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Abstract
A new paradigm for drug activity is presented, which includes both recognition and subsequent
irreversible inactivation of therapeutic targets. Application to both RNA and enzyme biomolecules
has been demonstrated. In contrast to RNA targets that are subject to strand scission chemistry
mediated by ribose H-atom abstraction, proteins appear to be inactivated through oxidative
damage to amino acid side chains around the enzyme active site.

Keywords
metallodrug; metallotherapeutics; RNA; protease; enzyme; catalytic; cleavage; modification

Introduction
The use of metal ions and complexes as tools for investigation of protein properties and
interactions,[1,2] as biomarkers for cellular chemistry, and as candidates for therapeutic
intervention,[3–21] have all emerged as major new focal points of investigation in inorganic
chemistry. Early applications included the design of artificial nucleases and proteases,
making use of site-selective binding to amino acid residues and metal-assisted proteolysis.
[22–32] However, redox active metals were also found to promote oxidative modification of
amino acid sidechains, including hydroxylation[33,34] and carbonylation of amino acid side
chains,[35,36] and protein cross-linking.[33,37,38] Oxidative damage of nucleic acid bases
and sugars, with the potential for subsequent strand cleavage, has also been observed.
[12,39–43] While many pathways to improving such modification chemistry have been
explored, studies suggest that improvement of metal complex binding to the reactant
molecule is an important, if not the major factor in promoting efficient chemistry.[6,7] In
this article we present a novel application of transition metal complexes as catalytic
metallodrugs. The concept of a metallodrug builds on the experimental foundation described
in the preceding remarks.

Concept
Blocking the functional activity of a therapeutic target by classical competitive inhibition is
well documented, and almost all drugs function through the binding of a small molecule
inhibitor to a biomolecular target that is typically a protein. The binding is reversible and the
target remains functional after release of the drug. By contrast, a distinct and novel strategy
involving irreversible catalytic inactivation of target RNA’s or proteins by transition metal
complexes has now been demonstrated.[10,13] Disruption of protein and nucleic acid
structure and function that results from metal-promoted damage can be used to advantage in
the design of new forms of therapeutic agent. Such metallodrugs include both a metal
binding domain (to catalyze redox and Lewis acid chemistry) and a target recognition
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domain (Figure 1). Juxtaposition of a recognition element with a catalytic degradative
element produces a molecule with properties that are superior to the sum of the individual
component parts, and provides a novel design platform for drug development. While such
molecules may retain their inhibitory properties, they also show the potential for catalytic
degradation of the selected biomolecule (Figure 2). In this review, we outline the concept of
a catalytic metallodrug and its application toward therapeutic targets

Potential advantages of a catalytic drug
Irreversible destruction of target also affords the potential for sub-stoichiometric
administration of drug, with the promise of a significant lowering of dosage and a
commensurate decrease or elimination of side effects or toxicity.[6,7] This key point
differentiates the activity of catalytic metallodrugs relative to the high affinity binding that is
essential for the classical inhibitory mechanism of drugs currently on the market. High
affinity binding of the targeting domain may not be desirable from the viewpoint of facile
release of the metallodrug following inactivation of the target. Optimization of the binding
affinity of the targeting domain is an issue that will need to be considered on a case-by-case
basis. High affinity binding clearly has desirable traits but may be unnecessary with the
metallodrug concept described here

Reduction in side effects or toxicity is a consequence of a double-filter mechanism for target
recognition that is illustrated in Figure 2. If two proteins, A and B, are recognized by the
targeting domain of the drug, but only protein A has a suitable orientation for chemical
inactivation by the catalytic metal domain, then only protein A would be irreversibly
inactivated by the metallodrug (Figure 2). The proximity and orientation of the metallodrug
toward scissile bonds is of key importance,[44,45] while the use of a subsaturating
concentration of drug ensures that the majority of protein B is not influenced by the
metallodrug.

Mechanistic considerations
Metal-mediated oxidative degradation is typically achieved in vitro by addition of
physiologically relevant reducing agents such as ascorbic acid, glutathione or peroxide.
Formation of reactive oxygen species presumably arises through Fenton-type chemistry that
gives rise to a copper associated reactive oxygen species that mediates oxidative damage to
target molecules (Figure 3). Formation of diffusible hydroxyl radicals has been observed by
use of the common rhodamine B assay, and prior studies of RNA and DNA cleavage
revealed a significant reduction in diffusible hydroxyl radical concentration when
substoichiometric catalyst was used to mediate damage to a target protein or nucleic acid.
[12] This is consistent with formation and immediate reaction of a metal-associated reactive
oxygen species. Numerous discussions of pathways for oxidative damage to proteins and
nucleic acids mediated by metal-catalyzed Fenton-type chemistry can be found in the
literature.[36,46]

Suh and coworkers have developed cobalt(III) cyclen complexes as mediators of hydrolytic
cleavage of the peptide backbone of myoglobin[47] and peptide deformylase that most
likely function through a mechanism of the type illustrated in Figure 4A.[3]

Illustrative examples
Metal-catalyzed oxidative modification of amino acid sidechains have been shown to result
in the inactivation of disease-related proteins and enzymes such as angiotensin converting
enzyme (ACE), thermolysin (TLN), carbonic anhydrase (CA-I), while the hydrolysis of
peptide bonds has more recently been demonstrated for amyloid peptides.[3–14,16–21]
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Inactivation is promoted either through oxidative damage of active site residues, or cleavage
of the protein/peptide backbone. In our laboratory we have employed the amino terminal Cu
and Ni motif (ATCUN)[48] as a metal binding domain that is coupled to an enzyme-
recognition moiety. In other studies the cyclen motif has been used to incorporate cobaltic
ion.[3,14,19,20] The conceptual basis for a catalytic metallodrug, and its reduction to
practice, is illustrated through several examples stemming from our recent efforts in this
area, as well as studies from other laboratories on artificial proteases.

(1) Angiotensin converting enzyme
Angiotensin converting enzyme is one of three important protease enzymes that regulate
blood pressure and other vascular chemistry, and all have been implicated in cardiovascular
disease. Current treatments utilize inhibitors such as lisinopril (Figure 5).[49] Metal-peptide
complexes that appear to mimic some of the recognition features of lisinopril, such as the
Lys chain in binding pocket S1’ display both classical inhibitory behavior (Figure 5) as well
as catalytic inactivation of ACE in the presence of dioxygen and an electron source (Figure
6).

(2) Thermolysin
Thermolysin belongs to the same family of metalloproteases that regulate the cardiovascular
system in human physiology, including neprilysin (NEP),[50] endothelin connverting
enzyme I (ECE-I)[51] and angiotensin converting enzyme (ACE).[52] These enzymes
possess a consensus sequence HEXXH that constitutes the zinc-containing catalytic domain.
[50,53] Crystallographic data for TLN[54] and various TLN-inhibitor complexes have been
used in efforts to model the NEP active site,[55,56] and TLN serves as a test vehicle to
identify proposed inhibitor interactions within the active site of zinc metallo-proteases
containing the HEXXH motif.[56,57] Metallopeptide [Cu2+•Cys-Gly-His-Lys] was
observed to stimulate thermolysin activity at low concentration (< 20 µM) and inhibit the
enzyme at higher concentration (Figure 7), with binding affinities of 2.0 µM and 4.9 µM,
respectively. The N-terminal cysteine is available as a zinc anchoring residue and appears to
play a critical functional role, since the [Cu2+•Lys-Gly-His-Lys]+ homologue exhibits
neither stimulation nor inhibition of TLN. Under oxidizing conditions (ascorbate/O2) the
catalyst is shown to mediate the complete irreversible inactivation of TLN at concentrations
where enzyme activity would otherwise be stimulated.

(3) Carbonic Anhydrase
Carbonic anhydrases mediate a number of biosynthetic reactions including the reversible
hydration of CO2 to form bicarbonate,[58] and have been implicated in a multitude of
medical disorders, including glaucoma, kidney problems, epilepsy, gastric and duodenal
ulcers, neurological disorders, and osteoporosis.[58–61] These enzymes are inhibited by
sulfonamides,[58–62] which provide a targeting domain for metallodrug design (Figures 8
and 9). Coupling of sulfonamide inhibitors of carbonic anhydrase to the GGH ATCUN
motif yielded a complex[9] that directs a Cu2+-bound GGH complex to mediate oxidative
damage within the active site of the enzyme, targeting residues prone to such reactivity.
[35,36,63] This work also established non-peptide moieties as targeting agents when
coupled to a copper-ATCUN motif,[48] The most likely active species is a copper
associated reactive oxygen species (Figure 3).[8,10,11,64–66]

Incubation of CA with Cu-GGHSLN under oxidative conditions yielded clear evidence for
oxidation of 1 or 2 residues per protein molecule. More extensive oxidation of
predominantly surface residues was observed with Cu2+(aq), although the relatively slow
inactivation chemistry suggested that surface residues were the most probably target sites for
free copper ion. Characterization of oxidized residues was achieved by enzymatic digestion
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using both chymotrypsin and trypsin, and the modified residues were mapped by mass
spectrometric analysis (Figure 8). Clear evidence for specific amino acid residue
modification in the proximity of the enzyme active site was obtained with the most
prominent oxidation observed for select histidine residues (H40, H64, H67, H94, H96,
H103, H200, and H243). Prior reports indicate that histidine residues are effectively
converted to 2-oxo-histidine upon exposure to Cu-ATCUN derived oxygen based radicals.
[46,67–70] Tryptophan was also found to be selectively oxidized (W97, W123).[71]
Significantly, none of the zinc bound histidine residues were oxidized, and so the time
dependent inhibition of CA-I by Cu-GGHSLN does not involve a random oxidation
pathway, but seems to be specific to residues that lie close to the Cu-GGH domain of the
metallopeptide-drug conjugate. Localization of modified residues around the active site
supports the non-diffusive nature of the oxygen species, and association with the catalytic
copper center, and three of the modified residues sites (His64, His67, and His200) have been
implicated in rate limiting proton transfer within the active site.[72,73]

(4) Peptide Deformylase and Amyloid Peptides
Building on earlier reports of cyclen-based catalysts for myoglobin cleavage,[21,47] Suh
and coworkers have developed related families of cobalt cyclen derivatives that mediate
cleavage of peptide deformylase (PDF),[3] an antimicrobial target, with a reported kcat of
0.05 h−1. Ligand selection to promote binding utilized a library approach, with a cleavage
yield in the range of 10–30%. These workers have also developed cobalt cyclen ligand
complexes that associate with plaques containing amyloid peptides and promote hydrolytic
cleavage (Figure 4A) of these peptides thereby solubilizing the amyloid fibrils (Figure 10).
[14,19,20]

(5) HIV rev response element (RRE) RNA
The concept of a catalytic metallodrug, capable of irreversible, multiturnover degradation of
a therapeutic target has also been tested against HIV RRE RNA, both in vitro[13,16] and in
cellular assays.[5] Figure 11 illustrates a family of N-terminal metal binding ATCUN
motifs[74] that are extended to include the RRE RNA recognition peptide through a variable
length glycine linker sequence (Gx, x = 0, 1, 2, 4, 6).

Metallopeptide-mediated oxidative cleavage of RRE RNA was effective even under sub-
stoichiometric conditions of RRE RNA and Cu-peptide complex in the presence of
ascorbate. Cleavage was not random, but rather three specific cleavage sites were observed
within the likely the binding pocket for the metallopeptide complex (Figure 12). The
accurate masses obtained for the cleavage products are different from the calculated mass
values expected for products from hydrolysis, but is consistent with those expected
following strand scission by a C-1’H or C-4’H oxidative cleavage path in the presence of
ascorbate.[13]

By use of a plasmid encoding a target RNA sequence fused to the C-terminus of the green
fluorescent protein (GFP), the intracellular delivery and cleavage of the RRE recognition
motif was assessed by monitoring the fluorescence from GFP.[5,76] These metallopeptides
were designed to explicitly address the need for cellular and nuclear uptake, possessing both
an arginine rich motif (ARM) that promotes cellular uptake, and a nuclear import sequence,
and results obtained by targeting the HIV RRE RNA target sequence in human Jurkat cells
establishes the fact that the metallopeptides can effectively target cognate RNA’s in cellular
assays.[76]
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Concluding remarks
To address the need for novel therapeutics, an issue that reflects the increasing emergence of
drug resistance as a critical problem in viral and bacterial disease, we have developed and
continue to explore the concept of catalytic metallodrugs. Such a strategy encompasses both
novel molecular frameworks, by inclusion of metal ions and the potential for structural
variability through coordination chemistry, but also develops a novel mode of action through
irreversible catalytic inactivation of a therapeutic target that can result in multiple turnovers
from a single catalytic drug. This requires new design strategies, where high drug affinity is
not necessarily an advantage, and target selectivity reflects both drug binding and the
stereochemical requirements for productive chemistry on the target. Additional examples of
metallodrugs that lack the targeting domain, but mediate formation of cellular reactive
oxygen species, have recently shown promise as potential anticancer agents,[77] and other
candidates and strategies of promise will surely emerge. Finally, it seems reasonable to
predict that the irreversible nature of such chemistry should have a positive impact on the
emergence of resistance strains. Such a prediction, and the long term prospects for “catalytic
metallodrugs” await future investigation in what is likely to be a rapidly evolving field of
study.
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Figure 1.
Metallodrug design, highlighting the metal binding and targeting domains
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Figure 2.
In a traditional approach to drug design a molecule with high binding affinity for a select
protein target acts by reversible inhibition of protein function. An excess of molecule is
required to ensure saturation of target. The approach described herein employs a
substoichiometric concentration of drug that executes catalytic irreversible inactivation of a
select protein target. Selectivity is based both on target recognition and productive
orientation of metallodrug to execute irreversible cleavage or damage of the target. Multiple
turnover also distinguishes this approach from suicide inhibition.
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Figure 3.
Likely pathways for formation of copper-associated reactive oxygen species that can
promote oxidative cleavage of phosphoribose chains in nucleic acids, or sidechain oxidation
of proteins. P is the peptide ligand.
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Figure 4.
Possible mechanisms for metal-promoted hydrolysis of a peptide bond showing (A) template
effect, (B) Lewis acid activation of the electrophilic center, and (C) Lewis acid activation of
the nucleophile.
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Figure 5.
(left) ACE active site showing the association of lisinopril (inhibitor) with enzyme sub-sites.
(right) A schematic illustration of the proposed mechanism of action. A bound
metallopeptide activates dioxygen and the resulting reactive oxygen species mediates
irreversible damage to the target enzyme.
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Figure 6.
(top) Dose dependent inhibition of ACE by [Cu(KGHK)]+ under hydrolytic conditions.
[10,11] (bottom) Enzyme activity was determined at the given time intervals by taking
aliquots of enzyme and determining the activity under initial velocity conditions with 10 µM
substrate and 10 µM ZnCl2 in 50 mM HEPES (pH = 7.4) containing 300 mM NaCl, and 1
nM ACE. Conditions included (■) no inhibitor 1 mM ascorbate; (●) with [KGHK-Cu]+ (4.4
µM), 1 mM ascorbate; (○) with [KGHK-Cu]+ (4.4 µM), no ascorbate; and (▲) with
Cu2+(aq) (4 µM), 1 mM ascorbate. Fluorogenic substrate Mca-Arg-Pro-Pro-Gly-Phe-Ser-
Ala-Phe-Lys(Dnp)-OH is used in all cases to determine enzyme activity.
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Figure 7.
TLN activity[8] was determined from initial velocity measurements with 10 µM substrate in
50 mM HEPES buffer (pH 7.4) containing 10 mM CaCl2, 5 mM NaCl and 10 µM ZnCl2
(final reaction volume 100 µL, final enzyme concentration 5 nM). The fixed time assay
involved incubation of substrate with TLN for 30 min and the relative fluorescence units
data (RFU) obtained was converted to % TLN activity and plotted against the time aliquots
were withdrawn. Conditions include: (●) no inhibitor, 0.5 mM ascorbate; (●) 1 µM
[Cu2+•Cys-Gly-His-Lys], no ascorbate; (●) 1 µM [Cu2+•Cys-Gly-His-Lys], 0.5 mM
ascorbate (●) 1 µM Cu2+(aq), 0.5 mM ascorbate.
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Figure 8.
Summary of residues that are susceptible to oxidative in human CA-I (PDB: 1CZM)
following interaction with Cu-GGHSLN in the presence of ascorbate.[9] Distances from the
oxidized residues to the catalysts are listed under each label.
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Figure 9.
Catalytic complex for inactivation of carbonic anhydrase.
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Figure 10.
(top) Example of cleavage agent for human islet amyloid polypeptide (h-IAPP), which has
been implicated in β-cell apoptosis with resulting type II diabetes milletus (T2DM),[19]
amyloid β (Aβ42 and Aβ40), an Alzheimer’s’ target,[20] and α-synuclein, a Parkinson’s
disease target,[14] as well as (bottom) a peptide deformylase cleavage agent.[3]
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Figure 11.
Peptide design showing metal binding, linker, and RRE RNA targeting sequences. A control
Rev peptide corresponds to the targeting domain alone.
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Figure 12.
(top) A schematic illustration of the stem loop structure adopted by RRE RNA IIB,[75]
showing the cleavage sites identified by mass spectrometry studies. (bottom) The positions
of the cleavage sites are consistent with expectations from the solution structure.[75]
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