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Abstract

Numerous metalloproteins are important therapeutic targets that are gaining increased attention in
the medicinal and bioinorganic chemistry communities. This perspectives article describes some
emerging trends and recent findings in the area of metalloprotein inhibitor discovery and
development. In particular, the increasing recognition of the importance of the metal-ligand
interactions in these systems calls for more input and consideration from the bioinorganic
community to address questions traditionally confined to the medicinal chemistry community.

Introduction

Metalloproteins are at the heart of numerous biological processes related to disease
propagation ranging from gene (mis)regulation, protein matrix degradation, and antibiotic
resistance. An ever increasing number of metalloproteins have garnered interest as potential
theraputic targets for treating a wide variety of human diseases. Table 1 provides only a
partial list of metalloproteins that have been targeted for addressing various pathologies. As
can be seen from this list, a host of different metalloenzymes that employ a broad assortment
of metal ions are of significant interest as medicinal targets. In this short Perspectives article,
some emerging trends in the development of new metalloprotein inhibitors will be described
and discussed. This area of research has not attracted the level of attention from the
bioinorganic research community that the importance of the subject might command. It is
hoped that this short report, which largely focuses on findings from the author’s laboratory,
might generate new interest and fresh ideas to tackle some of the most challenging problems
faced in the field of metalloprotein-targeted drug design today.

Clincially Important Metalloprotein Inhibitors

Inhibitors of metalloproteins have already had a signficant impact on human health.
Compounds that inhibit metalloenzymes are used clinically to treat diseases such as fungal
infections, hypertension, cancer, HIV, and others. Among the most widely prescribed and
successful metalloprotein inhibitors are the angiotensin converting enzyme (ACE)
inhibitors.! ACE is involved in the conversion of angiotensin | into angiotensin 11, the latter
of which is an octapeptide that is a potent vasoconstrictor. The inhibition of ACE thus
prevents the secretion of angiotensin 11, allowing the treatment of hypertension as well as
congestive heart failure.2 The first FDA approved inhibitor was developed more than thirty
years ago by Squibb under the name Captopril (Fig. 1). Importantly, this inhibitor interacts
with the active site Zn(11) ion by direct coordination through the thiol metal-binding group
(MBG) found in Captopril.3 Second-generation ACE inhibitors ultimately replaced the thiol
MBG of Captopril by a carboxylic acid MBG to achieve better pharmacokinetics (Fig. 1).4-5
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Many of these ACE inhibitors are formulated as prodrugs, in order to mask the free
carboxylic acids and facilitate oral administration.!

More recent developments in metallprotein inhibitors have made headway against oncology
and viral targets. In the realm of oncology, the first inhibitor of a histone deacetylase
(HDAC) was approved for clinical use in 2006. HDACs are a class of proteins involved in
the deacetylation of histones (lysine residues). The acetylation of histones alters chromatin
structure, thus influencing transcriptional regulation.” A subclass of HDACs are Zn(l1)-
dependent hydrolytic enzymes that have been targeted by a variety of compounds. The
clinically approved compound suberoylanilide hydroxamic acid (SAHA, commercial name
Vorinostat, Fig. 2) was developed by Aton Pharmaceuticals (later acquired by Merck), and
is presently used for treating cutaneous T cell lymphoma. The structure of VVorinostat
follows that of the canonical HDAC inhibitor and includes a capping group, linker, and
metal-binding group (Fig. 2).8 Vorinostat uses a hydroxamic acid moiety as the MBG.?
Hydroxamic acids were first popularized as MBGs for use in metalloenzyme inhibitors due
to their widespread use in the development of matrix metalloproteinase (MMP) inhibitors,10
and have since been used in inhibitors of many other zinc metalloenzymes.1! Despite the
pervasive use of hydroxamic acids as MBGs, they frequently display poor biooavailibility
and pharmacokinetics. Indeed, VVorinostat is the only FDA approved drug that contains a
primary hydroxamic acid moiety as a MBG.

One of the more exciting recent discoveries in metalloenzyme inhibition is the approval of a
first-in-class HIV integrase inhibitor. HIV integrase (HIV-IN) is an important viral enzyme
required for integrating the viral genome with the host genome.13 The enzyme utilizes a
dinuclear Mg(ll) site to achieve integrase activity. In 2007, Merck received approval for the
clinical use of Raltegravir,14 a small molecule inhibitor of HIV-IN that uses a disubstituted
hydroxypyrimidinone as the MBG (Fig. 3). Diketo acids were identified early on as potent
HIV-IN inhibitors from high-throughput screening (HTS) of more than 250,000 molecules
(Fig. 3). Diketo acids were the first compounds found to show high specificity for HIV-IN
and display antiviral activity that was highly correlated with HIV-IN inhibition.1> Attempts
to improve on the properties of the diketo acids led to the discovery of Raltegravir, which
replaces the diketo acid MBG with a 5-hydroxy-3-methylpyrimidin-4(3 +)-one MBG to bind
the binuclear metal site in HIV-IN.1# The hydroxypyrimidinone group was also discovered
by HTS and was found to be a suitable diketo acid replacement with improved activity and
pharmacokinetics.18 Like the diketo acids, the hydroxypyrimidinone chelator provides three
nearly co-planar oxygen donor atoms to bind and bridge the Mg(ll) ions in the dinuclear
HIV-IN active site. The coordination mode of Raltegravir has recently been confirmed by
co- crystallization with an HIV-IN homologue (Fig. 3).17 As anticipated, the complex
between Raltegravir and the PFV-IN (PFV = prototype foamy virus) shows that three
oxygen atoms (shown in bold, Fig. 3) of Raltegravir generate four bonds to the Mg(ll) ions
in the dinuclear active site.

Raltegraviresistant HIV strains have already appeared due to rapid virus mutation;18: 19
therefore, other HIV-IN inhibitors are already being developed. These include the
compounds Elvitegravir and GSK364735 (Fig. 3),20 which have been advanced to clinical
trials. Both inhibitors contain similar heteroatom triads for binding the dinuclear Mg(l1)
center; however, the MBGs are distinct from that of Raltegravir, with different donor atoms
and bite angles between the donor atoms. This indicates that different MBGs, with donor
atoms in distinct relative orientations, can serve as scaffolds for HIV-IN inhibitors.

Inhibitors of ACE, HDACs, and HIV-IN represent just a small slice of the metalloprotein
inhibition field. However, they serve to illustrate the scope of molecules, targets, and
pathologies that are encompassed by this growing area of research. The examples also
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illustrate the range of MBGs that have been employed to provide key metal-ligand
interactions between the inhibitors and protein active sites. These MBGs include thiols,
carboxylates, hydroxamic acids, diketo acids, hydroxypyrimidinones, and others. In the
following sections of this perspectives article, several studies will be presented that delve
deeper into the importance and role of the MBG in the development of metalloprotein
inhibitors. In addition, new approaches to the discovery of MBGs and methods to exploit
MBG-metalloprotein interactions for prodrug development will also be described.

The Importance of the MBG: MetAP Metalloform-specific Inhibitors

Methionine aminopeptidase (MetAP) enzymes catalyze removal of the N-terminal
methionine group from newly synthesized peptides.?L: 22 There are two forms of MetAP,
termed Type | and I, that are found in both prokaryotes and eukaryotes; however, a given
prokaryote will contain only either Type | or 11, while eukaryotes possess both forms of the
enzyme.23 MetAPs have garnered attention as targets for antifungal, antibacterial, and
anticancer therapies.24

All MetAPs are metalloenzymes with a dinuclear active site, but the specific metal
composition for any given MetAP from a specific organism has been elusive. This is
because many MetAPs are quite active when reconsistuted with any of several different
divalent metal ions, including Mn(ll), Fe(ll), Co(ll), Ni(ll), or Zn(ll). The crystal structure
of E. coli MetAP Type | (EcMetAP1) reconstituted with Co(ll) shows that the active site
metal ions are coordinated by two aspartates, two glutamates, and one histidine residue. The
Co(ll) ions are 2.9 A apart and bridged by the carboxylate oxygen atoms of Asp108 and
Glu235.25 Of the different active ‘metalloforms’ of £cMetAP1, the Co(ll) reconsituted form
of the enzyme has been most frequently used for the screening of inhibitors. However, an
intriguing series of studies show that the various metalloforms of MetAP are inhibited by
very different types of small molecules.

In an attempt to discover metalloform-selective MetAP inhibitors, Ye et al. used a library of
43,736 drug-like molecules (ChemBridge, San Diego, CA) and screened it against Co(ll)-
and Mn(11)-reconstituted £cMetAP1.26 This high-throughput screen (HTS) produced 786
initial hits against the Co(11) metalloform, while the Mn(I1) form generated 512 hits. From
these initial hits, the 1C5q value of the top hits against each £cMetAP1 metalloform were
obtained. The structures of the compounds with the best ICsq values against each
metalloform displayed a fascinating trend.

The most potent compounds against Co(ll) £cMetAP1 contained a common thiazol-2-yl-
oxalamide moiety, as exemplified by compound 1 in Fig. 4. In contrast, the most effective
compounds against Mn(ll) £cMetAP1 possessed a 5- phenylfuran-2-carboxylic acid scaffold
(compound 2, Fig. 4). Despite screening against the same recombinant protein, replacing the
metal ion in the active site resulted in different classes of inhibitors being identified.

To evaluate the metalloform selectivity, the top hits were cross-screened against £cMetAP1
reconsituted with Mn(l1), Fe(l1), Co(l1), and Ni(11).26 Both 1 and 2 proved to be remarkably
selective. Compound 1 and related hits best inhibited the Co(ll) form of EcMetAP1, with
>350-fold selectivity versus the Mn(ll) and Fe(ll) forms of the enzyme. However, 1 was less
selective between the Co(ll) and Ni(Il) forms of enzyme (~20-fold), consistent with earlier
studies on MetAP inhibitors.2” Perhaps even more impressive was the specificity of 2,
which displayed an ICsg value of 63 nM against the Mn(11) metalloform and >1000-fold
selectivity against the other three metalloforms of £cMetAP1 tested.26

The selectivity of 1 for the Co(Il) form and 2 for the Mn(1l) form of EcMetAP1 is consistent
with the known preference of these metals for soft (nitrogen or sulfur) and hard (oxygen)
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donor atoms, respectively. Clearly, the metal-ligand interactions of these inhibitors
influences the types of compounds that are effective against a given metalloform. This
dictates not only what MBG the inhibitors should possess, but also influences the entire
molecular scaffold that is required, including the parts of the small molecule that do not
directly interact with the active site metal ions. This striking result shows that identifying the
optimum metal-ligand interactions can have a pronounced affect on the discovery and
overall structure of metalloprotein inhibitors.

To understand the binding of the 5-phenylfuran-2- carboxylic acids (compound 2 and related
hits), the structure of Mn(Il) EcMetAP1 complexed with inhibitor 4 (Fig. 4) was determined
by X-ray crystallography to 1.5 A resolution.26 Prior to this study, the structures of MetAP
enzymes had only been determined with Co(ll) in the active site. The carboxylate MBG of 4
coordinates to both metal ions with one of the oxygen atoms in a p.-bridging fashion
between the two ions. The bridging coordination results in the carboxylate group binding to
one of the Mn(ll) ions in a bidentate fashion, while only binding as a monodentate ligand to
the second Mn(ll) ion (Fig. 4). The rest of the inhibitor resides in a hydrophobic substrate
binding pocket (S1) and interacts with several amino acid side chains. Importantly, there are
essentially no major structural changes in the active site between the Mn(11) metalloform
and previously determined Co(ll) metalloforms,2? indicating that the selectivity of
compounds such as 2 and 4 is not due to large rearrangements of the active site upon
inhibitor binding. Rather, these findings further implicate the importance of the coordination
chemistry (i.e. Lewis acid-base hard-hard matching) in the selectivity and potency of these
inhibitors.

Building on these initial findings, the same group used HTS of 74,976 compounds
(ChemBridge and ChemDiv, San Diego, CA) to identify inhibitors of Fe(Il) £cMetAP1 for
which no selective inhibitors were known at the time.28 Among the top ~300 hits found in
the initial screen, a catechol-containing compound was identified that was further screened
for selectivity against other EcMetAP1 metalloforms (compound 3, Fig. 4). Selection of this
hit for further analysis was based on the well known affinity of the catechol moiety for iron,
as exemplified by many bacterial siderophores. Indeed, inhibitor 3 showed an ICsg value of
13 iM against the Fe(l1l) enzyme, but showed no activity against the Co(ll) or Mn(ll) forms
of EcMetAP1 at a concentration of 100 M.28

The catechol moiety in compound 3 was determined to be essential for inhibition, based on a
structure-activity relationship (SAR) study.28 Several derivatives were examined for their
ability to inhibit the Fe(Il) form of £cMetAP1. As shown in Fig. 5, the compounds
examined (5-10) are structurally very similar to 3, but in every case the metal-chelating
ability of 3 is disrupted by replacement (5-8), misspacing (9), or removal of one of the
donor atoms altogether (10). All of the compounds in Fig. 5 show no inhibition of Fe(Il)
reconsititued £cMetAP1 at 100 wM, confirming the requirement for the catechol ligand.

Unambiguous confirmation for the mode of binding was obtained from the crystal structure
of a related compound (11) with Mn(l1) reconstituted £cMetAP1 (solved to 2.2 A
resolution).28 The Mn(I1) metalloform of the enzyme was used for crystallization studies, in
lieu of the Fe(l1) metalloform, due to oxidation problems when trying to crystallize the latter
form. As shown in Fig. 5, the catecholate moiety coordinates the dinuclear metal site in a
bridging configuration quite similar to compound 4. Indeed, an overlay of the structures of 4
and 11 bound to the Mn(11) metalloform of EcMetAP1 shows little difference in the protein
backbone (RMSD 0.23 A) and reveals that the coordinating atoms from the inhibitors are in
very similar positions on the metal ions.28 The observation that binding of the catechol-
based inhibitor does not cause significant structural changes in the active site strongly
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suggests that the selectivity of the compound originates from a good match of the
coordination chemistry between the MBG and the active site metal ions.

Having developed Co(ll), Mn(I1), and Fe(l1l) metalloform selective inhibitors, these
compounds were used to elucidate the relevant metal ion in vivo for EcMetAP1.28 MetAP
are essential enzymes for bacteria and therefore growth inhibition assays with two £. coli
strains (as well as two Baci/lus strains to examine activity against a Gram-positive
organism) in the presence of metalloform-specific inhibitors 1-3 were performed. At
concentrations as high as 1 mM, compounds 1 and 2 showed no growth inhibition on the
two different £. colibacterium. In contrast, the Fe(Il)-specific inhibitor 3 showed growth
inhibition at concentrations as low as 5.6 LM against one of the E. colilines. Other
derivatives of the catechol platform showed broad-spectrum micromolar level activity
against both the Gram-negative and Gram-positive strains. These studies suggest that the
relevant metalloform of MetAP in these organisms is the Fe(ll) form.

Investigations on MetAP highlight the importance of the MBG on the activity of a
metalloprotein inhibitor. The compounds were identified from HTS efforts, and clearly show
that selectivity can be obtained with different chelating groups. In the case of MetAP, even
within the context of an identical active site, the metal ions it contains has a pronounced
effect on the types of MBGs and inhibitor scaffolds that are identified.26: 28
Metalloformspecific inhibitors were identified, unambiguously showing that the nature of
the MBG plays a critical role in achieving selective inhibition. Furthermore, these selective
inhibitors proved useful tools for elucidating the functional metal ions in vivo for

MetAP.28, 30

Leading with the MBG: Using Coordination Chemistry to Discover New
DXR Inhibitors

The studies on MetAP provide strong evidence that the choice of MBG used in a
metalloprotein inhibitor is critical for achieving potent and selective inhibition. However,
the number of different MBGs that have been explored in the development of metalloprotein
inhibitors has been somewhat limited. As discussed in several reviews, certain moieties
including hydroxamic acids, carboxylic acids, thiols, and a handful of others are the
predominant MBGs found in inhibitors of metalloenzymes.10 11. 31 However, several recent
reports have made more deliberate efforts to explore, identify, and optimize new MBGs for
use in metalloprotien inhibitors.

A recent study explored the use of different MBGs in the development of inhibitors of 1-
deoxy-D-xylulose-5-phosphate reductoisomerase (DXR).32 DXR is a Mg(l1)-dependent
enzyme in the non-mevalonate biosynthesis pathway that is an attractive antibiotic target.33
Fosmidomycin is a naturally occuring and potent DXR inhibitor with an 1Cg of 80 nM, yet
it suffers a very short half life (90 min) and limited cellular uptake.34 Fosmidomycin is
comprised of a retrohydroxamic acid, a propyl chain, and a terminal phosphonate group
(Fig. 6). The crystal structure of fosmidomycin bound to £. coli DXR shows that the
retrohydroxamic acid binds the Mg(ll) ion in a bidentate fashion as found in many
hydroxamate-containing inhibitors of metalloenzymes. The phosphonate group in
fosmidomycin is anchored in a neighboring pocket by several hydrogen bonds. For many
years, efforts to improve the activity of fosmidomycin focused on either the propyl chain or
the phosphonate group because any changes to or removal of the MBG always resulted in a
drastic loss of activity.3> The highly polar phosphonate group has been blamed for the
limited cellular uptake observed with fosmidomycin, but substitution by sulfonic acids,
carboxylic acids, or other groups results in decreased of activity.

Dalton Trans. Author manuscript; available in PMC 2013 June 26.
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In a recent report by Deng et al., several new DXR inhibitors were reported in an attempt to
break free of the fosmidomycin scaffold.32 Key to this approach was focusing on the
coordination chemistry of Mg(ll) and a deliberate effort to replace the retrohydroxamic acid
found in fosmidomycin. Being a hard Lewis acid, Mg(ll) would be expected to form stable
complexes with hard Lewis base oxygen donor ligands; therefore, several compounds that
employed a catechol MBG were examined as potential inhibitors. A catechol analogue of
fosmidomycin yielded a promising lead with an 1C5q value of 4.5 oM (12, Fig. 6). Using
this lead as a basis for developing new inhibitors, specifically those that could do away with
the polar phosphonate group, a series of hydrophobic compounds with different hard Lewis
base, bidentate MBGs were explored. From a small library of compounds an even more
potent fragment (ICsq value of 1.4 M) that utilized a 1-hydroxypyridin-2-one MBG was
discovered (13, Fig. 6). Even though this compound is about 16-fold less potent than
fosmidomycin, the hydroxypyridinone inhibitor shows improved activity against gram
positive and gram negative bacteria and improved lipophilicity and bioavailibility.32 The
results of this study clearly demonstrate that exploration of new MBGs and an attention to
coordination chemistry can reveal alternative scaffolds for metalloprotein inhibitor design.

Identifying New MBGs: Fragment-based Drug Discovery

Recent efforts from our laboratory have been focused on vastly expanding the range of
MBG scaffolds available for the development of metalloprotein inhibitors. With this goal in
mind, we have taken a fragment-based drug discovery (FBDD) approach and have
developed chelator fragment libraries for screening against metalloproteins. FBDD,
sometimes referred to as fragment-based lead discovery (FBLD),36 is an increasingly
popular approach to the discovery of small molecule therapeutics and is largely viewed as an
alternative to HTS. In HTS, as used in the previously described MetAP studies, 2% 28 large
libraries (>10,000) of relatively complex, drug-like compounds (MW >300) are screened
against a target of interest. Lead compounds produced from the screen are then improved
using medicinal chemistry approaches. In FBDD, relatively small libraries (100-1000) of
small molecular fragments (MW <300) are screened against a target. Fragment hits are then
matured into more drug-like compounds by a variety of strategies, including fragment
linking or growing.38 Some of the proposed advantages of FBDD include the use of smaller
libraries and a more efficient exploration of chemical diversity.

The FBDD strategy was applied very early on to metalloproteins, namely MMP-3, where the
MBG and backbone substituents were treated as two fragments that could be connected with
a linker (so-called fragment linking approach).3”: 38 However, in these early applications of
FBDD to metalloproteins, the MBG fragment was generally not varied. Except for one
notable report,3 in most other cases the commonly used hydroxamic acid group was
employed as the MBG, and a fragment library was screened to identify novel backbone
substitutents. Despite the very early application of FBDD to metalloprotein inhibitors, the
screening of diverse libraries of MBGs against metalloproteins has been largely overlooked.
Only recently have fragment libraries comprised of MBGs been described and screened
against a diverse panel of metalloprotein targets.

The overall scheme used for developing a FBDD approach to metalloprotein drug discovery
is outlined in Fig. 7. In order to screen a wide range of chelating motifs, a fragment library
of consisting of 96 MBGs possessing between 2 and 4 donor atoms was assembled, largely
from commercially available compounds. This chelator fragment library (CFL) was initally
screened against an MMP (MMP-2). At a fragment concentration of 1 mM, 31 fragments
were classified g as hits (>50% inhibitory activity). From this screen, two compounds, 3-
hydroxy-1,2-dimethylpyridine-4(1H)-thione and 3-hydroxy-1,2-dimethylpyridine-4(1H)-
one, were selected for preparation of a focused library (extended library or sublibrary)
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containing 87 molecules. This sublibrary utilized these MBGs in combination with small
hydrophobic substituents to generate compounds that might serve as more advanced
scaffolds for lead compounds (Fig. 7). This approach is often referred to as a ‘fragment
growth approach’ within the context of FBDD. The sublibrary was screened against several
Zn(11)-dependent metalloenzymes, including three MMPs and the anthrax lethal factor (LF).
Collectively, more than 50 hits were obtained against MMP-2, MMP-3, MMP-9 and LF at a
fragment concentration of 50 wM. Moreover, out of the 10 hits identified against LF, one
produced an 1Csq value of 1.8 wM and a ligand efficiency (LE, a measure of the binding
affinity as a function of fragment size)*° of 0.37 kcal/mol which surpasses many of the
previously reported LF inhibitors identified through HTS. These findings suggest that CFLs
can provide potent hits using much smaller libraries than traditional HTS, consistent with
the goals of a true FBDD strategy.

Following this initial screening of the CFL against a handful of Zn(11)-dependent
metalloproteins, a subsequent study from our laboratory more broadly examined the
applicability of the library against a larger panel of metalloproteins.4! Screening against nine
different metalloproteins was performed using a slightly-modified version of the 96-member
CFL (a few compounds were replaced due to poor solubility). The nine metalloproteins
examined included five different MMPs (MMP-1, -2, -3, -8, -9), anthrax LF, 5-lipoxygenase
(5-LO), inducible nitric oxide synthase (iNOS), and tyrosinase (TY). Unlike our initial
study, in this report we screened against zinc-dependent metalloproteins (MMPs, LF), as
well as iron-dependent (5- LO), heme-dependent (iNOS), and copper-dependent (TY)
metalloenzymes. In addition, TY is a dinuclear copper active site while all the other
metalloproteins examined have mononuclear active sites. In this way, preferences by
different types of metalloenzymes for different MBGs could be revealed.

Indeed, upon screening the CFL against this panel of metalloproteins, several interesting
trends emerged. The screening results clearly show that although all 96 fragments are avid
metal binders (i.e. MBGS), they do not exhibit non- specific, broad spectrum inhibition
against all nine metalloproteins. Rather, inhibitory activity is dependent on the fragment
structure and is clearly not solely due to indiscriminate metal binding to any metalloprotein
active site.*1 Unmistakable patterns of selectivity are observed, as is expected for a true
FBDD approach. The results of this study suggest that by judicious selection of the MBG,
inhibitors with improved affinity and selectivity for a given metalloprotein target can be
realized.

Although the 96 fragments did not produce non-specific metalloprotein inhibition, high hit
rates were observed, ranging from 29-43% for the five MMPs, 24% for anthrax LF, 49% for
5-L0, and 60% for TY. In contrast, few fragments inhibited iNOS, which is consistent with
the fact that fragments chosen for the CFL are chelators designed to bind metals through two
or more donor atoms. iNOS, being a heme-dependent metalloenzyme with only one axial
coordination site accessible for binding, rendered most of the fragments in the CFL
ineffective due to the lack of a second vacant coordination site through which to chelate the
metal center (~4% hit rate against iNOS).41

A number of other significant trends were found from these screening experiments. First,
ICsq values were obtained for several hits, which showed that the LE values of the MBGs
were excellent (0.4-0.8 kcal/mol).41 Second, the MMPs all generally elicit the same MBGs
as hits from the CFL; hits against unrelated metalloenzymes (LF, 5-LO, TY) vary
considerably. Finally, fragments with either very broad (inhibiting nearly all the
metalloproteins in the panel) or selective (inhibiting only 1-2 metalloproteins in the panel)
activity were found.
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CFLs allow for screening a broad range of MBGs against any metalloprotein target of
interest. However, when knowledge of coordination chemistry is applied to FBDD, it is
possible to predict which MBGs will likely have a better affinity for a specific
metalloenzyme based on the nature of the active site metal ion. For example, we recently
prepared focused libraries targeted against Zn(I1)-dependent metalloenzymes based on the
MBGs of several well known small molecule Zn(11) ion sensors.*3 Zinquin is a thoroughly
investigated Zn(l1) ion sensor based on a 8-sulfonamidoquinoline core (Fig. 8).44 Similarly,
the 2-sulfonamidophenylbenzimidazole MBG has been used in a related family of
ratiometric fluorescent Zn(11) ion sensors (Fig. 8).4% 46 Using these known scaffolds for
selective Zn(Il) ion binding, two sublibraries containing a combined ~80 compounds were
generated based on the 8-sulfonamidoquinoline and 2-sulfonamidophenylbenzimidazole
cores with variable sulfonamide substituents (Fig. 8). These sublibraries were then screened
against MMP-2, -3, -8, -9, and anthrax LF. These screens identified fragments with low
micromolar activity against both MMP and LF targets. In addition, differences in target
selectivity were observed for 8-sulfonamidoquinoline and 2-
sulfonamidophenylbenzimidazole fragments possessing identical sulfonamide substituents.
Thus the nature of the MBG can apparently play a role in target selectivity. Similar to the
previously described study on DXR inhibitors,32 our findings on these sulfonamide-based
inhibitors illustrate that insight into the relevant coordination chemistry can facilitate
rational design of metalloprotein inhibitors. In the present case, rationally designed, focused
libraries were devised for screening against certain metalloprotein targets. These libraries
were based on the known coordination chemistry of Zn(Il) metal ion sensors, some of which
had been in the literature more than a decade, but never made the transition from
bioinorganic metal ion sensing to metalloprotein inhibition. This kind of library
development provides a complimentary approach to screening large numbers of chelators
via CFLs.

Exploiting the Metal-Ligand Interaction: A Case for Metalloprotein Prodrugs

It is estimated that 5-7% of all drugs approved worldwide can be classified as prodrugs.
Prodrugs are an important class of therapeutics that are metabolized or otherwise activated
in vivo to generate a bioactive compound.#”- 48 Prodrugs are attractive for their potential to
provide targeted activity thereby reducing side effects. Several widely prescribed prodrugs
include Vasotec® (ACE inhibitor), Zocor® (statin), and Clarinex® (antihistamine). Despite
their clinical importance, the development of prodrugs that target metalloproteins is
surprisingly small. Blocking of the MBG of a metalloprotein inhibitor can provide a route
for the development of prodrugs for inhibiting metalloproteins. Prodrugs can have several
advantages including improved pharmacokinetics, enhanced oral availability, and spatially
and temporally localized activity (the latter of which may help reduce systemic toxicity).

To date, a very limited number of metalloprotein-targeted prodrugs have been studied, with
the majority of studies focused on histone deacetylase (HDAC), matrix metalloproteinase
(MMP), carbonic anhydrase (CA), and ACE prodrugs. In the case of ACE, as described
earlier, carboxylate-based inhibitors are clinically employed as prodrugs. lonization of the
carboxylate MBG leads to unfavorable oral availability; however, this can be overcome by
transforming the inhibitor into an ester prodrug. The ester group is hydrolyzed in vivo by
esterases to give the active compound containing a carboxylate MBG. This concept was
discovered more than 20 years ago and since that time all new FDA approved ACE
inhibitors have been manufactured as prodrugs.!

Recently, our laboratory has initiated a research program broadly focused on the
development of metalloprotein prodrugs. As demonstrated by ACE inhibitors, blocking of
the MBG is an effective strategy for devising metalloprotein-targeted prodrugs. Using our
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experience with the synthesis and evaluation of MMP inhibitors, we have focused on these
compounds for testing various approaches to blocking the MBG in order to generate
prodrugs. Taking inspiration and adapting strategies from the work of Orvig,4%-51
Franz,52-54 and others on ‘prochelators,” we have recently demonstrated that blocking of the
MBG can produce metalloprotein prodrugs. We have found that both enzymatic and
chemical stimuli can be used to trigger these inhibitors in vitro.

In our first study, a glucose group was used to block the MBG of an MMP inhibitor.>> Such
glycoside prodrugs have the added advantage of enhanced water solubility due to the
hydrophilic sugar moiety. A previous study had reported on a glycoside-protected MMP
inhibitor prodrug; however, the reported system did not release the desired inhibitor upon
enzymatic activation.>6 For our studies, a previously reported MMP inhibitor, 1,2-HOPO-2
was employed (Fig. 9). 1,2- HOPO-2 utilizes a 1-hydroxypyridin-2-one MBG and displays
ICsq values of <100 nM against select MMPs.5” The cleaveage of the glucose group from
prodrug 13 was achieved by the action of B-glucosidase, which cleanly produced 1,2-
HOPO-2. The cleavage reaction could be readily monitored by either UV-Visible
spectroscopy or HPLC. Importantly, the prodrug 14 was stable in aqueous solution for >24
h, indicating that the glycosidic protecting group was not readily hydrolyzed under ambient
conditions.

The ability of prodrug 14 to inhibit MMPs was greatly attenuated relative to 1,2-HOPO-2.
The 1Csq value of 14 against MMP-8 was determined to be 84 WM, compared to 75 nM for
1,2-HOPO-2.58 The ratio of these values, the quotient ICs value (QICsg), is >1000,
indicating a very substantial difference in activity between the prodrug and free inhibitor.
The ability of 14 to be activated by p-glucosidase was evaluated in a cell-free MMP assay.
In the absence of B-glucosidase, prodrug 14 (at a concentration of 150 nM) displayed little
inhibition of MMP-8. However, upon activation with p-glucosidase, 33% inhibition of
MMP-8 activity was observed.>8 Hence, this study demonstrated that blocking the MBG
with a glycoside group was a viable strategy for producing metalloprotein inhibitor
prodrugs.

In two subsequent studies, our group reported the preparation of MMP inhibitor prodrugs
that are activated by the presence of reactive oxygen species (ROS), specifically sg 60
Activation of MMP inhibitor prodrugs by ROS H»0,. could prove to be particularly relevant
to the treatment of ischemic injury, such as that observed in the case of stroke. It has been
shown that MMPs can be activated by ROS during ischemia, and that both ROS and ROS-
activated MMPs break down the blood brain barrier (BBB), leading to ischemic injury.
Therefore, ROS-triggered MMP inhibition could greatly reduce ischemic brain injury
directly at the site of a stroke by improving the spatial and temporal delivery of the MMP
inhibitor to the site of injury.

In one study, we examined the use of ROS-sensitive sulfonate esters to prepare MMP
prodrugs.>® As with our study on glucose-protected MMP inhibitors, the semi- selective 1,2-
HOPO-2 inhibitor was utilized. Sulfonate esters have been reported as ROS-labile groups
for use in small molecule fluorescent sensors to detect ROS. Coupling of 1,2-HOPO-2 with
several sulfonyl chlorides containing different substituents gave a series of sulfonate ester
MMP prodrugs (Fig. 10). Prodrugs 15a—b were rapidly cleaved in the presence of H,0O»,
with rates dependent on the nature of the sulfonate ester substituent. Although these
prodrugs were relatively easy to synthesize and did respond to ROS as desired, they
ultimately proved to have several substantial shortcomings. The most serious limitation of
sulfonate ester prodrugs 15a—b is that they were quite susceptible to hydrolysis in aqueous
solution. Hence compounds 15a—b were not stable and even in the absence of ROS, the
sulfonate ester groups would dissociate to produce 1,2-HOPO-2.59 Due to this and other
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limitations, we turned our efforts to other ROS-sensitive protecting groups, in order to
establish a better performing prodrug platform.

As in the sulfonate ester strategy, we were inspired by work on ROS-sensitive fluorophores.
Studies by Chang and co- workers,%1-63 as well as the work on self-immolative linkers by
Shabat and co-workers,54 65 directed our attention to a boronate ester strategy for
developing ROS-activated MMP prodrugs. After exploring several synthetic approaches, we
found that protecting the MBG with a benzylic ether that contained a boronate ester trigger
group gave a very well behaved prodrug conjugate (Fig. 10).6% Upon cleavage of the
boronate ester with H,O5, the benzylic ether undergoes a 1,6-benzyl elimination, liberating
the MBG and producing an active MMP inhibitor. As per our other studies on prodrugs, the
MMP inhibitor 1,2-HOPO-2 was used as a model compound (Fig. 10). As expected,
activation of prodrug 15 with excess HoO» rapidly produced 1,2-HOPO-2, and control
experiments with other ROS (e.g. superoxide) showed that cleavage of the boronic ester was
specific to HoO,. More importantly, the boronate ester self-immolative prodrugs were very
stable in buffer, as 16 was unchanged over a 24 h period in the absence of H,O,. Compound
16 was assayed against MMP-9 and MMP-12, which showed 1Csq values >1 mM and 18
KM, respectively (Fig. 10). Upon activation by H,O,, producing 1,2-HOPO-2, more than a
100-fold improvement in 1Csq value was observed (i.e. QICsq value of >100).60 These
findings demonstrated an effective, general route to the preparation of ROS-activated
metalloprotein-targeted prodrugs. In addition, by changing the triggering element from a
boronate ester to other cleavable groups, it is anticipated that this approach will be useful for
preparing metalloprotein prodrugs that can be activated by a wide range of biological and
chemical stimuli.

Conclusions

Metalloproteins represent a broad class of high-value medicinal targets. The vast majority of
metalloprotein inhibitors, either under investigation or in clinical use, employ metal-binding
groups for interacting with the active site metal ion. This provides a tremendous opportunity
for bioinorganic chemists to harness their expertise in metal-ligand binding to address
important problems in medicinal chemistry. Herein, we have highlighted just a handful of
new approaches, some of which have originated in our laboratory, that have been applied to
developing new metalloprotein inhibitors. We hope that the work highlighted here and
related efforts will inspire more interactions between the bioinorganic and medicinal
chemistry communities. We believe that such cross- pollination is the key to developing new
ideas, achieving revolutionary breakthroughs, and ultimately producing new metalloprotein-
targeted therapeutics for treating human 5 disease.
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= concentration of inhibitor required to achieve 50% enzyme inhibition).>: 6
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Structure of Vorinostat and a related HDAC inhibitor, Trichostatin A. The donor atoms of
the hydroxamic acid MBG are shown in bold. The 1Csq values shown are against partially
purified HDAC-1 from mouse liver.8: 12
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30YA).17 Inhibitor and metal-binding protein residues are colored by atom. Coordinate
bonds between the inhibitor and active site are shown as dashed bonds.
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Derivatives of compound 3 showing no activity against Fe(ll) EcMetAP1 at a concentration
of 100 M (top).28 Structure of a catechol-based inhibitor 11 bound in the active site of
Mn(11) EcMetAP1 (bottom, PDB: 3D27).28 Inhibitor 11 was found to be selective for the
Fe(Il) form of EcMetAPL. Inhibitor and metal-binding protein residues are colored by atom.
Coordinate bonds between the inhibitor and active site are shown as dashed bonds.
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Structure and 1Csq values of DXR inhibitors.32 Replacement of the reverse hydroxamic acid
group in fosmidomycin with a catechol MBG led to compound 12. Subsequent exploration
of hydrophobic derivatives of 12 led to compound 13, which contains a 1-hydroxypyridin-2-
one MBG. Proposed MBGs are indicated in bold.
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(1) Screening of a chelator fragment library gives a hit, resulting in (2) the synthesis of a
focused sublibrary (fragment growth strategy), which upon (3) screening of the sublibrary

produces a potent lead compound against the Zn(I1)-dependent anthrax LF.42

Dalton Trans. Author manuscript; available in PMC 2013 June 26.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vVd-HIN

Rouffet and Cohen

/\OJK/O AN

N
ogs’NH
Q/ o
RO\ 2/" Zinaui
o} N/'zn\N o inquin
- ) R (ester)
: S0,
Zn(Zinquin), N
ozs’NH
R
QSL-1

Fig. 8.

Page 21

oy
N

\
o,sNH N\Q

0
o\)ko/\

Benzimidazole
Derivatives

H
[ j\ _N
\
0,6 NH N@

R

BISL-1

Structure of Zn(1l) metal ion sensors (top), including the coordination mode of Zinquin
(left). Two focused libraries (QSL = quinoline sulfonamide library; BISL = benzimidazole
sulfonamide library) for inhibiting Zn(I1)-dependent metalloproteins were developed based
on these metal ions sensors (bottom).#3 Proposed MBGs are indicated in bold.
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Fig. 9.

Activation of a glucose-protected MMP inhibitor prodrug.>8 Note the substantial
improvement in ICsq values upon conversion of the prodrug (14) to the active inhibitor (1,2-
HOPO-2).
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Structure of ROS-activated MMP inhibitor prodrugs based on sulfonate ester (top)®° and
boronate ester self-immolative (bottom)& protecting groups.
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List of metalloprotein targets of interest for pharmaceutical development.

Table 1

Metal
Zn2+
Zn2+
Zn2+
Zn2+
Zn2+
Zn2+
Zn2+
Zn2+
Zn2+
Zn2+
Zn2+
Zn2+
Zn2+
Zn2+
Zn2+
Zn2+
Ni2*

N i2+
Mg2*
Fe(heme)
Fe(heme)
Fe2+
Fe2+
Fe2+
Fe?*/Mn2*

Cu2+

Metalloprotein
VanX
TNF-a Converting Enzyme
Methionyl-tRNA-Synthetase
Metallo-B-Lactamases
Matrix Metalloprotease
LpxC
Histone Deacetylase
Hepatitis C Protease
Glyoxalase
Farnesyl Transferase
Carbonic Anhydrase
Botulinum Neurotoxin
Anthrax Lethal Factor
Angiotensin Converting Enzyme
Aggrecanase
Adenosine Deaminase
Urease
Glyoxalase
HIV Integrase
Nitric Oxide Synthase
Cyclooxygenase
Ribonucleotide Reductase
Peptide Deformylase
Lipoxygenase
Methionine Aminopeptidase

Tyrosinase

Indication
Bacterial infection
Cancer
Bacterial infection
Bacterial infection
Cancer, arthritis
Bacterial infection
Cancer
Hepatitis C
Cancer
Cancer, malaria
Glaucoma
Toxin (biodefense)
Toxin (biodefense)
Hypertension
Arthritis
Inflammation
Bacterial infection
Bacterial infection
HIV infection
Inflammation

Inflammation

Cancer, viral infections

Bacterial infection

Inflammation

Cancer, bacterial infection

Cancer
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