic Zn> " -selective fluorophore, has been demon-
strated to be a good detector of the apoptosis (induced by an
anticancer agent, etoposide, and H,O, in cancer cells such as
HeLa and HL60 cells.'*® The macrocyclic Zn*>" ligand (mostly
as a deprotonated form) is cell-permeable and shows weak
fluorescence, but forms a strongly fluorescent 1 : 1 Zn>*
complex when Zn>" is incorporated into the cells by a zinc(i)
ionophore pyrithione.

IV Zinc as enzyme inhibitor

An interesting aspect of zinc in biology and medicine is that, in
addition to its catalytic and structural roles, zinc is a known

inhibitor of enzymes in general.'>” As early as 1960 a non-
active zinc binding site was found in carboxypeptidase —
subsequent studies confirmed this to be an inhibitory site with
zinc bound in a monodentate fashion to glutamate.'>®
Enzymes that have been shown to be inhibited include glycer-
aldehyde 3-phosphate dehydrogenase, aldehyde dehydrogen-
ase, tyrosine phosphatase, fructose 1,6-diphosphatase and
enolase.!>”!> Interestingly caspase-3 is also inhibited by zinc
at nanomolar concentrations (see also above).'®® Inhibitory
zinc-binding sites have also been recognized in neurotransmit-
ter receptors of the central nervous system.'>’ The presence of
a catalytic cysteine in many of the enzymes inhibited by zinc
suggests an important role for this residue — however, inhibi-
tion is selective as glutathione peroxidase (catalytic selenocys-
teine) or glutathione reductase from yeast (catalytic vicinal
cysteines) are not inhibited in the presence of nanomolar
concentrations of zinc.'”’ Thionein, generated in situ by
removal of zinc from metallothionein, can reverse zinc inhibi-
tion by sequestration of the metal. The chemical and biochem-
ical features involved in the inhibitory use of zinc are not clear
— as stated, the presence of a cysteine residue at the catalytic
site is not sufficient by itself to provide an inhibitory site. The
thionein—metallothionein balance and its role in controlling
Zn(m) availability has been examined from this point of
view.'®! Zinc transporters, zinc sensors and metallothioneins
all contribute to controlling cellular and subcellular zinc
trafficking and homeostasis. The availability of Zn(i1) must
be regulated tightly, because an increase of free cellular Zn>*
has many biological consequences from enzyme inhibition,
affecting gene expression occuring when cells proliferate,
differentiate, or undergo programmed cell death (apoptosis)
and, at high concentrations for longer periods of time, may
lead to cytotoxicity.

V. Concluding remarks

This review provides a basic outlook on key zinc metallopro-
teins with proven relevance in the medicinal area, for which a
great amount of effort has been made in the structural
characterization of active sites and design of inhibitors. Other
zinc metalloproteins are expected to join this selective group in
the future, given the central role played by zinc in the
proteome. In this review, zinc metalloproteins were presented
separately for topic simplification, however it is important to
underscore that, as commonly found in living systems, there is
a close interrelationship in their actual function in vivo i.e. p53
can be a substrate of HDACs while MDM?2 (a zinc finger
containing protein) regulates p53 levels inside the cell. In
addition, zinc finger proteins can recruit HDACs to modulate
nuclear receptor transactivation. In this regard, the impor-
tance of zinc, as a trace element, for living systems can be
correlated to a large extent to the functions exerted by the
enzymes and structural proteins that need it as a cofactor.
Indeed, there is significant overlap in cancer, for example,
where the influence of several zinc metalloproteins appears to
play a decisive role.

Zinc displays a remarkable diversity of coordination spheres
whose distinct chemical properties may lend themselves to
systematic targeting resulting in selective inhibition. Matrix
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metalloproteinases and histone deacetylases appear to share
common approaches whereas the development of metallo-f3-
lactamase inhibitors could benefit by employing a peptidomi-
metic approach to carry a zinc-binding group (ZBG) rather
than rely on small molecules for specificity. In all cases
application of bioinorganic principles can lead to more selec-
tive chelating groups for Zn?". The FDA approval of
SAHA (Varinostat) for treatment of a rare cancer, cutaneous
T-cell lymphoma, does represent the first example of a
clinically useful hydroxamate-based drug, albeit in a relatively
rare cancer. Nevertheless, the reliance on the hydroxamate
moiety has not translated to a range of clinically useful drugs,
in part due to lack of selectivity.'®® There is also significant
opportunity for the bioinorganic chemist and medicinal
inorganic chemist in design of selective metal complexes
capable of targeting zinc proteins. The examples of purported
Pt- and Ru-based matrix metalloproteinase inhibitors,
Mn chelates as SOD mimics and the analogy between
alkylation and platination in targeting reactive cysteines of
structural zinc serve as interesting examples. Further, they
may suggest approaches to design of targeted “‘non-cytotoxic”
metal-based agents. Analysis of the role of Zn, and Cu, in p53
structure and function leads not only to the possibilities of
small molecule design to affect pS3 function through Cu and
Zn chelation, but also to the appreciation of the dependence of
cell signaling and apoptotic pathways on redox state of the
cell. Finally, the examples cited here can serve as impetus for
new challenges on the interface of bioinorganic chemistry and
medicine providing rich and exciting areas of research of
benefit to society.

Abbreviations

ADAMs A disintegrin metalloproteinases
(ADAMs)

ADAM TSs Disintegrin metalloproteinase with
thrombospondin type 1 like repeats
(ADAM TSs)

ADH Alcohol dehydrogenase

APL Acute promyelocytic leukaemia

CA Carbonic anhydrase

CNS Central nervous system

CPA Carboxypeptidase

DBD DNA-binding domain

ECM Extracellular matrix

fALS Familial mmyotrophic lateral sclerosis

FT Farnesyl transferase

GGT Geranylgeranyl transferase

HDAC Histone deacetylase

HAT Histone acetyl transferase

hERR Human estrogen related receptors

isaepy 2-(2-aminomethyl)pyridine

MMP Matrix metalloproteinases

mpLs Metallo-p-lactamases

NAMI-A Imidazolium trans-tetrachlorodimethyl-
sulfoxideimidazoleruthenate(iir)

NFTs Neurofibrillary tangles

(continued)

PMI Phosphomannose isomerase

PTs Protein prenyltransferases

RAPTA-T Dichloro(n®’-toluene) (1,35,-triaza-7-
phosphoadamantane)ruthenate(ir)

RAR Retinoic acid receptor-o

REP Rab escort protein

Riluzole (rilutek) 2-Amino-6-(trifluromethoxy)benzothiazole

SMP Diethyl(methylsulfinyl)methylphosphonate
SOD Superoxide dismutase

tachpyridine N,N',N"-tris(2-pyridylmethyl)-cis,cis-1,3,5-
(tachpyr) triaminocyclohexane

TIMPs Tissue inhibitors of metalloprotease

XPA Xeroderma pigmentosum group A

ZBGs Zinc-binding groups

ZFs Zinc fingers

References

1. C. Andreini, L. Banci, I. Bertini and A. Rosato, “Counting the
zinc-proteins encoded in the human genome”, J. Proteome Res.,
2005, 5, 196-201.

2. G. Parkin, “Synthetic analogues relevant to the structure and
function of zinc enzymes”’, Chem. Rev., 2004, 104, 699-767.

3. W. N. Lipscomb and N. Striter, “Recent advances in zinc
enzymology”’, Chem. Rev., 1996, 96, 2375-2433.

4. W. Shi, C. Zhan, A. Ignatov, B. Manjasetty, N. Marinkovic,
M. Sullivan, R. Huang and M. Chance, ‘“Metalloproteomics:
high-throughput structural and functional annotation of proteins
in structural genomics”, Structure, 2005, 13, 1473-1486.

5. A. Turner, “Exploring the structure and function of zinc metal-
lopeptidases: old enzymes and new discoveries”, Biochem. Soc.
Trans., 2003, 31, 723-727.

6. J. Laity, B. M. Lee and P. Wrigth, “Zinc finger proteins: new
insights into structural and functional diversity”, Curr. Opin.
Struct. Biol., 2001, 11, 39-46.

7. D.S. Auld, “Zinc coordination sphere in biochemical zinc sites”,
BioMetals, 2001, 14, 271-313.

8. E. Mocchegiani, C. Bertoni-Freddari, F. Marcellini and
M. Malavolta, Prog. Neurobiol., 2005, 75, 367-390.

9. S. C. Burdette and S. Lippard, “Meeting of the minds: metallo-
neurochemistry”’, Proc. Natl. Acad. Sci. U. S. A., 2003, 100,
3605-3610.

10. C. J. Frederickson and A. Bush, “Synaptically released zinc:
physiological functions and pathological effects”, BioMetals,
2001, 14, 353-366.

11. A. Takeda, “Zinc homeostasis and functions of zinc in the
brain”, BioMetals, 2001, 14, 343-351.

12. M. Stefanidou, C. Maravelias, A. Dona and C. Spiliopoulou,
“Zinc: a multipurpose trace element”, Arch. Toxicol., 2006, 80,
1-9.

13. B. L. Vallee and K. Falchuk, “The biochemical basis of zinc
physiology”, Physiol. Rev., 1993, 73, 79-118.

14. P. Jiang and Z. Guo, “Fluorescent detection of zinc in biological
systems: recent development on the design of chemosensors and
biosensors”, Coord. Chem. Rev., 2004, 248, 205-229.

15. W. Stocker and W. Bode, “‘Structural features of a superfamily of
zinc-endopeptidases: the metzincins”, Curr. Opin. Struct. Biol.,
1995, 5, 383-390.

16. F. Gomis-Ruth, “Structural aspects of the metzincin clan of
metalloendopeptidases”, Mol. Biotechnol., 2003, 24, 157-202.

17. K. Maskos and W. Bode, “Structural basis of matrix metallo-
proteinases and tissue inhibitors of metalloproteinases”, Mol.
Biotechnol., 2003, 25, 241-266.

18. H. Nagase, R. Visse and G. Murphy, “Structure and function of
matrix metalloproteinases and TIMPs”, Cardiovasc. Res., 2006,
69, 562-573.

This journal is © The Royal Society of Chemistry 2008

Chem. Soc. Rev., 2008, 37, 1629-1651 | 1647



20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

. C. E. Brinckerhoff and L. Matrisian, “Matrix metalloprotei-
nases: a tail of a frog that became a prince”, Nat. Rev. Mol. Cell
Biol., 2002, 3, 207-214.

E. I. Deryugina and J. P. Quigley, “Matrix metalloproteinases
and tumor metastasis”, Cancer Metastasis Rev., 2006, 25, 9-34.
G. Murphy and M. Lee, “What are the roles of metalloprotei-
nases in cartilage and bone damage?”’, Ann. Rheum. Dis., 2005,
64, 44-47.

P. T. G. Elkington, C. M. O’Kane and J. Friedland, “The
paradox of matrix metalloproteinases in infectious disease”, Clin.
Exp. Immunol., 2005, 142, 12-20.

R. Chirco, X.-W. Liu, K.-K. Jung and H.-R. C. Kim, “Novel
functions of TIMPs in cell signaling”, Cancer Metastasis Rev.,
2006, 25, 99-113.

C. Fernandez-Catalan, W. Bode, R. Huber, D. Turk,
J. J. Calvete, A. Lichte, H. Tschesche and K. Maskos, “Crystal
Structure of the MT1-MMP-TIMP-2 complex”, EMBO J., 1998,
17, 5238-5248.

B. Pirard, “Insight into the structural determinants for selective
inhibition of matrix metalloproteinases”, Drug Discovery Today,
2007, 12, 640-646.

C. M. Overall and O. Kleifield, ““Validating matrix metallopro-
teinases as drug targets and anti-targets for cancer therapy”’, Nat.
Rev. Cancer, 2006, 6, 227-239.

1. Bertini, V. Calderone, M. Cosenza, M. Fragai, Y.-M. Lee,
C. Luchinat, S. Mangani, B. Terni and P. Turano, “Conforma-
tional variability of matrix metalloproteinases: beyond a single
3D structure”, Proc. Natl. Acad. Sci. U. S. A., 2005, 102,
5334-5339.

A. Baker, R. E. Dylan and G. Murphy, “Metalloproteinase
inhibitors: biological actions and therapeutic opportunities”,
J. Cell Sci., 2002, 115, 3719-3727.

J. A. Blagg, M. C. Noe, L. A. Wolf-Gouveia, L. A. Reiter,
E. R. Laird, S.-P. P. Chang, D. E. Danley, J. T. Downs,
N. C. Elliott, J. D. Eskra, R. J. Griffiths, J. R. Hardink,
A. 1. Haugeto, C. S. Jones, J. L. Liras, L. L. Lopresti-Morrow,
P. G. Mitchell, J. Pandit, R. P. Robinson, C. Subramanyam,
M. L. Vaughn-Bowser and S. A. Yocum, ‘““Potent pyrimidine-
trione-based inhibitors of MMP-13 with enhanced selectivity
over MMP-14”, Bioorg. Med. Chem. Lett., 2005, 15, 1807-1810.
D. T. Puerta, M. O. Griffin, J. A. Lewis, D. Romero-Perez,
R. Garcia, F. J. Villareal and S. M. Cohen, “Heterocyclic zinc-
binding groups for use in next-generation matrix metalloprotei-
nase inhibitors: potency, toxicity and reactivity”’, JBIC, J. Biol.
Inorg. Chem., 2006, 11, 131-138.

D. T. Puerta, J. Mongan, Tran, L. J. Ba, A. McCammon and
S. M. Cohen, ‘“Potent, selective pyrone-based inhibitors of
stromelysin-1"’, J. Am. Chem. Soc., 2005, 127(41), 14148-14149.
C. M. Overall and O. Kleifeld, ““Towards third generation matrix
metalloproteinases inhibitors for cancer therapy”, Br. J. Cancer,
2006, 94, 941-946.

P.J. Dyson and G. Sava, “Metal-based antitumour drugs in the
post genomic era”’, Dalton Trans., 2006, 1929-1933.

R. Sasanelli, A. Boccarelli, D. Giordano, M. Laforgia,
F. Arnesano, G. Natile, C. Cardellicchio, M. A. M. Capozzi
and M. Coluccia, “Platinum complexes can inhibit matrix
metalloproteinase activity: platinum-diethyl[(methylsulfinyl)-
methyl]phosphonate complexes as inhibitors of matrix
metalloproteinases 2, 3, 9 and 127, J. Med. Chem., 2007,
50(15), 3434-3441.

C. B. Yoo and P. A. Jones, “Epigenetic therapy of cancer: past,
present and future”, Nat. Rev. Drug Discovery, 2006, 5, 37-50.
M. S. Cosgrove and C. Wolberger, “How does the histone code
work?”’, Biochem. Cell Biol., 2005, 83, 468-476.

A. Minucci and G. Pelicci, ”Histone deacetylase inhibitors and
the promise of epigenetic (and more) treatments for cancer”, Nat.
Rev. Cancer, 2006, 6, 38-51.

A. Vannini, C. Volpari, G. Filocamo, E. C. Casavola,
M. Brunetti, D. Renzoni, P. Chakravarty, C. Paolini, R. De
Francesco, P. Gallinari, C. Steinkiihler and S. Di Marco, “Crys-
tal structure of a eukaryotic zinc-dependent histone deacetylase,
human HDACS, complexed with a hydroxamic acidinhibitor”,
Proc. Natl. Acad. Sci. U. S. A., 2004, 101, 15064—15069.

M. S. Finnin, J. R. Donigian, A. Cohen, V. M. Richon,
R. A. Rifkind, P. A. Marks, R. Breslow and N. P. Pavletich,

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

5L

52.

53.

54.

55.

56.

57.

58.

59.

60.

6l.

“Structures of a histone deacetylase homologue bound to the
TSA and SAHA inhibitors”, Nature, 1999, 401, 188-193.

K. Vanommeslaeghe, F. De Proft, S. Loverix, D. Tourwé and
P. Geerlings, “Theoretical study revealing the functioning of a
novel combination of catalytic motifs in histone deacetylase”,
Bioorg. Med. Chem., 2005, 13, 3987-3992.

C. Corminboeuf, P. Hu, M. E. Tuckermann and Y. Zhang,
“Unexpected deacetylation mechanism suggested by a density
functional theory QM/MM study of histone-deacetylase-like
protein”, J. Am. Chem. Soc., 2006, 128, 4530-4531.

L. Z. He, T. Tolentino, P. Grayson, S. Zhong, R. P. Warrell, Jr.,
R. A. Rifkind, P. A. Marks, V. M. Richon and P. P. Pandolfi,
“Histone deacetylase inhibitors induce remission in transgenic
models of therapy-resistant acute promyelocytic leukemia”,
J. Clin. Invest., 2001, 108, 1321-1330.

M. R. Acharya, A. Sparreboom, J. Venitz and W. D. L. Figg,
“Rational development of histone deacetylase inhibitors as anti-
cancer agents: A review”, Mol. Pharmacol., 2005, 68, 917-932.
T. Liu, S. Kuljaca, A. Tee and G. M. Marshall, “Histone
deacetylase inhibitors: multifunctional anticancer agents”,
Cancer Treat. Rev., 2006, 32, 157-165.

R. N. Saha and K. Pahan, “HATs and HDACsS in neurodegen-
eration: a tale of disconcerted acetylation homeostasis”, Cell
Death Differ., 2006, 13, 539-550.

F. Blanchard and C. Chipoy, “Histone deacetylase inhibitors:
new drugs for the treatment of inflammatory diseases?”’, Drug
Discovery Today, 2005, 10, 197-204.

M. Dokmanovic and P. A. Marks, “Prospects: histone deacety-
lase inhibitors”, J. Cell. Biochem., 2005, 96, 293-304.

C. Monneret, ‘“Histone deacetylase inhibitors”, Eur. J. Med.
Chem., 2005, 40, 1-13.

D. C. Drummond, C. O. Noble, D. B. Kirpotin, Z. Guo,
G. K. Scott and C. C. Benz, Annu. Rev. Pharmacol. Toxicol.,
2004, 45, 495-528.

N. Carey and N. B. La Thangue, “Histone deacetylase inhibitors:
gathering pace”, Curr. Opin. Pharmacol., 2006, 6, 369-375.

W. Gu, I. Nusinzon, R. D. Smith, Jr, C. M. Horvath and
R. B. Silverman, “Carbonyl- and sulfur-containing analogs of
suberoylanilide hydroxamic acid: potent inhibition of histone
deacetylases”, Bioorg. Med. Chem., 2006, 14, 3320-3329.

M. V. Simonini, L. M. Camargo, E. Dong, E. Maloku,
M. Veldic, E. Costa and A. Guidotti, “The benzamine MS-275
is a potent, long-lasting brain region-selective inhibitor of histone
deacetylases”, Proc. Natl. Acad. Sci. U. S. A., 2006, 103,
1587-1592.

Q. Lu, Y.-T. Yang, C.-S. Chen, M. Davis, J. C. Byrd,
M. R. Etherton, A. Umar and C.-S. Chen, “Zn”-Chelating
motif-tethered short-chain fatty acids as a novel class of histone
deacetylase inhibitors”, J. Med. Chem., 2004, 47, 467-474.

M. P. I. Bhuiyan, T. Kato, T. Okauchi, N. Nishino, S. Maeda,
T. G. Nishino and M. Yoshida, “Chlamydocin analogs bearing
carbonyl groups as possible ligand towards zinc atom in histone
deacetylases”, Bioorg. Med. Chem., 2006, 14, 3438-3446.

P. A. Marks and X. Jiang, “Histone deacetylase inhibitors in
programmed cell death and cancer therapy”, Cell Cycle, 2005, 4,
549-551.

P.-H. Liang, T.-P. Ko and A. H.-J. Wang, “‘Structure, mechan-
ism and function of prenyltransferases”, Eur. J. Biochem., 2002,
269, 3339-3354.

S. Maurer-Stroh, S. Washietl and F. Eisenhaber, ‘“Protein
prenyltransferases”, GenomeBiology, 2003, 4, 212.

S. F. Sousa, P. A. Fernandes and M. J. Ramos, “Unravelling the
mechanism of the farnesyltransferase enzyme”, JBIC, J. Biol.
Inorg. Chem., 2005, 10, 3—-10.

T. B. Brunner, S. M. Hahn, A. K. Gupta, R. J. Muschel,
W. G. McKenna and E. J. Bernhard, ‘“‘Farnesyltransferase
inhibitors: an overview of the results of preclinical and clinical
investigations”, Cancer Res., 2003, 63, 5656-5668.

S. B. Long, P. J. Casey and L. S. Beese, “Cocrystal structure
of protein farnesyltransferase complexed with a farnesyl
diphosphate  substrate”,  Biochemistry, 1998,  37(27),
9612-9618.

J. S. Taylor, T. S. Reid, K. L. Terry, P. J. Casey and L. S. Beese,
“Structure of mammalian protein geranylgeranyltransferase
type-1’, EMBO J., 2003, 22(22), 5963-5974.

1648 | Chem. Soc. Rev., 2008, 37, 1629-1651

This journal is © The Royal Society of Chemistry 2008



62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

H. Zhang, M. C. Seabra and J. Deisenhofer, “Crystal structure
of Rab geranylgeranyltransferase at 2.0 A resolution”, Structure,
2003, 8(3), 241-251.

N. M. G. M. Appels, J. H. Beijnen and J. H. M. Schellens,
“Development of farnesyl transferase inhibitors: a review”,
Oncologist, 2005, 10, 565-578.

V. Santagada, G. Caliendo, B. Severino, A. Lavecchia,
E. Perisutti, F. Fiorino, A. Zampella, V. Sepe, D. Califano,
G. Santelli and E. Novellino, “Synthesis, pharmacological eva-
luation, and molecular modeling studies of novel peptidic CAAX
analogues as farnesyl-protein-transferase Inhibitors™, J. Med.
Chem., 2006, 49, 1882-1890.

A. D. Basso, P. Kirschmeier and R. Bishop, “Farnesyl transfer-
ase inhibitors”, J. Lipid Res., 2006, 47, 15-31.

R. T. Eastman, F. S. Buckner, K. Yokoyama, M. H. Gelb and
W. C. Van Voorhis, “Fighting parasitic disease by blocking
protein farnesylation™, J. Lipid Res., 2006, 47, 233-240.

T. S. Reid, S. B. Long and L. S. Beese, “Human protein
farnesyltransferase complexed with L-778123 and FPP”, Bio-
chemistry, 2004, 43, 9000-9008.

J. M. Thomson and R. A. Bonomo, “The threat of antibiotic
resistance in Gram-negative pathogenic bacteria: B-lactams in
peril!”, Curr. Opin. Microbiol., 2005, 8, 518-524.

M. S. Helfand and R. A. Bonomo, “Current challenges in
antimicrobial chemotherapy: the impact of extended-spectrum
B-lactamases and metallo-B-lactamases on the treatment of re-
sistant Gram-negative pathogens”, Curr. Opin. Pharmacol.,
2005, 5, 452-458.

C. Bebrone, “Metallo-B-lactamases (classification, activity, ge-
netic organization, structure, zinc coordination) and their super-
family”, Biochem. Pharmacol., 2007, 74, 1686-1701.

J. D. Garrity, B. Bennett and M. W. Crowder, “Direct evidence
that the reaction intermediate of metallo-B-lactamase L1 is metal
bound”, Biochemistry, 2005, 44, 1078-1087.

D. Xu, D. Xie and H. Guo, “Catalytic mechanism of
class B2 metallo-B-lactamase”, J. Biol. Chem., 2006, 281,
8740-8747.

G. Garau, C. Bebrone, C. Anne, M. Galleni, Frére and
O. Dideberg, “A metallo-B-lactamase enzyme in action: crystal
structures of the monozinc carbapenemase CphA and its com-
plex with Biapenem™, J. Mol. Biol., 2003, 345, 785-795.

S. B. Levy, “Antibiotic resistance-the problem intensifies”, Adv.
Drug Delivery Rev., 2005, 57, 1446-1450.

T. R. Fritsche, H. S. Sader, M. A. Toleman, T. R. Walsh and
R. N. Jones, “Emerging metallo-p-lactamase-mediated resis-
tances: a summary report from the worldwide SENTRY anti-
microbial surveillance program”, Clin. Infect. Dis., 2005, 41,
S276-S278.

J. H. Toney and J. G. Moloughney, “Metallo-B-lactamase
inhibitors: promise for the future”, Curr. Opin. Invest. Drugs,
2004, 5(8), 823-826.

H. Kurosaki, Y. Yamaguchi, T. Higashi, K. Soga, S. Matsueda,
H. Yumoto, S. Misumi, Y. Yamagata, Y. Arakawa and
M. Goto, “Irreversible inhibition of metallo-p-lactamase
(IMP-1) by 3-(3-mercaptopropionylsulfanyl)-propionic acid
pentafluorophenyl ester”, Angew. Chem., Int. Ed., 2005, 44,
3861-38064.

J. Spencer and T. R. Walsh, “A new approach to the inhibition
of metallo-B-lactamases”, Angew. Chem., Int. Ed., 2006, 45,
1022-1026.

A. I. Bush and C. C. Curtain, “Twenty years of metallo-
neurobiology where to now?”’, Eur. Biophys. J., 2008, 37,
241-245.

P. J. Hart, ““Pathogenic superoxide dismutase structure, folding,
aggregation and turnover”, Curr. Opin. Chem. Biol., 2006, 10,
131-138.

R. Noor, S. Mittal and J. Igbal, “Superoxide dismutase —
applications and relevance to human diseases”, Med. Sci. Monit.,
2002, 8(9), RA210-215.

D. P. Riley, “Functional mimics of superoxide dismutase
enzymes as therapeutic agents”, Chem. Rev., 1999, 99(9),
2573-2588.

. E. A. Hileman, G. Achanta and P. Huang, “Superoxide dismu-

tase: an emerging target for cancer therapeutics”, Expert Opin.
Ther. Targets, 2001, 5, 697-710.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

9s.

96.

97.

98.

99.

100.

101.

102.

103.

104.

. S. Z. Potter and J. S. Valentine, “The perplexing role of
copper—zinc superoxide dismutase in amyotrophic lateral sclero-
sis (Lou Gehrig’s disease)”, JBIC, J. Biol. Inorg. Chem., 2003,
8(4), 373-380.

A. F. Miller, “Superoxide dismutases: active sites that save, but a
protein that kills”, Curr. Opin. Chem. Biol., 2004, 8, 162—-168.
D. Medinas and O. Augusto, “Zinc-deficient SOD possesses
increased peroxidase and thiol oxidase activity”, Free Radical
Biol. Med., 2005, 39, S26-S27.

J. S. Valentine and P. J. Hart, “Misfolded CuZnSOD and
amyotrophic lateral sclerosis”, Proc. Natl. Acad. Sci. U. S. A.,
2003, 101, 15094-15099.

S. D. Khare, M. Caplow and N. V. Dokholyan, “The rate and
equilibrium constants for a multistep reaction sequence for the
aggregation of superoxide dismutase in amytrophic lateral sclero-
sis”, Proc. Natl. Acad. Sci. U. S. A., 2004, 101, 15094-15099.
K. A. Vassall, P. B. Stathopulos, J. A. O. Rumfeldt, J. R. Lepock
and E. M. Meiering, “Equilibrium thermodynamic analysis
of amyotrophic lateral sclerosis-associated mutant Apo Cu,
Zn superoxide dismutases”,  Biochemistry, 2006, 45,
7366-7379.

F. Zhang and H. Zhu, “Intracellular conformational alterations
of mutant SOD1 and the implications for fALS-associated SOD1
induced motor neuron cell death™, Biochim. Biophys. Acta, 2006,
1760, 404-414.

Y. Furukawa and T. V. O’Halloran, “Amyotrophic lateral
sclerosis mutations have the greatest destabilizing effect on the
apo- and reduced form of SOD-1, leading to unfolding and
oxidative aggregation”, J. Mol. Biol., 2005, 280, 17266—17274.
J. A. Rodriguez, B. F. Shaw, A. Durazo, A. H. Sohn,
P. A. Doucette, A. M. Nersissian, K. F. Faull, D. K. Eggers,
A. Tiwari, L. J. Hayward and J. S. Valentine, “Destabilization of
apoprotein is insufficient to explain Cu, Zn-superoxide dismu-
tase-linked ALS pathogenesis”, Proc. Natl. Acad. Sci. U. S. A.,
2005, 102, 10516-10521.

S. M. Lynch and W. Colén, “Dominant role of copper in the
kinetics stability of Cu/Zn superoxide dismutase”, Biochem.
Biophys. Res. Commun., 2006, 340, 457—461.

Y. Furukawa, R. Fu, H.-X. Deng, T. Siddique and
T. V. O’Halloran, “Disulfide cross-linked protein represents a
significant fraction of ALS-associated Cu, Zn-superoxide dismu-
tase aggregates in spinal cords of model mice”, Proc. Natl. Acad.
Sci. U. S. A., 2006, 103, 7148-7153.

A. Nordlund and M. Oliveberg, “Folding of Cu/Zn superoxide
dismutase suggests structural hotspots for gain of neurotoxic
function in ALS: parallels to precursors in amyloid disease”,
Proc. Natl. Acad. Sci. U. S. A., 2006, 103, 10218-10223.

S. S. Ray, R. J. Nowak, R. H. Brown, Jr and P. T. Lansbury, Jr,
“Small-molecule-mediated stabilization of familial amyotrophic
lateral sclerosis-linked superoxide dismutase mutants against
unfolding and aggregation”, Proc. Natl. Acad. Sci. U. S. A.,
2005, 102, 3639-3644.

M. T. Carri, G. Grignaschi and C. Bendotti, “Target in ALS:
designing multidrug therapies”, Trends Pharmacol. Sci., 2006, 27,
267-273.

J. M. Bhatt and P. H. Gordon, Expert Opin. Invest. Drugs, 2007,
16, 1197-1207.

F. Sugai, Y. Yamamoto, K. Miyaguchi, Z. Zhou, H. Sumi,
T. Hamasaki, M. Goto and S. Sakoda, “Benefit of valproic acid
in suppressing disease progression of ALS model mice”, Eur. J.
Neurosci., 2004, 20, 3179-3183.

B. M. Todorich and J. R. Connor, “Redox metals in Alzheimer’s
disease”, Ann. N. Y. Acad. Sci., 2004, 1012, 171-178.

P. J. Crouch, A. R. White and A. 1. Bush, “The modulation of
metal bio-availability as a therapeutic strategy for the treatment
of Alzheimer’s disease”, FEBS J., 2007, 274, 3775-3783.

J. Miller, A. D. McLachlan and A. Klug, “Repetitive zinc-
binding domains in the protein transcription factor IITA from
Xenopus oocytes”, EMBO J., 1985, 4, 1609-1614.

M. J. Lachenmann, J. E. Ladbury, J. Dong, K. Huang, P. Carey
and M. A. Weiss, “Why zinc fingers prefer zinc: ligand-field
symmetry and the hidden thermodynamics of metal ion selectiv-
ity”, Biochemistry, 2004, 43, 13910-13925.

E. Bombarda, B. P. Roques, Y. Mély and E. Grell, “Mechanism
of zinc coordination by point-mutated structures of the distal

This journal is © The Royal Society of Chemistry 2008

Chem. Soc. Rev., 2008, 37, 1629-1651 | 1649



105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

CCHC binding motif of the HIV-1 NCp7 protein”, Biochemistry,
2005, 44, 7315-7325.

A. Nomura and Y. Sugiura, “Contribution of individual zinc
ligands to metal binding and peptide folding of zinc finger
peptides”, Inorg. Chem., 2002, 41, 3693-3698.

A. Bateman, E. Birney, L. Cerruti, R. Durbin, L. Etwiller,
S. R. Eddy, S. Griffiths-Jones, K. L. Howe, M. Marshall and
E. L. L. Sonnhammer, “The pfam protein families database”,
Nucleic Acids Res., 2002, 30, 276-280.

W. Maret, “Exploring the zinc proteome”, J. Anal. At. Spec-
trom., 2004, 19, 15-19.

S. S. Krishna, I. Majumdar and N. V. Grishin, “Structural
classification of zinc fingers”, Nucleic Acids Res., 2003, 31,
532-550.

S. Oka, Y. Shiraishi, T. Yoshida, T. Ohkubo, Y. Sugiura and
Y. Kobayashi, “NMR structure of transcription factor Spl DNA
binding domain”, Biochemistry, 2004, 43(51), 16027-16035.

N. Morellet, H. de Rocquigny, Y. Mely, N. Jullian, H. Demene,
M. Ottmann, D. Gerard, J. L. Darlix, M. C. Fournie-Zaluski and
B. P. Roques, “Conformational behaviour of the active and
inactive forms of the nucleocapsid NCp7 of HIV-1 studied by
"H NMR?”, J. Mol. Biol., 1994, 235(1), 287-301.

L. C. Myers, G. L. Verdine and G. Wagner, “Solution structure
of the DNA methyl phosphotriester repair domain of Escherichia
coli Ada”, Biochemistry, 1993, 32(51), 14089-14094.

F. He, T. Umehara, K. Tsuda, M. Inoue, T. Kigawa,
T. Matsuda, T. Yabuki, M. Aoki, E. Seki, T. Terada,
M. Shirouzu, A. Tanaka, S. Sugano, Y. Muto and
S. Yokoyama, ““Solution structure of the zinc finger HIT domain
in protein FON”, Protein Sci., 2007, 16, 1577-1587.

M. Dhanasekaran, S. Negi and Y. Sugiura, “Designer zinc finger
proteins: tools for creating artificial DNA-binding functional
proteins”, Acc. Chem. Res., 2006, 39, 45-52.

D. Jantz, B. T. Amann, G. J. Gatto and J. M. Berg, “The design
of functional DNA-binding proteins based on zinc finger do-
mains”’, Chem. Rev., 2004, 104, 789-799.

T. M. T. Hall, “Multiple roles of RNA recognition by zinc finger
proteins”, Curr. Opin. Struct. Biol., 2005, 15, 367-373.

N. Morellet, H. Demene, V. Teilleux, T. Huynh-Dinh, H. De
Rocquigny, M.-C. Fournie-Zaluski and B. P. Roques, ““Structure
of the complex between the HIV-1 nucleocapsid protein NCp7
and the single-stranded pentanucleotide d(ACGCC)”, J. Mol.
Biol., 1998, 283(2), 419-434.

R. N. De Guzman, Z. R. Wu, C. C. Stalling, L. Pappalardo,
P. N. Borer and M. F. Summers, “Structure of the HIV-1
nucleocapsid protein bound to the SL3 W-RNA recognition
element”, Science, 1998, 279, 384-388.

A. Klug, “Towards therapeutic applications of engineered zinc
finger proteins™, FEBS Lett., 2005, 579, 892-894.

T. Cathomen and M. D. Weitzman, “Pointing the finger at
genetic disease”, Gene Ther., 2005, 12, 1415-1416.

M. H. Porteus and D. Carroll, “Gene targeting using zinc finger
nucleases”, Nat. Biotechnol., 2005, 23, 967-973.

M. Papworth, M. Moore, M. Isalan, M. Minczuk, Y. Choo and
A. Klug, “Inhibition of herpes simplex virus 1 gene expression by
designer zinc-finger transcription factors”, Proc. Natl. Acad. Sci.
U. S. A., 2003, 100, 1621-1626.

Y.-S. Kim, J.-M. Kim, D.-L. Jung, J.-E. Kang, S. Lee, J. S. Kim,
W. Seol, H.-C. Shin, H. S. Kwon, C. Van Lint, N. Hernandez
and M.-W. Hur, “Artificial zinc finger fusions targeting Spl-
binding sites and the trans-activator-responsive element potently
repress transcription and replication of HIV-17, J. Biol. Chem.,
2005, 280, 21545-21552.

G. Lomberk and R. Urrutia, “The family feud: turning off Spl
by Spl-like KLF proteins™, Biochem. J., 2005, 392, 1-11.

S. Safe and M. Abdelrahim, “Sp transcription factor family and
its role in cancer”, Eur. J. Cancer, 2005, 41, 2438-2448.

C. S. Hunter and S. J. Rhodes, “LIM-homeodomain genes in
mammalian development and human disease”, Mol. Biol. Rep.,
2005, 32, 67-77.

A. Witkiewicz-Kucharczyk and W. Bal, “Damage of zinc fingers
in DNA repair proteins, a novel molecular mechanism in carci-
nogenesis”, Toxicol. Lett., 2006, 162, 29-42.

F. Evanics, L. Maurmann, W. W. Yang and R. N. Bose,
“Nuclear magnetic resonance structures of the zinc-finger

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144,

145.

146.

147.

148.

domain of human DNA polymerase-o.”, Biochim. Biophys. Acta,
2003, 1651, 163-171.

Y. Mishina, E. M. Duquid and C. He, “Direct reversal of DNA
alkylation damage”, Chem. Rev., 2006, 106, 215-232.

C. He, J.-C. Hus, L. J. Sun, P. Zhou, D. P. G. Norman,
V. Détsch, H. Wei, J. D. Gross, W. S. Lane, G. L. Wagner
and G. L. Verdine, “A methylation-dependent electrostatic
switch controls DNA repair and transcriptional activation by
E. coli Ada”, Mol. Cell, 2005, 20, 117-129.

C. C. Garcia, M. Djavani, I. Topisirovic, K. L. B. Borden,
M. S. Salvato and E. B. Damonte, ‘““‘Arenavirus Z protein as an
antiviral target: virus inactivation and protein oligomerization by
zinc finger-reactive compounds”, J. Gen. Virol., 2006, 87,
1217-1228.

R. N. De Guzman, Z. R. Wu, C. C. Stalling, L. Pappalardo,
P. N. Borer and M. F. Summers, “Structure of the HIV-I1
nucleocapsid protein bound to the SL3 W-RNA recognition
element”, Science, 1998, 279, 384-388.

R. A. Musah, “The HIV-1 nucleocapsid zinc finger protein as a
target of antiretroviral therapy”, Curr. Top. Med. Chem., 2004, 4,
1605-1622.

A. 1. Anzellotti, Q. Liu, M. Bloemink, J. N. Scarsdale and
N. Farrell, “Targeting retroviral Zn finger-DNA interactions: a
small-molecule approach using the electrophilic nature of trans-
Platinum-nucleobase compounds”, Chem. Biol., 2006, 13,
539-548.

J. Duan and L. Nilsson, “Effect of Zn>* on DNA recognition
and stability of the pS3 DNA-binding domain”, Biochemistry,
2006, 45, 7483-7492.

J. M. Canadillas, H. Tidow, S. M. Freund, T. J. Rutherford,
H. C. Ang and A. R. Fersht, “Solution structure of p53 core
domain: structural basis for its instability”’, Proc. Natl. Acad. Sci.
U. S. 4., 2006, 103(7), 2109-2114.

M. Kitayner, H. Rozenberg, N. Kessler, D. Rabinovich,
L. Shaulov, T. E. Haran and Z. Shakked, “Structural basis of
DNA recognition by p53 tetramers”, Mol. Cell, 2006, 22,
741-753.

S. L. Harris and A. J. Levine, “The p53 pathway: positive and
negative feedback loops”, Oncogene, 2005, 24, 2899-2908.

T. Soussi, “The p53 pathway and human cancer”, Br. J. Surg.,
2005, 92, 1331-1332.

T. Ozaki and A. Nakagawara, ‘P73, a sophisticated p53 family
member in the cancer world”, Cancer Sci., 2005, 96, 729-737.
P. A. Hall and W. G. McCluggage, “Assessing p53 in clinical
contexts: unlearned lessons and new perspectives”, J. Pathol.,
2006, 208, 1-6.

K. H. Vousden and D. P. Lane, “p53 in health and disease”, Nat.
Rev. Mol. Cell Biol., 2007, 8(4), 275-2383.

B. P. Bouchet, C. C. de Fromentel, A. Puisicux and
C. M. Galmarini, “p53 as a target for anti-cancer drug develop-
ment”’, Crit. Rev. Oncol. Hematol., 2006, 58, 190-207.

V. J. N. Bykov, G. Selivanova and K. G. Wiman, “Small
molecules that reactivate mutant p53”, Eur. J. Cancer, 2003,
39, 1828-1834.

A. Friedler, B. S. DeDecker, S. M. V. Freund, C. Blair,
S. Riidiger and A. R. Fersht, “Structural distortion of p53 by
the mutation R249S and its rescue by a designed peptide:
implications for mutant conformation™, J. Mol. Biol., 2004,
336, 187-96.

V. J. N. Bykov, N. Issaeva, A. Shilov, M. Hultcrantz,
E. Pugacheva, P. Chumakov, J. Bergman, K. G. Wiman and
G. Selivanova, “Restoration of the tumor suppressor function to
mutant p53 by a low molecular-weight compound”, Nat. Med.,
2002, 8, 282-288.

N. Pietrancosta, “A. Moumen, R. Dono, P. Lingor,
V. Planchamp, F. Lamballe, M. Bihr, J.-L. Kraus and
F. Maina, Imino-tetrahydro-benzothiazole derivatives as p53
inhibitors: discovery of a highly potent in vivo inhibitor and its
action mechanism”, J. Med. Chem., 2006, 49, 3645-3652.

V. J. N. Bykov, G. Selivanova and K. G. Wiman, “Small
molecules that reactivate mutant p53”, Eur. J. Cancer, 2006,
39, 1828-1834.

A. Friedler, L. O. Hansson, D. B. Veprintsev, S. M. V. Freund,
T. M. Rippin, P. V. Nikolova, M. R. Proctor, S. Rudiger and
A. R. Fersht, “A peptide that binds and stabilizes p53 core

1650 | Chem. Soc. Rev., 2008, 37, 1629-1651

This journal is © The Royal Society of Chemistry 2008



149.

150.

151.

152.

153.

154.

155

domain: chaperone strategy for rescue of oncogenic mutants”,
Proc. Natl. Acad. Sci. U. S. A., 2002, 99, 937-942.
T. Hara, S. Durell, M. C. Myers and D. H. Apella, “Probing the
structural requirements of peptoids that inhibit HDM2-p53
interactions”, J. Am. Chem. Soc., 2006, 128, 1995-2004.
P. H. Kussie, S. Gorina, V. Marechal, B. Elenbaas, J. Moreau,
A. J. Levine and N. P. Pavletich, “Structure of the MDM?2
oncoprotein bound to the p53 tumor suppressor transactivation
domain”, Science, 1996, 274, 921-922.
P. Hainaut and K. Mann, “Zinc binding and redox control of
p53 structure and function”, Antioxid. Redox Signaling, 2001, 3,
611-623.
C. Meplan and M. J. Richard, “Redox signalling and transition
metals in the control of the p53 pathway”’, Biochem. Pharmacol.,
2000, 59, 25-33.
R. Zhao, R. P. Planalp, R. Ma, B. T. Greene, B. T. Jones,
M. W. Brechbiel, F. M. Torti and S. V. Torti, “Role of zinc and
iron chelation in apoptosis mediated by tachpyridine, an anti-
cancer iron chelator”, Biochem. Pharmacol., 2004, 67, 1677-1688.
G. Filomeni, G. Cerchiaro, A. M. Da Costa Ferreira, A. De
Martino, J. Z. Pedersen, G. Rotilio and M. R. Ciriolo, “Pro-
apoptotic activity of novel isatin-Schiff base copper(i1) complexes
depends on oxidative stress induction and organelle-selective
damage”, J. Biol. Chem., 2007, 282, 12010-12021.
. J. Y. Duffy, C. M. Miller, G. L. Rutschilling, G. M. Ridder,
M. S. Clegg, C. L. Keen and G. P. Daston, “A decrease in

156.

157.

158.

159.

160.

161.

162.

intracellular zinc level precedes the detection of early indicators
of apoptosis in HL-60 cells”, Apoptosis, 2001, 6, 161-172.

E. Kimura, S. Aoki, E. Kikuta and T. Koike, “Bioinorganic
chemistry special feature: a macrocyclic zinc(i) fluorophore as a
detector of apoptosis”, Proc. Natl. Acad. Sci. U. S. A., 2003, 100,
3731-3736.

W. Maret, C. Jacob, B. L. Vallee and E. H. Fischer, “Inhibitory
sites in enzymes: zinc removal and reactivation by thionein”,
Proc. Natl. Acad. Sci. U. S. 4., 1999, 96, 1936-1940.

J. T. Bukrinski, M. J. Bjerrum and A. Kadziola, “Native
carboxypeptidase A in a new crystal environment reveals a
different conformation of the important tyrosine 248, Biochem-
istry, 1998, 37, 16555-16564.

W. Maret, C. A. Yetman and L. Jiang, “Enzyme regulation by
reversible zinc inhibition glycerol: phosphate dehydrogenase as
an example”, Chem.—Biol. Interact., 2001, 130-132, §91-901.

D. K. Perry, M. J. Smyth, H. R. Stennicke, G. S. Salvensen,
P. Duriez, G. G. Poirier and Y. A. Hannun, “Zinc is potent
inhibitor of the apoptotic protease, caspase-3. A novel target for
zinc in the inhibition of apoptosis”, J. Biol. Chem., 1997, 272,
18530-18533.

A. Krezel and W. Maret, “Dual nanomolar and picomolar Zn(11)
binding properties of metallothionein”, J. Am. Chem. Soc., 2007,
129, 10911-10921.

K. Garber, “HDAC Inhibitors overcome first hurdle”, Nat.
Biotechnol., 2007, 25, 17-19.

This journal is © The Royal Society of Chemistry 2008

Chem. Soc. Rev., 2008, 37, 1629-1651 | 1651



