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Abstract

Metalloenzymes are central to a wide scope of essential biological activities, including nucleic 

acid modification, protein degradation, and many others. The role of metalloenzymes in these 

processes also makes them central for the progression of many diseases, and as such, makes 

metalloenzymes attractive targets for therapeutic intervention. Increasing awareness of the role 

metalloenzymes play in disease and their importance as a class of targets has amplified interest in 

the development of new strategies to develop inhibitors and ultimately useful drugs. In this review, 

we provide a broad overview of several drug discovery efforts focused on metalloenzymes and 

attempt to map out the current landscape of high-value metalloenzyme targets.

1. Introduction

1.1 Metalloenzymes as Medicinal Targets

Many proteins require metal ions to properly function and as such are referred to as 

metalloproteins. Generally, the role of metal ions in metalloproteins fall into two broad 

categories: structural and functional. Structural metal ions are required for proper folding of 

a protein, with a canonical example being the zinc finger proteins. In zinc finger proteins, 

the Zn2+ ion serves to transform an unstructured polypeptide into a properly folded protein 

domain capable of nucleic acid-protein or protein-protein binding.1 Structural metal ions, via 

their influence on protein assembly, can also serve in a regulatory capacity. Functional metal 

ions are found at the active site of metalloenzymes and carry out a diverse range of 

processes, such as electron transfer, substrate recognition/binding, and catalysis that together 

serve a wide variety of biological functions. For example, the role of metal ions as conduits 

for electron transfer is represented by metalloproteins that utilize well studied Cu centers, 

Fe-S clusters, or Fe-heme (i.e., cytochrome) co-factors.2 In some cases, these redox centers 

can also serve a dual role as catalytic sites.

When the functional metal ion serves to promote catalysis, the metalloprotein can be 

categorized as a metalloenzyme. The ubiquitous roles of metalloenzymes in biology also 

results in metalloenzymes playing central roles in the propagation of many diseases. This 

can be due to the overexpression, enhanced activation, or misregulation of an endogenous 

metalloenzyme. In other cases, such as metallo-beta-lactamases or viral endonucleases, the 

normal, primary function of the metalloenzyme serves to proliferate a pathogenic infection. 

The metalloenzymes involved in the proliferation of human disease are the subject of this 
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review. More specifically, those metalloenzymes that are validated targets, or where the 

biological role of the metalloenzyme supports the case for therapeutic intervention, are of 

greatest interest for the development of metalloenzyme inhibitors. An excellent 2016 review 

by Liao and co-workers3 highlighted a number metalloenzyme targets of interest and the 

state of inhibitor development for these targets. The collection presented here is structured 

similarly, but covers a broader range of potential targets. After a brief discussion of recent 

drug approvals and online resources, the subsequent sections will discuss different 

metalloenzymes (or class of metalloenzymes) as therapeutic targets. Metalloenzyme targets 

are organized by enzyme commission (EC) numbers and for each potential target, the role of 

the metalloenzyme in biology and disease, protein and active site structure, state of inhibitor 

development, and future prospects are discussed. Two metalloenzymes, carbonic anhydrases 

(Section 1.4) and matrix metalloproteinases (Section 1.5), are discussed in concise sections 

prior to the remaining metalloenzyme sections. These two metalloenzymes represent the 

earliest and most comprehensive efforts to develop metalloenzyme inhibitors and are placed 

at the beginning of the review to provide context for the remaining sections. Given the vast 

literature on both targets, the sections on carbonic anhydrases and matrix metalloproteinases 

are rather short, with many excellent reviews are available elsewhere. Given the large 

number of potential targets, this review is not intended to be comprehensive, but does 

attempt to show the breadth, current state, and value of the field. This review is largely 

focused on the primary published literature, with fewer examples taken from the patent 

literature. Metalloproteins where metal ions serve a structural or other non-catalytic role will 

not be discussed in this review; however, these metalloproteins may also be viable 

therapeutic targets and the reader is referred to other publications on this subject.4,5

1.2 Scope of Metalloenzyme Targets

An early review by Solomon in 1996 stated 52% of all proteins in the Protein Data Bank 

(Section 1.3) included a metal ion.6 A 2008 study using the Metal MACiE database (Section 

1.3), suggested ~40% of enzymes with known structures were metal-dependent.7 Another 

review by Robinson in 2009 states that nearly half of all enzymes require a metal ion for 

proper function.8 Collectively, the literature suggests that number of enzymes that can be 

categorized as metalloenzymes is between ~40–50%.

The majority of metalloenzyme inhibitors are small molecules (i.e., not biologics), and 

hence only small molecule inhibitors will be discussed in this review. The vast majority of 

FDA-approved drugs that target metalloenzymes are reported to act via coordination of the 

inhibitor to the catalytic active site metal ion. This is true for inhibitors that have been 

reported from both academic and pharmaceutical laboratories, including those that have not 

entered clinical trials. The term metal-binding pharmacophore (MBP, also often referred to 

as a metal-binding group, MBG, in the literature) will be used to refer to the functional 

group in a metalloenzyme inhibitor responsible for binding the active site metal ion. Apart 

from some deliberate efforts, particularly in the realm of matrix metalloproteinases (Section 

1.5), to develop non-coordinating inhibitors, metalloenzyme drug development has been 

focused on compounds that form dative (i.e., coordinate) bonds to the catalytic metal center. 

As such, the development of MBP-containing inhibitors will be the emphasis of this review.
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An examination of FDA-approved drugs over the last five years (2013–2017, Table 1) shows 

that 181 drugs received FDA approval, of which 137 are new molecular entities (NMEs) and 

44 are biologics license applications (BLAs). Interestingly, of the 137 NMEs, 13 target 

metalloenzymes, representing ~7% of the FDA-approved drugs in the last five years (Figure 

1). An additional 17 NMEs of the last five years are kinase inhibitors, which contain Mg2+ 

ions that act as a co-substrate with ATP, but these inhibitors, like other reported kinase 

inhibitors, do not engage in Mg2+ binding.9,10 With kinase inhibitors representing >9% of 

the 181 drugs approved by the FDA in the last five years, perhaps there should be more 

efforts to develop metal binding inhibitors against these high-value targets.

The 13 NMEs (Figure 1) target six different metalloenzyme classes, including HIV-1 

integrase (Section 5.1), histone deacetylase (Section 7.3), phosphodiesterase 4 (Section 5.4), 

tryptophan hydroxylase,21 and heme proteins (Section 10). Two NMEs were approved as 

histone deacetylase inhibitors and another two as HIV-1 integrase inhibitors, all four of 

which possess prominent MBPs for binding the active site metal ions in these targets. The 

two NMEs targeting histone deacetylases, belinostat and panobinostat,14,16 feature the 

ubiquitous, bidentate hydroxamic acid MBP. In contrast, the HIV-1 integrase inhibitors 

dolutegravir and elvitegravir have more complex and diverse MBPs; however, both use a 

triad of donor atoms to bind the dinuclear active site of HIV-1 integrase (Section 5.1). One 

of the HIV-1 integrase inhibitors, elvitegravir, achieved earlier FDA-approval in 2012 as a 

component of the drug Stribild, a combination therapy consisting of elvitegravir, cobicistat 

(cytochrome P450 inhibitor), and tenofovir disoproxil (reverse transcriptase inhibitors), and 

emtricitabine (reverse transcriptase inhibitors).22 In 2015, elvitegravir was again approved 

by the FDA as an active ingredient in the combination drug Genvoya. Two 

phosphodiesterase 4 inhibitors gained FDA-approval, apremilast and crisaborole, the latter 

of which has been confirmed as metal-binding (Section 5.4). Crisaborole, which features a 

boronic acid MBP, is the first and only metal-binding inhibitor of phosphodiesterase 4 to 

receive FDA approval to date.

Telotristat ethyl is a new FDA-approved tryptophan hydroxylase (TPH) inhibitor for the 

treatment of carcinoid syndrome diarrhea. TPH is a non-heme Fe metalloenzyme that 

hydroxylates tryptophan to 5-hydroxytryptophan. Both in vivo and in vitro, telotristat ethyl 

is hydrolyzed from an ethyl ester to a carboxylic acid, called telotristat.23 There is no crystal 

structure of telotristat bound to TPH, but this molecule is not anticipated to utilize metal 

binding as it lacks any obvious MBP.24 Nearly all inhibitors developed for TPH are not 

metal binding, with a few exceptional catechol compounds that chelate to the Fe ion;25 

however, to the best of our knowledge, no metal binding TPH inhibitors have progressed to 

clinical trials.

In the last five years, six NMEs targeting heme proteins have emerged. Of these, four 

contain an imidazole, triazole, or thiazole ring where a nitrogen atom likely coordinates to 

the active site heme center. Three of these (Efinaconazole, Isavuconzale, Luliconazole) are 

antifungals that target lanosterol 14α-demethylase.3 The fourth (Ritonavir) is a component 

of a drug whose other active ingredients inhibit hepatitis C virus proteins. Ritonavir targets 

cytochrome P4503A4 and is used to increase exposure of the hepatitis C virus inhibitors. A 

crystal structure of Ritonavir bound to cytochrome P4503A4 shows the nitrogen atom of the 
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thiazole ring in Ritonavir coordinating to the heme group.26 Riociguat also targets a heme 

enzyme, soluble guanylate cyclase (sGC), to treat pulmonary hypertension, but does not 

utilize metal binding. Riociguat is a stimulator (not an inhibitor) of sGC and is expected to 

synergize with the substrate NO.27 The mechanism of action of miltefosine (a cytochrome c 

oxidase inhibitor and anti-leishmanial agent) is unknown, but it has no obvious MBPs and 

structures with this miltefosine and its target are not available.14

In the last five years, nine NMEs targeting one or more of three essential proteins involved 

in RNA replication of hepatitis C virus (HCV) have gained FDA approval. These nine 

NMEs include inhibitors of NS5B, NS5A, and/or NS3/4A, all of which contain structural 

metal centers. NS5B is an RNA dependent RNA polymerase that contains an Mg2+-

nucleotide binding site. NS5A is a dimeric protein in which each dimer contains a structural 

Zn2+ ion bound by four cysteine residues.28 NS3/4A is a serine protease that contains a 

structural Zn2+ ion coordinated by three cysteine residues as well as a histidine residue 

through a water bridge.29

Beyond the last five years of FDA drug approvals (Table 1), two recent studies provide 

useful information on the number of metal binding metalloenzyme inhibitors for all FDA-

approved drugs. One of these studies identified ~1,453 NMEs as of December 31, 2013, 

with this number including drugs no longer marketed.30 The second study by Liao and 

coworkers identified 60 metal binding metalloenzyme inhibitors up through its date of 

publication in 2016.3 Taking data from these two studies and combining them with the 

analysis of FDA-approved drugs in the last five years, as well as the targets in this review, it 

can be estimated that as of December 31, 2017 that ~1,565 NMEs have received FDA 

approval. Of the ~1,565 NMEs, ~62 (~4%) target metalloenzymes and utilize metal binding 

(Table 2). This analysis is based on the 2016 review by Liao, which lists 60 FDA-approved 

drugs are metalloenzyme inhibitors.3 This figure was updated to 62 FDA-approved 

metalloenzyme inhibitors based on recent FDA approvals since the publication of the review 

by Liao. These ~62 drugs do not target 62 distinct metalloenzymes; rather, these inhibitors 

only target a small sampling of metalloenzyme classes (Table 2). Considering there are 

>1500 FDA-approved drugs (both NMEs and BLAs), with only ~62 drugs targeted to 

metalloenzymes, this indicates that <4% of drugs engage metalloenzymes and that the 

metalloenzyme target space is vastly underexploited. Despite their ubiquity, the number of 

metalloenzymes that are the validated targets of FDA-approved therapeutics is relatively 

small, representing a vast and underexploited target space.31,32

Despite the overwhelming majority of metalloenzyme inhibitors utilizing coordinate bonds 

between the inhibitor and the active site metal center as a key interaction, the scope of 

functional groups used in inhibitors to form these important interactions is surprisingly 

small. A review of matrix metalloproteinase (MMP) inhibitors from 1999 by Whittaker 

provided a comprehensive report on the scope of compounds that had been explored up to 

that time.33 Although substantial chemical diversity could be found among the MMP 

inhibitors reported, nearly all of the compounds relied on a hydroxamic acid as the 

functional group (i.e., MBP) to bind to the Zn2+ ion in the MMP active site.33 The 

disproportionate utilization of the hydroxamic acid MBP for use in MMP inhibitors likely 

originates from earlier studies that utilized hydroxamic acid functionalized resins to purify 
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MMP proteins from cells.33 Despite this innocuous origin, the hydroxamic acid evolved into 

the ‘go-to’ MBP for many future (and present) drug discovery efforts against 

metalloenzymes. Inhibitors that utilize hydroxamic acid MBPs are pervasive in 

metalloenzyme drug discovery programs, including MMPs, histone deacetylases, and many 

others. The nearly universal use of the hydroxamic acid MBP in metalloenzyme drug 

development will be highlighted in the enzyme sections below. Beyond hydroxamic acids, 

the scope of MBPs explored for metalloenzyme inhibition is rather limited, but will be 

highlighted throughout this review.

1.3 Database Resources

There are several online resources and databases for fragment- and structure-based drug 

discovery. Among them, the PDB, BRENDA, MetLigDB, CCDC, and others have 

information that is useful for identifying and examining metalloenzyme inhibitors. The 

Protein Data Bank (PDB, https://www.rcsb.org) is a comprehensive repository of 

macromolecules, currently containing >137,000 biomolecule structures, and it is particularly 

useful for querying structures for specific proteins and ligands.34 The PDB is a 

tremendously valuable resource; however, a shortcoming of the PDB in the context of 

metalloenzyme inhibitors is its limited search parameters specific to metalloproteins and 

metal-bound ligands. To overcome this limitation, the European Bioinformatics Institute 

(EMBL-EBI) developed PDBeMotif (http://www.ebi.ac.uk/pdbe-site/pdbemotif/), which is a 

database derived from the PDB that can be queried by ligand, binding sites, and small 3D 

structural and sequence motifs, including the ability to search by coordination geometry of 

metal ions in the protein structure.35 PDBeMotif has not been updated since October 2015; 

however, users can still upload their own protein structures to PDBeMotif for structural 

analysis and annotation.

The BRaunschweig ENzyme DAtabase (BRENDA, https://www.brenda-enzymes.org) is an 

online resource that contains comprehensive enzyme information on ~83,000 enzymes, 

including ~206,000 enzyme ligands.36 The database is regularly updated via manually 

extracting information from the primary literature and using text mining procedures as well 

as integration of external data and prediction algorithms.36 This results in a database of 

comprehensive enzyme information, including (but not limited to) substrates and products, 

inhibitors, cofactors, metal ions, Ki and IC50 values of inhibitors, and enzyme structures. 

Users can search the database using text- and structure-based queries, as well explore the 

database by enzyme classification, metabolic pathways, protein folding, and more. While 

BRENDA offers invaluable information on enzymes, it suffers the same limitations as the 

PDB in the context of metalloenzyme inhibitors: both have limited ability to query databases 

with parameters exclusive to metalloenzymes.

To this end, other databases have been created that exclusively catalogue metalloproteins. 

These include the Metalloprotein Ligand Interaction Database (MetLigDB, http://

silver.sejong.ac.kr/MetLigDB/home.html), the Metal Mechanism, Annotation and 

Classification in Enzymes (Metal MACiE), the Prosthetic Centers and Metal Ions in Protein 

Active Sites (PROMISE) database, and the Metalloprotein Database (MDB).37–40 The Metal 

MACiE, PROMISE, and MDB have apparently been discontinued and their websites are no 
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longer accessible; however, MetLigDB, created in 2011 at Sejong University, is still 

accessible. MetLigDB was constructed with the goal of aiding in the design of new 

metalloenzyme inhibitors. It contains over 400 different PDB structures for ~200 different 

small molecule ligands and 250 different metalloenzymes. Users may view the entire list of 

structures and can organize them according to MBP, by metal ion, by function, or by EC 

number. After selecting a specific entry, a results page provides basic information on the 

protein, as well as interactive structures of the metal-ligand coordination and overall protein. 

The information on each entry in MetLigDB is limited and the literature references are not 

complete, but more information can be obtained by searching the PDB using the PDB code 

provided for each entry. A current examination found that MetLigDB does not include 

structures of some recent FDA-approved drugs, suggeting the database has not been updated 

for several years. Despite these limitations, MetLigDB is a useful resource for its ability to 

organize search results according to MBP and metal ion, which lends itself to assisting in the 

development of new metalloenzyme inhibitors as the creators intended.

In the development of new MBPs, it can be useful to examine their metal coordination 

modes in small molecule crystal structures prior to using these fragments in screening 

campaigns with proteins. The Cambridge Structural Database (CSD) from the Cambridge 

Crystallographic Data Centre (CCDC, https://www.ccdc.cam.ac.uk) is a comprehensive 

repository of small molecule structures. This database may be useful for querying MBP 

motifs to identify their coordination modes and geometry in small molecule structures. This 

database does not include information on protein structures.

Overall, the PDB and BRENDA are comprehensive and up-to-date databases of biomolecule 

structures and enzyme information. As such, they serve as useful starting points for 

surveying structures of and information on metalloenzymes and ligands. More specific 

information on metal-ligand coordination environments and properties may be gained from 

MetLigDB; however, this resource is not up-to-date. Finally, the CCDC may be useful for 

examining the metal coordination mode of MBPs prior to screening potential against 

metalloenzyme targets.

1.4 Carbonic Anhydrase (CA, EC 4.2.1.1)

Function in Biology and Disease.—Carbonic anhydrases (CAs) were the first Zn2+-

dependent metalloenzymes characterized. CAs catalyze the reversible hydration of carbon 

dioxide to form the bicarbonate anion. This reaction is important for a number of biological 

processes, including regulation of blood pH and CO2 content. Being the oldest known Zn2+-

dependent metalloenzyme, inhibitors of CAs have long been studied for uses as diverse as 

diuretics and anticancer agents. The most widespread use of CA inhibitors is in the treatment 

of glaucoma, with ~20 FDA-approved CA inhibitors reported to date. A 2009 book, co-

edited and co-authored by C.T. Supuran (one of the leading investigators of CA inhibitors), 

extensively reviews CAs and the development of CA inhibitors, as well as several other 

Zn2+-dependent metalloenzymes. The reader is referred to this excellent resource for 

additional details.41
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Active Site Structure.—CAs are found in a broad range of organisms, with those found 

in mammals (~16 in total) being of the α-CA form.41 As a canonical example, human 

carbonic anhydrase II (hCAII) is a monomeric metalloenzyme ~29 kDa in size. The core of 

the protein is a twisted β-sheet dividing the protein approximately in half (Figure 2). The 

active site of the metalloenzyme is comprised of two halves, with a hydrophobic wall on one 

side and an ordered water network on the other. The active site of hCAII contains a catalytic 

Zn2+ ion at the bottom of an ~15 Å deep cleft, where the metal ion is bound by three His 

residues and a water molecule in a tetrahedral geometry (Figure 2).42 The metal-bound 

water is also stabilized by a hydrogen bond to a neighboring residue (Thr199), which is 

important for the catalytic activity of the enzyme.

Inhibitor Development.—An incredibly diverse range of compounds have been identified 

as CA inhibitors (Figure 3). That stated, the most active, and clinically successful CA 

inhibitors have relied on a highly privileged sulfonamide MBP scaffold. Sulfonamide-based 

inhibitors, and their isosteres (e.g., sulfamates, sulfamides), have a very high affinity for CA 

binding. The mode of binding of sulfonamide MBP inhibitors is exemplified by FDA-

approved acetazolamide (Figure 3) bound to human carbonic anhydrase 2 (hCAII, Figure 4).
43 Acetazolamide displaces the metal-bound water molecule and binds to the Zn2+ ion via 

the deprotonated nitrogen atom of the sulfonamide MBP. This mode of coordination 

maintains the active site metal ion in a 4-coordinate, tetrahedral geometry. Importantly, the 

nitrogen and oxygen atoms of the sulfonamide engage in strong, bipartite hydrogen bonding 

with the nearby Thr199 residue (Figure 4). The combination of strong ligation by the anionic 

nitrogen donor atom and stabilization by an array of hydrogen bonding interactions has 

made sulfonamides the dominant, privileged MBP scaffold for CA inhibitors. Interesting, 

unlike hydroxamic acids, which are the dominant MBP used in inhibitors of MMPs (Section 

1.5) and many other metalloenzymes, sulfonamides are generally not active against 

metalloenzymes other than CAs and have not been widely employed as MBPs beyond CAs. 

Considering that sulfonamide inhibitors of CAs predate hydroxamic acid inhibitors of 

MMPs, it is the unique selectivity of the sulfonamide-CA interaction that likely prevented 

this MBP from becoming more widespread, as became the case with hydroxamic acid 

compounds.

The unique and highly complementary interaction of sulfonamides and CA can be further 

illustrated by examining the mode of binding of acetohydroxamic acid, a simple hydroxamic 

acid MBP fragment (Figure 3). Hydroxamic acids, as shown throughout this review (Section 

1.5), typically bind to metalloenzyme active sites in a bidentate, chelating mode using the 

two oxygen atoms of the hydroxamic acid MBP. However, when bound to CA, 

acetohydroxamic acid adopts a highly unusual monodentate mode of binding, whereby 

coordination to the Zn2+ ion occurs via the deprotonated nitrogen atom of the hydroxamate 

MBP (Figure 4).44 This odd mode of hydroxamic acid binding becomes more readily 

explained by the extensive hydrogen bonding interactions acetohydroxamic acid engages in 

with Thr199. The hydrogen bonding within the tight CA active site drives the unusual 

coordination mode of acetohydroxamic acid, such that this fragment binds in a manner that 

reflects that of the preferred sulfonamide MBPs.
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Current and Future Prospects.—With more than a dozen CA inhibitors in clinical use 

today, it is clear that CA is a viable and valuable target. Despite studies into many different 

uses of CA inhibitors, their most common clinical use is for glaucoma. Most CA inhibitors, 

being dependent on the sulfonamide MBP, are not particularly isozyme selective, but rather 

broad spectrum CA inhibitors. The discovery of new CA inhibitors is generally focused on 

improved isoform selectivity that might prove valuable for a wider range of indications.45 

Some CA isoforms, specifically hCAIX and hCAXII, have become more prominent targets 

due to their role in cancer and tumor survival. To this end, Phase I clinical trials 

(NCT02215850) have been successful with a sulfonamide compound (SLC-0111) in patients 

with solid tumors. Phase II clinical trials (NCT03450018) are slated to begin in 2018 for 

subjects who test positive for hCAIX in metastatic pancreatic ductal cancer. Other scaffolds 

have been examined as isoform selective CA inhibitors, although nothing has progressed 

into the clinic as far as those that possess the sulfonamide MBP. Interestingly, the unique fit 

of the sulfonamide MBP for the CA active site prevented its wide dissemination and 

adoption among metalloenzyme drug discovery efforts. Rather, the use of hydroxamic acids 

in MMP inhibitors became the ‘go-to’ MBP for many metalloenzyme programs, becoming a 

key factor in the progression (and sometimes lack thereof) of the field of metalloenzyme 

inhibition.

1.5 Matrix Metalloproteinase (MMP, EC 3.4.24)

Function in Biology and Disease.—Matrix metalloproteinases (MMPs) are a class of 

hydrolytic Zn2+-dependent metalloenzymes that serve, in large part, to breakdown and 

restructure the extracellular matrix (e.g., collagen) during processes such as embryogenesis 

and wound healing. Greater than 20 MMPs are known in humans and extensive reviews of 

the biological role of MMPs have been published elsewhere.46 Their role in tissue 

restructuring processes inspired the development of MMP inhibitors that could serve as 

agents for treating diseases where restructuring has gone awry, such as arthritis. MMP 

inhibitors were also extensively explored as anticancer agents, because of the role of MMPs 

in tumor metastasis and angiogenesis. Extensive reviews on the development of MMP 

inhibitors are available.33,47 Indeed, the search for MMP inhibitors represents the among the 

most exhaustive and extensive efforts to develop metalloenzyme inhibitors, and ‘set the 

stage’ for many metalloenzyme drug discovery efforts that followed.

Active Site Structure.—MMPs have a somewhat complex and multidomain protein 

structure, the details of which can be found elsewhere.33 The catalytic domain of MMPs 

consists of ~165 residues with a β-sheet wrapped around several α-helices to give an overall 

spherical shape to the domain (Figure 5). The protein contains two Zn2+ ions (one structural 

and one catalytic) and several structural Ca2+ ions. The catalytic Zn2+ ion is identifiable by 

the binding motif HEXXHXXGXXH, which contains three His residues that bind the 

catalytic Zn2+ ion. The Zn2+ ion is bound in a 6-coordinate, octahedral geometry by the 

three His ligands and three water molecules (Figure 5). The water molecules are activated by 

coordination to the Lewis acidic Zn2+ ion and serves as a nucleophile for amide bond 

cleavage in the mechanism of MMP peptide hydrolysis. One of the Zn2+-bound water 

molecules is hydrogen-bonded to a conserved Glu residue that serves to stabilize the 

nucleophile and serve as a general acid/base. MMPs are expressed as zymogens, self-
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inactivated enzymes, where a prodomain blocks catalytic activity. MMPs are activated by 

cleavage of this prodomain to produce the active MMP enzyme. Importantly, the MMP 

prodomain blocks the catalytic site, in part, by displacement of the Zn2+-bound water 

molecules and direct coordination of a Cys thiolate residue (Figure 5). This highlights the 

importance the use of metal ion coordination, even by Nature, for the inhibition of this 

metalloenzyme.

Inhibitor Development.—The development of MMP inhibitors is the canonical example 

of a metalloenzyme drug discovery program. During the 1990s, several major 

pharmaceutical companies had a substantial program on MMP inhibitors.33 The influence 

these programs would have on the chemistry and general attitudes toward metalloenzyme 

drug discovery has persisted until the present day. There are exhaustive reviews on MMP 

inhibitors,47 so only some representative highlights will be discussed here.

MMP inhibitors, like many other metalloenzyme inhibitors can be coarsely divided into two 

components: the MBP and the so-called ‘backbone’ (Figure 6). Among the reported MMP 

inhibitors, a rich chemical diversity of backbone substituents can be found, as efforts were 

made to obtain ever more potent and selective compounds.33,47 As mentioned earlier, the 

development of MMP inhibitors was largely, although not entirely, dominated by 

hydroxamic acid MBPs. Simple hydroxamic acids have a rather low affinity for the MMP 

Zn2+ ion;48 nonetheless, thousands of hydroxamic acid MMP inhibitors were reported and a 

number entered clinical trials, the first of which was batimastat (Figure 6), which began 

Phase I trials in 1994, proceeded to Phase III trials, but never achieved clinical approval.49 

As shown in Figure 7, structural studies revealed that batimastat, like other hydroxamic acid 

MMP inhibitors, binds to the active site Zn2+ ion in a chelating, bidentate fashion using the 

two oxygen donor atoms from the MBP. This changes the coordination number (from 6 to 5) 

and geometry of the Zn2+ ion, when compared to the free form of the enzyme (Figure 5). 

Binding of the inhibitor to the Zn2+ ion displaces the metal-bound waters, occludes the 

active site, and thereby stops catalytic activity. Interestingly, the binding of batimastat and 

other hydroxamic acid MMP inhibitors shows a notable resemblance of MMP inhibition by 

tissue inhibitors of matrix metalloproteinases (TIMPs).50 The four TIMPs (TIMP1-4, 

~25kDa) are endogenous inhibitors of MMPs that regulate their activity by binding to the 

Zn2+ active site using the terminal amino acid (Cys1) as a bidentate O,N-donor ligand (the 

Cys thiol is part of a disulfide in TIMPs, Figure 7).51 The determination that TIMPs also 

utilize direct metal coordination as a key interaction for inhibition of MMPs further 

highlights the importance of metal binding in the development of MMP inhibitors and 

metalloenzyme inhibitors more broadly. Beyond hydroxamic acids, a relatively limited 

number of other MBPs were explored in the development of MMP inhibitors (e.g., 

pyrimidine triones, MMPi-1, Figure 6). Unconventional approaches were also pursued in the 

development of MMP inhibitors, including ‘reactive’ thirane MBPs (MMPi-2)52 and 

inhibitors that lacked a MBP moiety altogether (MMPi-3).53 Ultimately, despite the reliance 

on the low affinity hydroxamic acid MBP, MMP inhibitors achieved a very high level of 

activity (with IC50 values commonly <10 nM) and selectivity (even with respect to different 

MMP isoforms). In addition, many important drug discovery methods, including fragment-

based drug discovery (FBDD) and structure-activity relationships by nuclear magnetic 
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resonance (SAR-by-NMR),54,55 were applied early on to MMP inhibitor discovery. Despite 

these efforts, only one MMP inhibitor (doxycycline, Figure 6) has been approved by the 

FDA for use in periodontal disease; however, this inhibitor is not a novel compound, but 

rather a repurposed antibiotic.

Current and Future Prospects.—After several intense decades of MMP drug discovery, 

today few, if any, efforts to discover and develop clinically useful MMP inhibitors are 

underway.47 The cessation of these programs can be directly attributed the many potent and 

selective MMP inhibitors that ultimately failed in clinical trials. Many clinical trials reported 

a lack of efficacy or dose-limiting side effects that often manifest as muscloskeletal pain 

(i.e., tendinitis, which is consistent with the biological role of MMPs).46 Originally thought 

to be primarily involved in tissue restructuring, subsequent studies have revealed that the 

biological role of MMPs is complex and multifaceted. A recent article by Murphy nicely 

summarizes what she refers to as the MMP ‘roller coaster’.46 As MMP inhibitors began to 

fail in clinical trials, it became apparent that the activity of MMPs went far beyond tissue 

restructuring, and included effects on cytokines and chemokines that had diverse roles 

including immunity, inflammation, and other processes. The lack of appreciation for these 

other MMP roles, combined with potential shortcomings of the available clinical trial 

protocols, ultimately resulted in a relatively abrupt abandonment of this target class. 

Ultimately, the legacy of MMP inhibitor development are the chemical design principles 

behind MMP inhibitors. On the positive side, these vast efforts established the ability to 

design highly selective and active inhibitors against a metalloenzyme target, rich structure-

activity relationships (SARs), and one of the most comprehensive resources (both 

intellectually and chemically) on the inhibition of a metalloenzyme. Vast libraries of 

hydroxamic acid based MMP inhibitors were developed that were later applied to other 

metalloenzyme targets of interest. On the negative side, the over-reliance on the hydroxamic 

acid MBP and clinical failing of MMP inhibitors left lingering questions about the feasibility 

of metalloenzyme inhibition for many decades.

2. Reductoisomerases

2.1 Human Alcohol Dehydrogenase (ADH, EC 1.1.1.1)

Function in Biology and Disease.—Human alcohol dehydrogenase (ADH) is primarily 

found in the liver, and plays a critical role as the first step of ethanol metabolism.56 ADH is 

not to be confused with aldehyde dehydrogenase, which uses the same abbreviation and is 

also involved in ethanol metabolism. ADH is a Zn2+-dependent metalloenzyme that oxidizes 

ethanol to acetaldehyde,57 which is the causative agent of hangover symptoms after the 

consumption of alcohol.58 ADH is able to act on other alcohol substrates, leading to toxic 

and potentially deadly metabolites; for example, ADH oxidizes methanol to formaldehyde, 

and initates the oxidation of ethylene glycol to glycolic and oxalic acids.59 Efforts to develop 

ADH inhibitors to treat methanol and ethylene glycol poisoning have led to the development 

of a FDA-approved metalloenzyme inhibitor that acts by directly binding to catalytic Zn2+ 

ion.60
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The mechanism of ADH oxidation is proposed to start with binding of coenzyme NAD+ 

followed by binding of the alcohol substrate to the catalytic Zn2+ ion through the oxygen 

atom of the alchohol, which displaces a native Zn2+-bound water. Alcohol deprotonation 

then occurs, which triggers an electron cascade resulting in generation of the aldehyde, as 

well as a hydride transfer to NAD+, forming NADH. Then both the product aldehyde and 

NADH dissociate from the active site, and the cycle starts anew.61

Protein and Active Site Structure.—ADH is a NAD+-dependent, Zn2+-dependent 

homodimeric metalloenzyme with each subunit containing both a structural and a catalytic 

Zn2+ site. The majority of the active site is occupied by the NAD+ cofactor, so that the 

available area for substrates to bind is rather small at ~7–10 Å wide and 15 Å deep.62 The 

catalytic Zn2+ ion is located at the bottom of this active site pocket, and is coordinated by 

Cys46, His67, Cys174, and a water/hydroxyl ligand in a tetrahedral coordination geometry 

(Figure 8).63 The structural Zn2+ site is coordinated by four Cys residues in a tetrahedral 

geometry.56

Inhibitor Development.—Efforts to develop inhibitors against ADH have been limited 

because unlike inhibition of aldehyde dehydrogenase, inhibition of alcohol dehydrogenase is 

not useful in managing alcoholism. ADH inhibition prolongs the half-life of ethanol and can 

lead to elevated levels of ethanol after alcoholic drink consumption.64 However, in terms of 

preventing methanol and ethylene glycol poisoning, the development of ADH inhibitors has 

been successful, and has led to the FDA-approved therapeutic 4-methylpyrazole, which is 

commercially known as Fomepizole (Figure 9).65

Early inhibitor development began with a kinetic study of horse liver ADH, where imidazole 

was identified as a weak inhibitor due to its ability to coordinate Zn2+.66 Follow-up work on 

imidazole derivatives capable of monodentate coordination lead to the discovery of the 

pyrazole scaffold as a potent inhibitor of horse liver ADH with an IC50 value of 0.2 μM 

(Figure 9). Other imidazole isosteres, including pyridine, pyrazine, triazole, tetrazole, and 

pyrazolone were explored, but none of these scaffolds had comparable activity to pyrazole 

(Table 3).

Further derivatization of the pyrazole scaffold showed that methyl substitution (ADHi-6, 

ADHi-7, Figure 9) is not tolerated and sharply curtails inhibitory activity (Table 3). 

However, 4-methylpyrazole, which is the only FDA-approved ADH inhibitor, gives a 

substantial improvement in binding over pyrazole, with an IC50 value of 80 nM. A 

preference for substitution at the 4-position holds true for halogen derivatives such as 4-

bromopyrazole and 4-iodopyrazole as well, which both have an IC50 value of ~20 nM. These 

4-derivatized pyrazole inhibitors have a slightly lower activity against human ADH when 

compared to horse liver ADH, but still show excellent inhibition with Ki values of 210 nM, 

290 nM, and 120 nM for 4-methylpyrazole, 4-bromopyrazole, and 4-iodopyrazole, 

respectively.67 The halogen compounds 4-bromopyrazole and 4-iodopyrazole were found to 

produce toxicity in animals, but 4-methylpyrazole (Fomepizole) attained FDA approval in 

1997 as a treatment for methanol and ethylene glycol poisioning.65
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There is no crystal structure reported of 4-methylpyrazole bound to the active site of human 

ADH. However, 4-iodopyrazole has been crystallized with various isoforms of human ADH 

(Figure 10)69 and binds in the expected manner with a single nitrogen atom coordinating to 

the catalytic Zn2+ ion.70 It has been inferred that 4-methylpyrazol binds in an identical 

fashion to 4-iodopyazole.

There are different isoforms of human ADH with slight variations within the active site.71,72 

4-Methylpyrazole has been shown to inhibit all of these isoforms, with Ki values typically 

ranging from 0.1 – 2.1 μM.71 For the purpose of developing inhibitors capable of isoform-

specific inhibition of ADH, a series of formamide-based transition state mimetics of ADH 

have been developed (Figure 9, Table 4).73 These compounds were not intended to replace 

4-methylpyrazpole as a treatment for methanol poisoning, but to act as a tool for studying 

the metabolic effects of selectively inhibiting the different ADH isoenzymes. By maintaining 

the formamide warhead to bind the Zn2+ ion and varying the capping group, inhibitors were 

identified that could distinguish between different human ADH isoenzymes (Table 4). 

Crystallographic studies confirmed that these formamide-based inhibitors bind by 

coordinating to the catalytic Zn2+ ion through the aldehyde warhead (Figure 10).74

Current and Future Prospects.—At present, there is little need for the development of 

additional ADH inhibitors, as ADH is not known to be relevant to any disease state outside 

of incidental methanol and ethylene glycol poisonings and 4-methylpyrazole is FDA 

approved for these incidents. However, the history of the development of 4-methylpyrazole 

as an ADH inhibitor is a useful example of the utility of metalloenzyme inhibitors. The 

development of 4-methylpyrazole itself is an example of even a simple MBP serving as a 

therapeutic, identified from imidazole, then utilizing small substituents to modulate and 

improve affinity, and finally simple derivatization to obtain the needed efficacy and low 

toxicity.65,75 Overall, ADH inhibition by 4-methylpyrazole, which is essentially a standalone 

MBP core scaffold, highlights the validity and utility of inhibiting metalloenzymes using 

metal-binding compounds.

2.2 1-Deoxy-D-xylulose 5-Phosphate Reductoisomerase (DXR, DOXP Reductoisomerase, 
EC 1.1.1.267)

Function in Biology and Disease.—Malaria is an infection caused by the P. falciparum 
parasite. The parasite resides and reproduces in the red blood cells, and the produced 

chemical waste builds up in the blood stream, leading to symptoms such as diarrhea, fever, 

vomiting, and death.76 In 2016, the World Health Organization reported a staggering 216 

million cases of malaria worldwide (with almost half a million related deaths), mainly 

effecting people residing in Africa and Southeast Asia.77 P. falciparum has become highly 

resistant to many conventional antimalarial drugs, including amodiaquine, sulphadoxine-

pyrimethamine, and chloroquine, creating a need for new treatments for malaria.78

A target of interest for treating malaria includes inhibiting the non-mevalonate pathway 

(NMP) for isoprenoid biosynthesis (Figure 11). This essential pathway is used by the vast 

majority of bacteria and apicomplexan protozoa for the conversion of pyruvate and 

glyceraldehyde-3-phosphate (G3P) into isopentenyl pyrophosphate (IPP) and dimethylallyl 
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pyrophosphate (DMAPP). IPP and DMAPP are two precursors for the biosynthesis of 

>35,000 isoprenoids, which are important for protein degradation, cell membrane 

maintenance, glycoprotein biosynthesis, hormone-based signaling, protein anchoring, N-

glycosylation, and other processes.79–81 Importantly, the NMP pathway is not present in 

humans,78 making it an attractive antimalarial (P. falciparum) and antibacterial (M. 
tuberculosis, E. coli) target. Knockout studies show the enzyme required for the second step 

of the NEP pathway, 1-deoxyxylulose-5-phosphate reductoisomerase (DXR or DOXP 

Reductoisomerase), is essential for isoprenoid biosynthesis making it a viable target.82–85

Protein and Active Site Structure.—DXR catalyzes the isomerization of 1-deoxy-D-

xylulose 5-phosphate (DOXP) to 2-C-methyl-D-erythritol 4-phosphate (MEP) utilizing 

NADPH and a divalent cation, either Mg2+or Mn2+, as cofactors.78,79,85,86 It is not clear 

which cation is found in native DXR, as studies have shown that Mn2+ results in higher 

enzymatic activity and increased enzyme stability, but Mg2+ may be the relevant cation due 

to its greater abundance in vivo.78,87 Due to interest in DXR as both an antibacterial and 

antimalarial target, inhibitor development and crystallographic structural studies have been 

performed on DXR derived from various sources (P. falciparum DXR, PfDXR; M. 
tuberculosis DXR, MtDXR; E. coli DXR, EcDXR); however, the overall protein structure 

and catalytic mechanism of DXR are similar across different organisms78,79,88–93 and 

PfDXR will be used as a representative case study here.

The structure of PfDXR with Mn2+ and NADPH bound reveals two subunits of an 

asymmetric unit forming a homodimer (each monomer containing 488 residues, MW ~47 

kDa).78 The monomer has two large domains separated by a cleft containing a deep pocket, 

a linker region, and a C-terminal domain (Figure 12).78 The larger domain (residues 77–230) 

is responsible for NADPH binding, while the smaller domain (residues 231–369) and linker 

region is the site of catalytic activity. The divalent ion is ligated by the side chains of 

Asp231, Glu233, and Glu315, and three water molecules in an octahedral coordination 

geometry (Figure 12).78 Residues Glu233 and Glu315 are further stabilized by the side chain 

of Lys312 with the mobile hydrophobic loop in an open loop confirmation. Comparison of 

inhibitor-free with inhibitor-bound DXR reveals a loop close confirmation in the ladder, 

suggesting the mobile loops function as a gate keeper and undergoes an induced fit upon 

substrate/inhibitor binding.78,92 In depth mechanistic and protein structure information is 

detailed elsewhere.79

Inhibitor Development.—In 1980, it was discovered that fosmidomycin, a natural 

product found in Streptomyces lavendulae culture containing a hydroxamic acid MBP, and 

its formyl derivative (FR900098) inhibited EcDXR with an IC50 value between 8.2 nM – 30 

nM (Figure 13).94,95 Follow-up studies found that both inhibitors were also potent against 

PfDXR (IC50 = 90 – 370 nM), suppressed the growth of multidrug-resistant P. falciparum 
bacteria in vitro, and rescued infected mice in vivo.96 The structure of PfDXR complexed 

with fosmidomycin and NADPH reveals the hydroxamic acid MBP displacing the bound 

water molecules and coordinating to the divalent ion, which is further ligated by residues 

Asp231, Glu233, and Glu315 in a distorted trigonal bipyramid coordination geometry 

(Figure 14).78 The terminal phosphonate group resides in a hydrophilic pocket and forms an 
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intricate network of H-bonds with the side chains of Ser270, Ser306, Asn311, Lys312, 

His293, and two water molecules.78,79 Comparison of the residue numbering, coordination 

geometry, and key binding interactions between EcDXR, MtDXR, and PfDXR complexed 

with fosmidomycin is available elsewhere.79

While fosmidomycin showed remarkable antimalarial activity in preclinical studies,97–100 its 

short half-life (~1.5 h) in plasma and poor bioavailability (due to being highly ionized at pH 

7.4) precluded its development in the clinical setting.101 In addition, organisms that lack the 

glycerol-3-phosphate transporter (GlpT, such as M. tuberculosis) are not susceptible to 

fosmidomycin due to their inability to actively transport the drug across the cell membrane.
102,103 To address these shortcomings, DXR inhibitor development has largely focused on 

achieving better PK properties by making more lipophilic compounds. DXR inhibitors can 

be grouped into three classes including modification on the phosphate group,101,104–108 the 

linker,95,104,109–114 and the hydroxamic acid MBP,101,107,108,110–112,115–119 and have been 

evaluated for both antibacterial and antimalarial activity.

Maintaining the hydroxamic acid MBP and replacing the phosphonate group of 

fosmidomycin or FR900098 to increase lipophilicity has been an important focus in 

inhibitor development. The phosphonate group has been replaced by isosteres such as 

bisphosphonate, phosphate, carboxylate, sulfamate, sulphonate, or has been deleted entirely 

from the inhibitor.101,104–108 Unfortunately, most of these compounds showed a decrease in 

activity when compared to fosmidomycin and FR900098, and no further bacterial studies 

were pursued. Another large class of fosmidomycin analogues modified the linker between 

the hydroxamic acid and phosphonate, either by increasing/decreasing the linker length 

(with three methylene groups considered the optimum linker length) or by adding bulky, 

lipophilic substituents,104,110–114 of which DXRi-195 and DXRi-2109 are examples of this 

strategy (Figure 13). An early study examining α-substituted fosmidomycin derivatives 

yielded DXRi-1, with improved antimalarial activity against P. falciparum in vitro (IC50 = 

28 – 90 nM) compared to that of fosmidomycin (IC50 = 0.36 – 1.1 μM).95 Enhanced in vitro 

activity was attributed to better cellular uptake due to incorporation of the lipophilic ring. 

Further exploration of varying the linker by the installation of a pyridine ring yielded 

DXRi-2 (Figure 13) as potent inhibitor of PfDXR (Ki = 13 nM) and EcDXR (Ki = 82 nM).
109 Additionally, DXRi-2 was non-cytotoxic to human cells and displayed antimalarial 

activity against the growth of multi-drug resistant P. falciparum (EC50 = 460 – 630 nM). The 

structure of PfDXR complexed with DXRi-2 and NADPH reveals the hydroxamic acid MBP 

coordinated to the central Mn2+ ion in a bidentate manner resulting in a distorted trigonal 

bipyramid coordination geometry (Figure 14). The phosphonate group is situated in the 

hydrophilic pocket forming hydrogen bonds and electrostatic interactions. The pyridine ring 

of DXRi-2 is situated in the closed hydrophobic loop pocket defined by residues His293, 

Trp296, Met298, Cys338, and Pro358, and the pyridine nitrogen further interacts with the 

side chain of Cys33 and forms π-π stacking interaction with the indole ring of Trp296.109 

Similar interactions are observed in other fosmidomycin derivatives and are considered 

important for inhibitor activity.

While fosmidomycin derivatives with modified linker and phosphonate motifs have been 

well explored, little attention has been placed on improving the hydroxamate MBP. Some 
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derivatives have eliminated the MBP altogether, utilized a modified hydroxamic acid MBP 

(DXRi-3, DXRi-4), or replaced the hydroxamic acid with a catechol MBP (DXRi-5).
101,107,108,110–112,115–119 The majority of modified hydroxamic acid MBPs include the 

utilization of a N-hydroxy-N-methylacetamide motif instead of the N-hydroxy-N-

methylformamide presented in fosmidomycin (DXRi-3).112 DXRi-3 (as an enantiomeric 

mixture) was found to be a potent inhibitor of EcDXR and PfDXR (IC50 = 8.2 and 24 nM, 

respectively), a moderate inhibitor against MtDXR (IC50 = 280 nM), and effective at 

inhibiting growth of Plasmodium in vitro. Separation and screening of the two enantiomers 

revealed the S-(+) enantiomer of DXRi-3 as the active compound (IC50 = 5.1 – 120 nM 

against EcDXR, MtDXR and PfDXR). The structure of DXRi-3 bound to PfDXR reveals the 

MBP binding in a bidentate manner to the Mn2+ creating a trigonal bipyramid coordination 

geometry (Figure 14).112 Metal coordination, as well as other active site interactions are 

similar to that of fosmidomycin and DXRi-2. Another modification of the hydroxamic acid 

MBP includes the use of 1-hydroxypyridin-2-one MBP (DXRi-4, Figure 13).107 It was 

suggested that a cyclized hydroxamic acid derivative would be non-hydrolyzable, making it 

a better MBP for drug development compared to its hydroxamate counterparts. While 

DXRi-4 showed only modest in vitro enzymatic activity against EcDXR (IC50 = 1.4 μM), 

the inhibitor showed antibacterial activity against both Gram-negative and Gram-positive 

bacteria (MIC = 20 – 100 μM against E. coli, P. aeruginosa, B. anthracis, and M. luteus) and 

was non-cytotoxic to human cells.107 No structure of DXRi-4 bound to DXR has been 

reported; however, the MBP is expected to bind in a bidentate manner similar to the 

hydroxamic acids in other inhibitors. Lastly, attempts have been made to replace the 

hydroxamic acid MBP with a catechol scaffold (DXRi-5).107,108,116 Specifically, while 

DXRi-5 showed modest inhibition of EcDXR (IC50 = 4.5 μM), it did not exhibit 

antibacterial activity (MIC >1000 μM against E. coli, P. aeruginosa, B. anthracis, M. luteus).
107 No crystallographic analysis or further inhibitor development have been reported on 

these catechol-based DXR inhibitors.

Current and Future Prospects.—Inhibitor development for DXR can be divided into 

three parts: modification of the hydrophilic terminal phosphate motif, the linker, and the 

hydroxamic acid MBP. Inhibitor development has focused not only on improving activity, 

but also enhancing lipophilicity for better cellular uptake. Unfortunately, replacing the 

phosphonate group with other isosteres did not yield more potent inhibitors, and identifying 

suitable isosteres for the terminal phosphonate group remains challenging. Most inhibitor 

optimization has focused on modifying the fosmidomycin linker, with the addition of 

aromatic substituents being the most successful. Finally, few attempts have been made to 

replace the hydroxamic acid with other MBPs. The hydroxamic acid, and its N-hydroxy-N-

methylacetamide derivative, are routinely used; however, these MBPs possess a poor 

pharmacokinetic profile, readily undergoing hydrolysis and glucuronidation. Catechol MBP 

inhibitors have also been published, but little information on their mode of binding is 

available. While there have been steady reports on the development of new DXR inhibitors, 

most inhibitors are structurally similar to fosmidomycin and bear a hydroxamic acid MBP. 

Future efforts in the development of inhibitors of DXR might benefit from a focus on 

introducing new MBPs and more structurally diverse compounds that can reduce the overall 

polarity of the inhibitors.
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2.3 Ketol-acid Reductoisomerase (KARI, EC 1.1.1.86)

Function in Biology and Disease.—The biosynthetic pathways of branched chain 

amino acids (valine, leucine, and isoleucine) are essential for organisms that must 

biosynthesize them. Plants, bacteria, and fungi extensively utilize these pathways, while 

animals do not (which obtain these amino acids from food), thus the enzymes that comprise 

these pathways represent attractive targets for herbicides, antibiotics, and antifungals.120,121 

The second central enzyme in the biosynthetic pathways of these amino acids is the 

metalloenzyme ketol-acid reductoisomerase (KARI), which catalyzes the reduction and 

isomerization of 2-acetolactate and 2-aceto-2-hydroxybutyrate to 2,3-dihydroxyisovalerate 

and 2,3-dihydroxy-3-methylvalerate, respectively. KARI uses NADPH as a co-factor (Figure 

15) and has been studied as a herbicidal, antifungal, and antibacterial target.121 Although it 

has gathered less attention in the biosynthetic pathway of branched amino acids compared to 

other enzymes,122 it still holds potential as a viable target. Based on biological studies in E. 
coli and S. pneumoniae, the gene cluster (ilvC) which encodes for KARI was determined to 

be important for optimal growth and virulence and is suspected to be important for M. 
tuberculosis growth and virulence.123–125 KARI has also been found to be essential for 

optimal virulence of F. graminearum, a fungus responsible for billions of dollars in 

agricultural losses yearly.126 Given the rapid onset of resistance to current antibiotics and 

herbicides, KARI has potential as a target for inhibitor development due to its widespread 

role in many infectious organisms and pests, while not being present in humans.

Protein and Active Site Structure.—The metalloenzyme KARI is a dinuclear Mg2+-

dependent enzyme which requires NAPDH for catalysis.121,127 KARIs are divided into two 

classes, I and II, with class I being ~150 residues shorter than class II (Figure 16).128 All 

KARIs possess two domains: a N-terminal Rossmann fold domain (for binding NADPH) 

and a C-terminal α-helical domain with either a partial or complete figure-of-eight knot fold, 

from which the distinction between classes I and II is derived.128 Sequence homology 

between classes I and II is significantly lower than within each class, although the residues 

involved in NADPH and metal binding are highly conserved among all KARIs.128,129 

Fungal, and the majority of bacterial KARIs belong to class I, while class II includes all 

plant and remaining bacterial KARIs.130 Based on structural data it is thought that for the 

active sites of class I KARIs to be formed, two monomers dimerize to form a complete 

figure-of-eight knot fold, resulting in two active sites with both monomers contributing to 

each active site. For class II KARIs each monomer forms its own active site; however, class 

II KARIs have also been shown to form a homodimer resulting in two active sites.130

The active site for KARIs is found at the interface between the C-terminal and N-terminal 

domains.121 In the dinuclear active site of KARIs both Mg2+ ions are coordinated by acidic 

Glu and Asp residues with the remaining coordination sites occupied by water. For example, 

in the M. tuberculosis KARI (class I), the active site metals are coordinated by Asp188 and 

Glu192 from one monomer and Glu224 and Glu228 from the other monomer, as well as free 

water molecules resulting in an octahedral coordination geometry at each metal center 

(Figure 16).131 The structure of the active site is such that NADPH binds near the active site 

metal ions and the substrate (Figure 16) so it can provide a hydride as per the proposed 

mechanism.130 Based on structural comparison of apo- and holo-class I and class II KARIs, 
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it is suggested there may be conformational changes upon Mg2+ and NADPH binding, as 

well as upon inhibitor binding.128,132

Inhibitor Development.—Inhibitor discovery for KARIs began in 1988 with the 

discovery of the experimental herbicide, 2-(dimethylphosphinoyl)-2-hydroxyacetic acid 

(Hoe-704, Figure 17).133 Hoe-704 was not originally designed as an inhibitor of KARIs, but 

KARI inhibition was implicated in its herbicidal and antibacterial properties, with a Ki value 

of 800 nM against E. coli KARI. After the discovery of Hoe-704, a series of compounds 

were designed to mimic the reaction intermediate, the most potent of which was N-hydroxy-

N-isopropyloxamate (IpOHA, Figure 17).134 IpOHA utilizes a hydroxamic acid MBP and 

was found to be a very slow, but tight binder with a KD value of 22–38 pM against E. coli 
KARI. IpOHA was also found to possess in vivo activity against M. tuberculosis.134 

Another transition state mimic, cyclopropane-1,1-dicarboxylate (CPD) uses a dicarboxylate 

MBP and was suggested to mimic a reaction intermediate of methyl transfer. CPD has an 

IC50 value of 4.7 μM against E. coli KARI,135 but attempts to make CPD derivatives have 

generally resulted in compounds with poorer activity than CPD.136,137 From a HTS 

campaign, a family of compounds containing thiadiazoles (KARIi-1) were found to be 

potent covalent inhibitors (Kapp = 750 nM) of S. oleracea KARI, via a covalent modification 

at Cys498 based on protease digestion mass spectrometry analysis.138 A mechanism for the 

covalent modification via a Michael addition of the Cys498 side chain to the C-C double 

bond of the heterocycle in KARIi-1 has been proposed. Additionally, a series of compounds 

using a piperazine scaffold derivatized with various heterocycles (KARIi-2, KARIi-3) were 

tested as O. sativa KARI inhibitors, with the most active inhibitors exhibiting generally 

modest activity;139,140 it is unclear if these compounds interact with the active site metal 

ions.

The first crystal structure of KARI with an inhibitor bound to the active site was reported in 

1997, with IpOHA bound to the S. oleracea KARI.130 Later structures of both IpOHA and 

CPD bound to the active site of S. aureus KARI were reported (Figure 18).141 IpOHA bound 

to S. aureus KARI showed that IpOHA coordinates to both active site Mg2+ ions in a 

bidentate manner forming a 5-membered chelate ring to each active site metal. IpOHA 

utilizes a hydroxamate/carboxylate combined MBP with all Zn-O bond distances being 

between 2.1 and 2.3 Å. This mode of coordination was essentially identical to that of 

IpOHA bound to S. oleracea KARI.130 For CPD bound to S. aureus KARI, the inhibitor 

coordinates in a bidentate fashion to one active site Mg2+ utilizing only one carboxylate 

group forming a 4-membered chelate ring. Coordination to the other active site Mg2+ is 

achieved in a bidentate fashion utilizing both carboxylates, resulting in a 6-membered 

chelate ring, with all CPD Zn-O bond distances in the structure being between 2.0 and 2.1 

Å. The cyclopropyl group of CPD and the isopropyl moiety of IpOHA both make contacts 

with a hydrophobic region of the active site.

Current and Future Prospects.—The most active and earliest KARI inhibitors have 

focused on transition state mimics, which have produced hydroxamic and carboxylic acid 

based inhibitors. Some of these molecules demonstrate excellent enzyme inhibition, show 

herbicidal activity, and hinder bacterial growth. Both IpOHA and CPD can be further 
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derivatized, most obviously around the isopropyl and cyclopropyl groups, but it is unclear if 

such efforts would yield more useful compounds. Based on the encouraging target validation 

data and the lack of chemical diversity utilized for inhibitors, KARIs arguably remain an 

underexplored area of metalloenzyme target space for the development of potential 

antibiotics and antifungals.

3. Oxidoreductases (EC 1.13, EC 1.14)

3.1 4-Hydroxyphenylpyruvate dioxygenase (HPPD, EC 1.13.11.27)

Function in Biology and Disease.—4-Hydroxyphenylpyruvate dioxygenase (HPPD) is 

found in nearly all aerobic organisms, with the exception of a few Gram-negative bacteria, 

and is responsible for catalyzing the second step of L-tyrosine catabolism.142 HPPD is an 

oxygen- and non-heme Fe2+-dependent metalloenzyme that converts 4-

hydroxyphenylpyruvate to 2,5-dihydroxyphenylacetate (also known as homogentisate).143 In 

animals, this conversion is used to modulate blood tyrosine concentrations, whereas in 

plants, this conversion is used to ultimately produce plastoquinone and tocopherol, which 

are necessary cofactors for electron transport in photosynthesis.144 Several studies to 

elucidate the mechanism of HPPD have culminated in a proposed mechanistic scheme that 

involves substrate coordination, oxygen-mediated decarboxylation, followed by an alkyl ring 

group migration, and finally ring hydroxylation to produce the homogentisate product.145 

The importance of HPPD in producing cofactors necessary for plant photosynthesis has led 

to agricultural interest in developing herbicides that act via HPPD inhibition, which 

ultimately results in plant bleaching and death due to the inability to sustain chlorophyll 

production.146,147

There are several hereditary human diseases, namely type I tyrosinemia and alkaptonuria, 

which occur due to misregulation of later steps in tyrosine catabolism. Type I tyrosinemia is 

a rare and usually fatal orphan disease that primarily affects infants and children;148 whereas 

the onset of alkaptonuria does not usually occur until adulthood.149 Interestingly, it has been 

found that one of the early discovered herbicidal HPPD inhibitors, 2-[2-nitro-4-

(trifluoromethyl)benzoyl]-1,3-cyclohexanedione (NTBC), is also able to inhibit human 

HPPD, which prevents formation and subsequent build-up of the toxic metabolites 

associated with these diseases. In an unusual and bold study, NTBC (Figure 20) bypassed all 

standard clinical trials and was tested with overwhelming success in an infant patient 

severely afflicted with type I tyrosinemia.150 After additional testing against other infant 

patients, NTBC attained FDA approval in 2002 as a HPPD inhibitor under the drug name 

Nitisinone.151

Protein and Active Site Structure.—HPPD is a homodimeric, molecular, non-heme 

Fe2+ metalloenzyme with a molecular weight ranging from ~40–50 kDa depending on the 

species of origin. Across different species, the active site of HPPD is highly conserved, and 

consists of a catalytic Fe2+ ion coordinated by a His, His, Glu motif along with three labile 

water molecules in an octahedral geometry (Figure 19).143,152 The 4-hydroxyphenylpyruvate 

substrate of HPPD has never been crystallized in the active site, but is believed to initially 
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bind to the catalytic Fe2+ through displacement of two of the coordinating water molecules.
143,144

Inhibitor Development.—There has only been one class of inhibitors explored against 

HPPD, namely the triketones. These inhibitors were discovered serendipitously in 1977,153 

as an extract from bottlebrush plants, resulting in the isolation of leptospermone as an 

herbicidal agent (Figure 20). Efforts to derivatize and optimize the leptospermone scaffold 

led to the development of mesotrioine, sulcotrione, and diketonitrile, which are all used as 

commercial herbicides (Figure 20).147,154,155 Usnic acid is a natural product secreted by 

lichen that has also been found to inhibit HPPD. IC50 values for these herbicidal inhibitors 

vary, as they were developed against different plants with different HPPD enzymes, making 

comparisons difficult.143

A crystal structure of NTBC bound to the active site of S. avermitilis HPPD confirms that 

the triketones inhibit by directly coordinating to the catalytic Fe2+ ion, displacing two of the 

three labile water molecules (Figure 21).1441H NMR studies have shown that the exocyclic 

enol form of NTBC is the preferred tautomer over the keto form.143,144 After NTBC is 

bound to HPPD molecular oxygen is no longer able to bind.144 It is presumed that other 

herbicidal inhibitors of HPPD (Figure 20) bind to the HPPD active site in a similar fashion.

NTBC was discovered to have therapeutic effects in treating type I tyrosinemia.156 Again, in 

an act of serendipity, during a study to determine the target of herbicidal triketones, NTBC 

was tested on rats rather than plants, which resulted in heighted levels of blood plasma 

tyrosine as well as higher levels of 4-hydroxyphenylpyruvate (the substrate of HPPD) in rat 

urine samples. These observations lead researchers to conclude that HPPD was the target of 

NTBC, which was later confirmed with various in vitro assays.156 Later trials on human 

liver HPPD found NTBC to have an excellent IC50 value of 5 nM,150 and NTBC was 

immediately and successfully tested as an inhibitor of HPPD to treat infants with hereditary 

type I tyrosenemia.148

Current and Future Prospects.—To date, only the triketone class of inhibitors has been 

extensively studied against this HPPD. Triketone HPPD inhibitors have been extremely 

successful through herbicidal applications, and in particular, the triketone NTBC has been 

FDA approved for treating type I tyrosinemia in infant patients. Furthermore, NTBC 

mediated inhibition of HPPD to treat alkaptonuria has entered Phase III clinical trials.157 

The discovery of NTBC as an inhibitor of HPPD is unique and unorthodox, as NTBC went 

from use as an herbicide, to testing in rats, to testing against human liver HPPD in vitro, and 

then rapidly transitioned to useful human clinical applications. Considering that only one 

MBP scaffold has been explored against HPPD, there is certainly room for further inhibitor 

development. That stated, there is likely to be little need for additional human HPPD 

inhibitors, although other classes of HPPD inhibitors could find applications in the 

agricultural field, or could potentially be explored as new classes of antibiotics and 

antimicrobials. In that regard, HPPD could remain an interesting target that merits further 

exploration.
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3.2 Arachidonate 5-Lipoxygenase (5-LO, 5-LOX, ALOX5, EC 1.13.11.34)

Function in Biology and Disease.—Leukotrienes (LTs) are fatty acid mediators of 

inflammatory innate immune responses. During LT biosynthesis, arachidonic acid (AA) is 

released from membrane phospholipids and is metabolized by 5-lipoxygenase (5-LO). 5-LO 

catalyzes the conversion of arachidonic acid into 5(S)-hydroperoxyeicosatetraenoic acid (5-

HPETE) and leukotriene A4 with the help of the 5-lipoxygenase-activating protein (FLAP, 

Figure 22).158,159 Leukotriene A4 is subsequently converted into either leukotriene B4 or 

leukotriene C4. These mature leukotrienes, when secreted from the cell, modulate the innate 

immune response. Stimulation of leukotriene B4 receptor (BLT) initiates a chemotactic 

response in neutrophils (i.e., neutrophil recruitment) towards the site of inflammation, 

whereas stimulation of cysteinyl leukotriene receptor 1 (CysLT1) by leukotriene C4 

metabolites induces smooth muscle contraction, increased vascular permeability and 

vasodilation, and eosinophil recruitment.160

5-LO is a non-heme iron-dependent metalloenzyme which employs a single Fe3+ ion in 

catalysis.159,161 5-LO is inactive in the ferrous state, and must be activated (generally by 

lipid hydroperoxides) to yield the active, ferric state. This enzyme is classified as an Fe-

dioxygenase and catalyzes the incorporation of molecular oxygen into the cis C5–C6 alkene 

of arachidonic acid. Over a two-step total reaction pathway, 5-LO oxidizes arachidonic acid 

to 5-HPETE, and subsequently dehydrates the peroxide intermediate to form the epoxide 

leukotriene A4 (Figure 22). 5-LO is also capable of reducing the peroxide intermediate to the 

corresponding alcohol under certain conditions.161

5-LO derived arachidonic acid metabolites have been shown to be potent mediators of 

inflammatory response with implications in disease. Over the last three decades, 

investigations have demonstrated that the 5-LO pathway plays a role in the development of 

diseases including allergic disorders such as asthma,162 inflammatory disorders such as 

inflammatory bowel disease, rheumatoid arthritis, psoriasis,163,164 and some cardiovascular 

disorders.165 Moreover, there is evidence that the 5-LO pathway may be involved in 

tumorigenesis in prostate cancer and certain forms of leukemia.166 5-LO is expressed in 

nearly all blood leukocytes which is the ultimate biological cause of its key role in cell-

mediated inflammatory response.167 Thus, as one of the rate-limiting enzymes in the 

biosynthesis of LTs, 5-LO represents an attractive target for therapeutic intervention against 

many inflammation-related disease pathways.

Protein Active Site and Structure.—5-LO contains two primary domains: a C-terminal 

catalytic domain and an N-terminal C2-like β-barrel domain.168 The catalytic domain 

contains the active site wherein the Fe3+ cofactor is coordinated by His367, His372, and 

His550, as well as the carboxylate group of the C-terminal Ile673, and one water molecule 

(Figure 23). Asn554 has also been reported to coordinate to the metal center;161,169,170 

however, these interactions have not been observed crystallographically in human 5-LO. In 

all available crystal structures, the Fe-O (Asn554) bond length is found to be between 3.1–

3.5 Å, which is too long to be considered a coordination bond, although long range 

electrostatic or solvent mediated contacts are possible at this distance. The N-terminal 

domain is a regulatory domain which controls catalytic activity in response to various lipids, 
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as well as to Ca2+ and Mg2+ cations. 5-LO activity is strongly stimulated by Ca2+, which 

binds to the N-terminal C2 domain and increases affinity of 5-LO towards both AA and 

activating lipid hydroperoxide species.167 Glyceride lipids likewise stimulate the regulatory 

domain by impeding 5-LO regulation by other protein mediators.

Inhibitor Development.—5-LO inhibitors are generally classified into three main groups: 

redox-active inhibitors, Fe-coordinating inhibitors, and non-redox-non-coordinating 

inhibitors, which primarily make interactions with the periphery of the active site or the 

FLAP binding domain.171 However, the dearth of structural data on 5-LO can makes 

classification of these inhibitors difficult or ambiguous. Most reported 5-LO inhibitors bind 

within the catalytic domain and are competitive inhibitors, although some redox-active 

inhibitors display poor binding affinities, as their mechanism of inhibition is not competitive, 

but rather redox inactivation of the iron center. Redox-active 5-LO inhibitors include various 

lipophilic reducing agents, many of which are derived from natural product isolates. These 

include polyphenols, flavonoids, coumarins, and catechol natural products. It is possible that 

several inhibitors classified as redox-active inhibitors may also be Fe-coordinating (e.g., 

catechol natural products). Redox-active inhibitors act on 5-LO by reducing and maintaining 

the active site iron in the ferrous state, which inhibits enzyme activity. Many of these are 

highly efficient inhibitors in vitro, but lack suitable PK properties and/or selectivity for 5-

LO. Coupled with off-target effects on other biological redox systems, or even a tendency to 

generate reactive oxygen species (ROS), this class of inhibitor has been largely relegated for 

use in biological model systems.171,172

Non-redox-non-coordinating inhibitors of 5-LO bind competitively with the AA or lipid 

hydroperoxide binding sites, and in some cases, interfere with FLAP binding. These 

inhibitors do not interact with the active site metal ion and encompass a structurally diverse 

set of molecules.173,174 Some of these inhibitors have also been found to bind to allosteric 

sites of 5-LO. A wide variety of nonsteroidal anti-inflammatory drugs (NSAIDs) are 

members of this class. The similarity in substrate binding pockets between 5-LO and COX 

enzymes results in many NSAID inhibitors showing non-specific inhibition against 5-LO.

Fe-coordinating inhibitors directly coordinate to the active site metal cation. While several 

classes of 5-LO inhibitors are presumed to be metal coordinating, based on the SAR 

associated with the MBP moieties present in the inhibitor, there are no published crystal 

structures of 5-LO with an inhibitor bound. Hence, inhibitors that contain a MBP will be 

discussed here as proposed Fe-coordinating inhibitors. Interestingly, there are some studies 

where non-specific 5-LO/COX inhibitors or COX-specific inhibitors have been re-purposed 

with the addition of a MBP or redox-active moieties to more effectively inhibit 5-LO.

To date, Zileuton (Figure 24) is the only FDA approved 5-LO inhibitor. Zileuton is a 

member of the most successful class of metal binding inhibitors of 5-LO, namely the 

hydroxyurea and hydroxamic acid based inhibitors. Compounds such as BWB70C (Figure 

24) show good cellular- and protein-based efficacy with reported EC50 values ranging 

between 2–5 μM.175 Further structural elaboration by Abbot laboratories ultimately resulted 

in the use of ‘reverse’ hydroxamate (i.e., acyl N-hydroxylamides) MBPs, generating 

compounds A-63162 and A-64077 (Zileuton), which show IC50 values against 5-LO of 
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0.24–0.51 μM and 0.56–2.3 μM, respectively.163,176 While these inhibitors showed poorer 

activity against 5-LO when compared to BWB70C, they were more stable and less toxic in 

cell-based studies, with Zileuton eventually receiving FDA approval for the prophylaxis and 

chronic treatment of asthma.177 However, Zileuton still suffers from many PK liabilities 

including significant hepatic toxicity and a short biological half-life, primarily due to its 

reverse hydroxamate MBP.164 Tenidap (Figure 24) is a 5-LO inhibitor that is also active 

against COX-2 (IC50 = 36.7 μM and 8.4 μM, respectively) that was developed by Pfizer as a 

treatment for rheumatoid arthritis. While Tenidap does not contain a hydroxamate MBP, the 

putative MBP employed bears structural resemblance to, and was developed from, 

hydroxamate-containing inhibitors. Employing this MBP in lieu of hydroxamates or 

hydroxyureas was found to diminish the characteristic hepatotoxicity associated with 

hydroxamate groups. However, in 1996 the FDA rejected Tenidap, citing renal toxicity, 

which was ultimately attributed to metabolites of the thiophene ring and not the MBP.178

In the past 10 years, several 5-LO inhibitors that may be iron coordinating have entered 

clinical investigation.160 Atreleuton (VIA-2291) is an N-hydroxyurea derivative that also 

uses a reverse hydroxamate MBP. Atreleuton completed Phase II clinical trials for the 

treatment of cardiovascular disease and vascular inflammation. However, a Phase III trial for 

the treatment of asthma was recently terminated citing toxicity concerns.160 Setileuton 

(MK-0633) is a functionalized coumarin-based 5-LO inhibitor that may coordinate to the 

active site iron center via an oxa-3,4-diazole ring and/or α-trifluoroethanol group (Figure 

24). Setileuton recently concluded Phase II clinical trials for use in treating atherosclerosis, 

asthma, and COPD. However, all of these studies have been discontinued as risk-benefit 

analysis did not support clinical utility of MK-0633 due to potential hepatotoxicity.179,180 

Flavocoxid, a mixture of two naturally derived polyphenolic flavonoids (catechin and 

baicalin), is currently marketed as a ‘medical food’ or nutritional supplement and has 

recently completed several Phase I and Phase II trials as a treatment for osteoarthritis. This 

drug mixture shows efficacy against 5-LO, but has also been shown to inhibit COX-2. In 

spite of positive outcomes in completed trials, there have been some reports of acute 

hepatotoxicity in elderly women, prompting the FDA to request a voluntary recall of 

flavocoxid supplements until NME approval.181

As with many metalloenzymes, a large number of natural products have been identified as 

inhibitors of 5-LO. Many of these inhibitors are polyphenolic and employ a catechol moiety 

as a likely MBP (Figure 24). These are relatively promiscuous and weak binders, but some 

polyphenol 5-LO inhibitors show very good activity (e.g., both chemical components of 

flavocoxid). Baicalen, a naturally occurring flavone isolated from the roots of members of 

the genus Scutellaria, has been shown to inhibit lipoxygenases with an IC50 value of 0.6–3.8 

μM.182 The related compounds aesculetin and caffeic acid have both been found to inhibit 5-

LO in screens of natural product isolates. Aesculetin, a derivative of caffeic acid isolated 

from various natural sources such as chicory, has been found to inhibit 5-LO with an IC50 

value of 0.1–1.0 μM.183 Similarly, caffeic acid, which is found in relatively high abundance 

in coffee and the bark of several eucalyptus species, displays similar IC50 values against 5-

LO as aesculetin, but also shows very good activity against human colorectal cancer cells 

(EC50 = 0.8 μM) and some human breast cancer cell lines (EC50 = 11.4 μM) in inhibiting 5-

LO mediated cell proliferation.184
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Based on the efficacy of caffeic acid at inhibiting lipoxygenases in vitro and in vivo, 

extensive synthetic effort was expended to optimize the activity and stability of caffeic acid 

derivatives.185 It was found that the catechol moiety was essential for activity, indicating that 

these groups were probable MBPs, although they may be acting through a redox-inhibition 

mechanism. Further structural elaborations resulted in the discovery of cinnamyl-3,4-

dihydroxy-α-cyanocinnamate (CDC, Figure 24), which was very active against 5-LO in 

protein based assays (IC50 = 9–25 nM) and showed efficacy at inhibiting lipoxygenase 

activity in human leukocytes and monocytes (EC50 = 0.45–0.8 μM).186

Although most 5-LO inhibitors studied contain hydroxamate, catechol, or carboxylic acid 

MBPs, over the past ~30 years, some novel metal-binding groups have been explored in the 

literature. In 2011, a new class of inhibitors contacting triazole or oxadiazole rings as 

potential metal-coordinating moieties were identified by Amira Pharmaceuticals.187 Further 

work on these scaffolds resulted in the development of compounds 5-LOi-1 and 5-LOi-2 

(Figure 24). Interestingly, the addition of the α-trifluoroethanol group to the azole ring both 

increased activity of these compounds (EC50 <0.3 μM against human leukocytes).187 More 

recently, 5-LOi-3 was identified in a click chemistry-based library screen. Noting that 

triazoles can inhibit 5-LO, ~15 triazole compounds were screened, ultimately identifying 5-

LOi-3 as a lead inhibitor with an IC50 value of 33 μM.188

The dual inhibition of both the COX and 5-LO pathways has been another therapeutic goal 

over the past ~20 years. Single inhibition of the 5-LO pathway does not totally inhibit the 

production of proinflammatory prostaglandins in most cells because of the orthogonal COX 

pathway. Because these two enzyme classes both act on arachidonic acid, there is a high 

degree of active site similarity, although COX enzymes employ a heme iron center rather 

than the non-heme iron in 5-LO. Recently, the strategy of covalently linking a MBP to 

nonspecific NSAIDs or to COX inhibitors has led to the development of many dual 

inhibitors. Using this approach, a derivative of the COX-2 selective inhibitor, celecoxib, was 

synthesized using a 1,2-N-hydroxypyridinone MBP in place of a toluyl moiety (5-LOi-4).
189,190 5-LOi-4 uses a hydropyridinone MBP and displays an IC50 value of 0.35 μM against 

5-LO and ~10 μM against COX-1 and COX-2, with excellent oral anti-inflammatory activity 

comparable to celecoxib or ibuprofen in mouse models. Further work derivatizing celecoxib-

like inhibitor cores with MBPs resulted in compounds such as 5-LOi-5, licofelone, and 

Tepoxalin.178 The incorporation of a hydroxamate MBP with a flexible linker onto a 

modified celecoxib core resulted in compound 5-LOi-5 (IC50 = 0.45–1.07 μM),187 which 

was more active than celecoxib in protein based assays and in rat neutrophils. Similarly, 

Tepoxalin, which is approved for veterinary use as a dual 5-LO and COX inhibitor, employs 

a N-methyl hydoxamate MBP on a flexible linker (5-LO IC50 = 1.7 μM; COX-2 IC50 = 4.2 

μM).178

Current and Future Prospects.—Despite ongoing efforts to develop novel, specific 5-

LO inhibitors, Zileuton remains the only FDA approved drug for 5-LO despite its toxicity 

and unfavorable PK profile.179,180 Hepatotoxicity has been a recurring issue for 5-LO 

inhibitors explored in clinical trials, particularly among inhibitors sharing hydroxamic acid 

or hydroxyurea MBP groups. In spite of many clinical candidates in Phase I and II trials in 

the past decade, overall progress in the field has stalled after the failures of Zileuton ‘me-
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too’ inhibitors, with few novel inhibitor classes being disclosed. New efforts towards the 

development of pan-inhibitors of 5-LO and COX enzymes has received attention, although 

few inhibitors have shown efficacy or safety profiles better than currently approved NSAIDs. 

Interest remains in exploring novel inhibitors for 5-LO inhibitors, as evidenced by several 

inhibitors that have been explored in clinical trials over the past 10 years. The development 

of lipoxygenase inhibitor based on reported COX inhibitor scaffolds is also intriguing; 

however, the field could benefit from obtaining structures of inhibitors complexed with 5-LO 

(i.e., enabling structure-based drug design, SBDD) and perhaps the use of alternative MBPs 

that have fewer ADME and toxicity liabilities.

3.3 Jumonji-domain Lysine Demethylase (JmjC KDMs, EC 1.14.11.27)

Function in Biology and Disease.—Post-translational modification of the amino-

terminal domain of histones influence chromatin structure and dynamics, the lifetimes of 

chromatin components, and can mediate chromatin binding interactions.191,192 Histone 

modifications, including acetylation, methylation, phosphorylation, ubiquitination, and 

others, play a complex and vital role in eukaryotic transcriptional regulation and the 

epigenetic process of the cell.192–194 The misregulation of modification patterns have been 

linked to major human diseases, including mental disorders and cancers.194–198 Drugs, such 

as azacitidine and decitabine, which inhibit DNA methyltransferase, are currently used for 

the treatment of myelodysplastic syndrome, a disorder which develops prior to acute 

myeloid leukaemia.199,200

Prior to the discovery of histone N-methylated lysine residue demethylases (KDMs), the N-

methylation modification of DNA and histones were thought to be an irreversible process. 

Since the discovery of the first KDM (KDM1A) in 2004,201 >20 human KDMs have been 

identified. Irregular or deregulated KDM activity leads to abnormal gene transcription and is 

linked to both cancer and neurological disorders.202–205 Depending on the mechanism of 

catalytic activity, KDMs are classified into two families: KDM1, also known as lysine-

specific demethylases (LSDs), and KDM2-7, known as jumonji domain-containing KDMs 

(JmjC KDMs). The KDM1 family utilizes a flavin adenine dinucleotide (FAD) cofactor for 

the catalysis of mono- or di-methylated lysine residues, while JmjC KDMs are Fe2+-

dependent metalloenzymes that share a conserved catalytic domain (i.e., the jumonji 

domain) and utilizes α-ketoglutaric acid (2OG) and molecular oxygen as cofactors to 

catalyze the demethylation of mono-, di-, and tri-methylated lysine residues (Figure 25). 

Detailed mechanism of action and classification of KDM families can be found elsewhere.
202,204,206 The overexpression of certain JmjC KDMs have been correlated with cancer 

(including breast and testicular cancer),207 and the misregulation of JmjC KDMs are 

associated with the development of neurodevelopmental disease, including autisms spectrum 

disorder, X-linked mental retardation, and Kabuki syndrome,208 making JmjC KDMs a new, 

attractive therapeutic target. While a first generation KDM1 inhibitor, tranylcypromine, is 

approved by the FDA for the treatment of mood and anxiety disorders, there are currently no 

approved drugs which target JmjC KDMs.

Protein and Active Site Structure.—Members of the JmjC KDMs belong to the 

superfamily of Fe2+/2OG-dependent oxygenases (>60 human proteins).205 Other members 
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of the 2OG dependent oxygenase family that have jumonji catalytic domains are of 

medicinal value. For example, the JmjC hydroxylases, which include factor inhibiting 

hypoxia inducible factor FIH and JmjC oxygenases (5JMJD6, JMJD5, JMJD7, JMJD8) have 

been explored as therapeutic targets. Comparison of the domain structural features and 

catalytic reactions of these enzymes are summarized elsewhere.205,209 Notably, other 

members of the 2OG oxygenases family, specifically those involved in hypoxic response 

pathway for the regulation of human genes such as JmjC hydroxylases FIH and hypoxia-

inducible factor (HIF) prolyl 4-hydroxylases (PHDs) are commonly used as counter screens 

to determine the selectivity of JmjC KDM inhibitors. PHDs are related to the collagen prolyl 

hydroxylases subfamily of 2OG oxygenases and are also the target of current inhibitor 

development.210

The JmjC KDMs comprises of >20 human enzymes, and can further be classified into five 

subfamilies, including KDM2/7, KDM3, KDM4, KDM5, and KDM6 depending on JmjC 

domain sequence homology and overall architecture.202,205,209 The JmjC domain of JmjC 

KDMs is defined as the region of catalytic activity of JmjC KDMs (where the Fe2+ and 2OG 

bind) and has been the focus of inhibitor development; however, it is important to note that 

the specificity of various KDMs for their substrates is not only dictated by the JmjC domain, 

but also the histone-binding pocket, additional non-catalytic “helper domains” in the tertiary 

structure, as well as the other components in the multimeric complex in which the KDM 

resides.209,211

In general, the JmjC domain adopts a distorted double stranded b-helix (DSBH) fold core 

comprised of eight anti-parallel β-strands, with the Fe2+ binding residues at the more open 

end of the DSBH barrel (Figure 26).211–213 The DSBH barrel provides the metal 

coordinating and 2OG binding ligands. The Fe2+ in the JmjC domain is ligated by conserved 

residues His, Asp/Glu, and His (HxD/ExH) from the HSBH barrel, the 2-oxo and 1-

carboxylate oxygen atoms of 2OG, and a water molecule in an overall octahedral 

coordination geometry. The terminal carboxylic acid (5-carboxylate) of 2OG is further 

stabilized by a basic residue (typically a Lys or Arg residue) and forms additional H-bonding 

interactions with side-chain donor residues, including Tyr in KDM4 and Thr in KDM6A.
205,211,212 The structure of 2OG bound to KDM4D shows the 340 residue protein (~40 kDa) 

with the JmjC domain containing a Ni2+ ion (substituted for Fe2+), ligated by residues 

His192, Gly194, His280, the bidentate 2OG, and a water molecule (Figure 26).214

Inhibitor Development.—Rapid advancements in purification and crystallization, 

understanding the catalytic mechanism and selectivity of JmjC KDMs, and assays to 

evaluate inhibitor activity has led to a rise in JmjC KDM inhibitors, with several excellent 

reviews available.215,216 The first JmjC KDM inhibitors can be classified as 2OG substrate 

analogues with a carboxylic acid MBP, of which N-oxalyclicine (NOG) is a representative 

example (Figure 27). NOG is an N-oxalyl amide analogue of 2OG and a competitive 

inhibitor, displacing 2OG from the active site with an IC50 value of between 24 and 78 μM 

against KDM4E, depending on assay conditions.217 Unfortunately, due to the structural 

similarity of NOG to 2OG, NOG not only inhibits all tested JmjC KDMs, but is also a 

broad-spectrum inhibitor against PHD1-3 and FIH.217–222 In an attempt to achieve more 

selective inhibitors of JmjC KDM, the histone-binding hydrophobic pocket near the JmjC-
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containing domain has been exploited.223–225 A series of NOG derivatives bearing 

hydrophobic backbones were synthesized and found to be good inhibitors of JmjC KDM4E 

with IC50 values as low as 5.4 μM, with no inhibition of FIH or PHD2.224 The structure of 

KDM4A complexed with the representative inhibitor KDMi-1 (IC50 = 37 μM) reveals the 2-

oxo and 1-carboxylate MBP groups of KDMi-1 bind in a bidentate manner to the active site 

Ni2+ ion (a surrogate for the native Fe2+), which is further ligated by the active site His188, 

Gly190, His276, and a water molecule in a octahedral coordination geometry (Figure 28). 

Metal coordination by KDMi-1 is identical to that found for NOG214 and 2OG.226 The 

aromatic backbone of KDMi-1 occupies the large hydrophobic pocket, interfering with the 

histone substrate and is proposed to aid in JmjC KDM specificity; however, no other JmjC 

KDMs were screened to verify selectivity. Related inhibitors bearing a carboxylic acid MBP 

have also been described.223,227

A second collection of JmjC KDM inhibitors employ a hydroxamic acid MBP, including 

repurposed histone deacetylase (HDAC) inhibitors (Section 7.3) such as TSA and SAHA 

(Figure 97). Although TSA and SAHA were shown to inhibit KDM4E (IC50 values of 28 

and 14 μM, respectively),217 they inhibited HDACs more effectively,228 raising questions of 

selectivity.215,216 Nonetheless, some hydroxamic acids, such as KDMi-2, have been 

developed as potent and selective inhibitors. KDMi-2 shows good activity against KDM4A 

and KDM4C (IC50 values of 3 μM and 1 μM, respectively), and are >100-fold more 

selective for KDM4A and KDM4C compared to PHD1 and PHD2.229 Although no 

structures of this class of inhibitors bound to JmjC KDM4 are available, molecular modeling 

suggest the hydroxamic acid is coordinated to the Fe2+ in a bidentate manner. The selectivity 

of KDMi-2 is attributed an optimal 8-linker chain, followed by the terminal dimethylamino 

group, which can fill the hydrophobic substrate channel and interact with residues Asp137 

and Tyr179.229 Interestingly, the replacement of the terminal dimethylamino group by a 

cyclopropane yields KDM2/7 selective inhibitors.230 The cyclopropane derivative exerted 

antiproliferative activity against cancer cells, whilst KDMi-2 did not. Other hydroxamic acid 

MBP inhibitors have also been reported.229–232

A third class of MBPs which have been investigated for inhibitor development utilize a 

pyridine motif, including pyridine dicarboxylates, 8-hydroxyquinoline, and bipyridine 

MBPs. Through structure-guided drug design, pyridine-2,4-dicarboxylic acid (2,6-PDCA, 

Figure 27), a broad spectrum 2OG oxygenase inhibitor,217,233 was optimized to yield 

KDMi-3, an KDM4E selective inhibitor.234 Installation of a bulky substituent at the 3-

position of the pyridine ring allowed for the selective inhibition for larger binding pocket of 

KDM4E (IC50 = 2.5 μM) over the smaller binding pocket found in that of PHD2 (IC50 >400 

μM).234 The structure of KDM4A bound to 2,6-PDCA reveals the pyridine carboxylate 

MBP occupying the 2OG site, binding in a bidentate manner to the active site Ni2+ (again, as 

a surrogate for Fe2+). The Ni2+ is further ligated by residues His188, Glu190, His276, and a 

water molecule in an octahedral coordination geometry (Figure 28).217 The pyridine ring 

forms hydrophobic interactions with the active site pocket Tyr177, Phe185, Trp208, while 

the 4-carboxylate motif makes similar H-bonding interactions to that of the 5-carboxylate of 

2OG, binding to Lys206 and Tyr132. Bearing some structural similarity to 2,6-PDCA, 8-

hydroxyquinolines (KDMi-4) have also been investigated. Through HTS, KDMi-4 was 

found to have comparable activity against KDM4E (IC50 = 200 nM) as 2,6-PDCA (IC50 = 
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180 nM) and KDMi-4 inhibited cellular histone demethylase activity in vitro with an EC50 

value of 87 μM.233 The broad spectrum of KDMi-4 against a wide panel of KDM 

subfamilies had hindered its development into a clinically relevant drug.219 The structure of 

KDMi-4 bound to KDM4233 and KDM6B have been solved and show the same metal 

binding mode (Figure 28), with the quinolone nitrogen atom and deprotonated 8-hydroxy 

oxygen atom of the 8-hydroxyquinoline MBP bound in a bidentate manner to the Ni2+ ion, 

which is also bound by residues Glu1389 and His1387 (Glu190 and His188 of KDM4A) and 

two water molecules in an octahedral coordination geometry. Notably, in both structures the 

hydroxyl motif of KDMi-4 causes displacement of the ligating His1467 (His276 in 

KDM4A), resulting in the loss of a Ni2+-His bond. Additionally, similar to 2,6-PDCA and 

2OG, the non-metal binding carboxylic acid makes H-bonding interactions with conserved 

Lys and Tyr residues. Additional studies utilizing the 8-hydroxyquinoline MBP for inhibitor 

development and photoaffinity probes have been reported.235,236

Inhibitors bearing a bipyridine MBP have also been of interest, such as GSK-J1 (Figure 27). 

Through HTS and structure-guided drug design, GSK-J1 was discovered as a highly 

selective inhibitor for KDM6B (IC50 = 60 nM), while inactive against a panel of other JmjC 

KDMs, protein kinases, and other unrelated protiens.237 The ester pro-drug of GSK-J1, 

GSK-J4, which is hydrolyzed by macrophage esterases to yield the active inhibitor, was 

shown to reduce lipopolysaccharide-induced proinflammatory cytokine production by 

human primary macrophages (a process that depends on both KDM6A and KDM6B).237 

Follow up studies which screened GSK-J1 against a panel of twelve JmjC KDMs revealed 

GSK-J1 also inhibited KDM5B and KDM5C, albeit with 5- to 10-fold weaker activity.238 

The structure of GSK-J1 bound to human KDM6B reveals the bipyridine MBP bound in a 

bidentate manner to the Co2+ (used as a surrogate for Fe2+), which is further ligated by 

His1390, Glu1492, and two water molecules in an octahedral coordination geometry (Figure 

28).237 Notably, the metal ion is shifted and results in loss of the native His1470-metal 

coordination, with His1470 instead hydrogen bonded to a metal-bound water molecule. 

Further key interactions include the propionic acid of GSK-J1 binding to Lys1381, Thr1387, 

and Asn1480 (similar to that of 2OG) and the aromatic ring of GSK-J1 situated in the 

histone peptide pocket. Additional studies have shown GSK-J4 has anticancer activity 

against acute lymphoblastic leukemia and pediatric brainstem glioma,239,240 and inhibited 

the survival of ovarian cancer stem cells.241

Current and Future Prospects.—The post-translational modifications of histones affect 

various aspects of chromatin, and play a vital role in eukaryotic transcriptional regulation 

and the epigenetic process of the cell. Modifications include acetylation, methylation, 

phosphorylation, and ubiquitination, with histone demethylases being recently recognized as 

playing an important role in the development of cancer and mental disodrders.215 The Fe2+-

dependent JmjC KDMs, which utilize 2-oxoglutarate (2OG) and oxygen for the 

demethylation of histone targets has emerged as a promising target.215 The development of 

subfamily specific inhibitors will help determine the relevance of JmjC KDMs in the 

regulation of cellular process, as well as their potential as therapeutics. Inhibitors bearing 

various MBPs, including carboxylic acids, hydroxamic acids, and bipyridine have been 

identified; however, these small molecule inhibitors bind primarily to the highly conserved 
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JmjC-domain catalytic site, which has yet to be demonstrated to give satisfactory JmjC 

KDM subfamily specificity. In fact, these inhibitors are commonly broad spectrum 2OG 

oxygenase inhibitors, being able to inhibit FIH and PHDs. However, given the selectivity of 

JmjC KDMs for demethylation of their histone targets, the development of JmjC KDM 

specific inhibitors should be viable. This would require inhibitors to not only bind to the 

Fe2+ and occupy the 2OG binding pocket, but to also extend into the corresponding histone-

binding sites. A successful case of this includes GSK-J1, which uses a bipyrdine MBP to 

coordinate to the metal ion, but also a hydrophobic substituent that branches into the 

histone-binding pocket. GSK-J1 was found to be selective for KDM5 and KDM6 

subfamilies (due to the high structural homology of the catalytic domain between the two 

subfamilies),238 while showing no significant inhibition against other JmjC KDMs. Future 

JmjC KDMs inhibitors would not only require optimal MBPs for metal binding and inhibitor 

occupancy of the 2OG site, but also exploitation of the JmjC KDM specific histone-binding 

pocket.

3.4 Tyrosinase (TYR, EC 1.14.18.1)

Function in Biology and Disease.—The biopolymer melanin is the pigment 

responsible for the coloration of human eyes, hair, and skin. Under normal conditions 

melanin is extremely beneficial and aids in the photo-protection of human skin.242 However 

in melanoma, the most dangerous form of skin cancer, melanin production or 

‘melanogenesis’ can be deregulated,243 which can cause an attenuation of the effectiveness 

of radiotherapy, chemotherapy, phototherapy, and immunotherapy.244 Melanogenesis and its 

attenuation of common therapies has been observed in the clinic, with melanin production 

being correlated with decreased survival rates of patients with stage III and IV melanoma.245 

Evidence suggests that by decreasing melanin production in melanoma, the therapeutic 

efficacy of ionizing radiation and chemotherapy is improved.246,247 Additionally, 

overproduction of melanin is implicated in a range of dermatological conditions including 

post inflammatory melanoderma and age spots.248,249 Given the implications in melanoma 

and breadth of dermatological conditions in which melanin is involved, there is considerable 

interest in therapeutic strategies to modulate the production of melanin.

Melanins are biosynthesized in specialized pigment producing cells called melanocytes, via 

the melanogenesis pathway. The first enzyme in the melanogenesis pathway is the dinuclear 

Cu-dependent metalloenzyme tyrosinase (TYR), which catalyzes the rate limiting step in 

melanin biosynthesis.250 TYR catalyzes the conversion of L-tyrosine to L-DOPA using 

molecular oxygen, followed by the oxidation of L-DOPA to L-DOPAquinone (Figure 29). L-

DOPAquinone is then further transformed, either by a spontaneous reaction or via the aid of 

the remaining enzymes in the melanogenesis pathway, into two main classes of melanins: 

eumelanin and pheomelanin.251,252 Additionally, TYR can also oxidize diphenolic catechols 

to their corresponding quinones.251 Therefore, TYR is regarded as a promising target for the 

pharmaceutical regulation of melanin production.

Protein and Active Site Structure.—The metalloenzyme TYR is classified as a copper 

protein with a type-3 copper center and is generally found throughout the phylogenetic scale 

from bacteria to humans.6 As a type-3 copper center, the active site contains two copper 
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ions, each coordinated by three His residues (Figure 30), with the coordinating motif being 

highly conserved among TYR enzymes from different organisms. The oxidation state of the 

active site ions cycles between Cu+ and Cu2+ when deoxygenated and oxygenated, 

respectively (Figure 29).2 Although the active site metal ions and coordinating residues are 

conserved, there is low sequence identity between human TYR (hTYR) and those from other 

organisms. For example, hTYR shares a ~10% sequence homology with the commonly 

studied TYR from the mushroom A. bisporus (AbTYR).243,253 When analyzing the second 

coordination sphere of the active site (within ~6 Å of the Cu ions) from multiple TYRs, 

there is ~58% sequence identity, suggesting some structural differences at the active site 

between TYRs from different sources.254 To date, there is no available crystal structure of 

hTYR, although it is known to be a monomeric glycosylated type-I transmembrane protein 

~67 kDa in size.255,256 Until very recently recombinant expression of hTYR has been 

difficult,257 which has resulted in AbTYR serving as a surrogate in inhibition and structural 

studies (largely due ease of purification and commercial availability). As with all TYRs, the 

active site in AbTYR is a dinuclear copper site with each Cu ion coordinated by three His 

residues. It was discovered that His85, one of the His residues coordinating an active site Cu, 

possess a covalent modification from a thioether side chain of Cys83 (Figure 30).258 

Whether this modification is present in the active site of mammalian TYRs, including 

hTYR, is presently unknown.259

Inhibitor Development.—Inhibition of TYR has been a significant area of interest and 

many inhibitors of AbTYR have been identified from a variety of natural and synthetic 

sources, with several comprehensive reviews available.260–262 Some inhibitors, such as 

flavonoids, are thought to coordinate to the dinuclear active site based on spectroscopic 

studies,263 while the mode of binding for other inhibitors is unknown. One of the more well 

studied TYR inhibitors, which is used as a skin whitening agent, is the natural product kojic 

acid (Figure 31).264 Kojic acid exhibits mixed inhibition265 with moderate activity against 

TYR enzymes. Specifically, kojic acid activity against Bacillus megaterium TYR (BmTYR, 

Ki = 3.5 μM) and Agaricus bisporus TYR (AbTYR, Ki = 4.3 μM) have been reported.253,265 

An X-ray structure of kojic acid bound to BmTYR showed the inhibitor interacting with 

active site residues, but surprisingly not bound to the active site metal ions.266 In a related 

study, kojic acid was observed engaging in a hydrogen bonding interaction with a Cu-

bridging water molecule, but again not directly coordinated to the active site metal ions of 

BmTYR (Figure 32).265 The observed modes of kojic acid binding is in contradiction with 

previously proposed inhibition mechanisms that involve metal coordination, which were 

based on spectroscopic studies of model complex.267 It is suggested that both modes may 

explain the mixed inhibition kojic acids exhibits. In spite of its use as a skin whitening agent, 

kojic acid exhibits significantly lower activity against hTYR (Ki = 350 μM).253

Another inhibitor of TYR is hydroquinone, which is a FDA approved skin whitening agent 

(Figure 31).264 An X-ray structure of hydroquinone bound to BmTYR (reconstituted with 

Zn2+ instead of Cu2+ to prevent hydroquinone oxidation)265 revealed a hydroxyl group of 

hydroquinone is coordinated with one of the active site Zn2+ ions with a Zn-O bond distance 

of ~2.2 Ǻ. Hydroquinone also engages in a hydrogen bonding interaction with Asn205. 

Interestingly, when hydroquinone was analyzed against hTYR it was much less active (IC50 
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>4 mM)268 than against BmTYRs (IC50 = 32 μM).265 Testing using in vivo skin models 

showed hydroquinone caused a decrease in melanogenesis at relatively low concentrations 

(IC50 <40 μM) when compared to its in vitro activity against hTYR. It was proposed that 

hydroquinone may inhibit melanogenesis via a different pathway than TYR inhibition. In 

spite of their effectiveness and use as skin whitening agents, both hydroquinone and kojic 

acid generally lacked satisfactory inhibitory activity against hTYR.253,268 In addition, these 

agents have been reported to have undesirable side effects in clinical applications.264,269 One 

clear problem in evaluating these and other TYR inhibitors is that the majority of studies are 

performed on non-human forms of TYR,262 which share low sequence identity with the 

human enzyme.254,262 Given this low sequence identity, it makes it difficult to correlate 

observed inhibitory activity between non-human and human TYR.

In an effort to develop novel, specific, and potent inhibitors against hTYR, one study 

examined the natural product family, thujaplicins, as potential inhibitors.270 A preliminary 

SAR was observed based on the activity of the α, β, and γ-thujaplicin (TYRi-1, TYRi-2, 

TYRi-3, respectively, Figure 31). TYRi-1 demonstrated the poorest activity (IC50 >1 mM), 

while TYRi-2 yielded moderate activity (IC50 = 9 μM), and TYRi-3 exhibited the best 

inhibitory activity (IC50 = ~1 μM).270 The binding mode of TYRi-3 was modeled in a 

homology model of the hTYR active site, which indicated the hydroxyl and carbonyl 

coordinated to the active site metal ions and the isopropyl moiety making hydrophobic 

interactions with other parts of the active site. The poorer activity of TYRi-1 and TYRi-2 

was explained by their isopropyl moieties causing steric clashes with the active site. The 

natural product tropolone, which is the cyclic core of thujaplicin (but lacks the isopropyl 

moiety), has also been studied as a TYR inhibitor. A crystal structure was obtained with 

tropolone bound to the active site of AbTYR, although it does not coordinate to the 

dinuclear active site Cu ions.258

The natural product family of aurones are also hTYR inhibitors.271 Aurones are a sub-class 

of flavonoids, which as mentioned above are a class of TYR inhibitors.260 One of the most 

active aurones analyzed was TYRi-4 (IC50 = 38.4 μM, Figure 31). The SAR around this 

scaffold suggested that the aurones are not engaged in binding the active site Cu ions. A 

subsequent study focused on introducing MBPs to the aurone scaffold.272 The N-

hydroxypyridinone MBP (TYRi-5, Figure 31) alone has some inhibitory activity (Ki = 128 

μM) against hTYR, with subsequent attachment to an aurone scaffold yielding TYRi-6, 

which showed increased activity (Ki = 350 nM) against hTYR. TYRi-6 was evaluated 

against human MNT-1 melanoma cells and showed in vivo activity by decreasing melanin 

biosynthesis (IC50 = 85.3 μM) while exhibiting low overall cytotoxicity. These studies 

represent a potential path to the development of novel hTYR inhibitors for clinical 

anticancer therapeutics.

Current and Future Prospects.—Development of TYR inhibitors has largely been 

performed using non-human TYR, which is a potential roadblock for inhibitors to translate 

into the clinic. Despite this, hydroquinone is approved for topical use only even though it has 

undesirable side effects and its safety has been questioned by regulatory agencies.273 

Another roadblock for developing inhibitors of hTYR is that the structure of hTYR is 

unknown and homology modeling is used in lieu of crystallographic studies. Recent studies 
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claim large scale expression of hTYR, along with some preliminary X-ray crystal structure 

data at low resolution (~3.5 Å), which if improved would be a significant boon to the field.
253,257 Despite the lack of a hTYR structure, potent inhibitors such as TYRi-3 and TYRi-6 

have been identified. Encouragingly, TYRi-6 has shown in vivo activity for reducing 

melanogenesis in human melanoma cells while displaying low cytotoxicity. These 

compounds may represent new scaffolds for improved activity and PK properties that may 

reinvigorate clinical investigations.

4. Transferases (EC 2.X)

4.1 Catechol-O-methyltransferase (COMT, EC 2.1.1.6)

Function in Biology and Disease.—Parkinson’s disease (PD) is the second most 

common neurodegenerative disorder of the central nervous system (CNS), affecting ~1% of 

individuals over the age of 60 and ~3% for those over the age of 80.274 While the specific 

cause for PD is unknown, longitudinal studies have found an increased risk for PD 

associated with exposure to pesticides, history of melanoma, usage of methamphetamines, 

and traumatic brain injury.275 Symptoms of PD (as well as many other CNS disorders such 

as schizophrenia and depression) are associated with reduced dopamine levels in the brain.
276–279 Intake of levodopa (L-DOPA), a direct metabolic precursor of dopamine, is an 

effective way to modulate L-DOPA levels for alleviating the symptoms of PD. However, the 

efficacy of L-DOPA is challenged by catechol-O-methyltransferase (COMT). COMT is 

responsible for the elimination of biologically active or toxic catechols, and regulates the 

amount of available dopamine.280 COMT, a Mg2+-dependent metalloenzyme, transfers the 

methyl group of cofactor S-adenosyl-L-methionine (SAM) to the 3-O-hydroxyl of dopamine 

(Figure 33).281 Co-administration of COMT inhibitors with L-DOPA has proven an effective 

method for maintaining the efficacy of L-DOPA and increasing dopamine levels.278 COMT 

inhibitors (such as tolcapone and entacapone) are currently co-administered clinically with 

L-DOPA for the treatment of PD; however, these inhibitors have poor PK properties and 

more effective inhibitors are still desired.

Protein and Active Site Structure.—Two isoforms of COMT exists, a soluble (S-

COMT) and membrane-bound (MB-COMT) form. S-COMT is the predominate form in 

most tissue with the highest levels found in the liver and kidneys. S-COMT is located in the 

cytosol and it inactivates endogenous and xenobiotic catechols. MB-COMT is anchored to 

the rough endoplasmic reticulum, found predominantly in the brain, and inactivates 

catecholaminergic neurotransmitters such as dopamine and norepinephrine.282,283 The 

isoforms of COMT vary by 50 residues, specifically an extension found in the MB-COMT 

form, which is the signal sequence for membrane anchoring.280

Human COMT (264 – 271 residues long, ~30 kDa) is a single domain α/β-folded structure 

composed of a seven-stranded β-sheet core, flanked by two sets of α-helices (Figure 34).280 

A crystal structure of cofactor SAM and DNC (3,5-dinitrocatecol, a dopamine mimic and 

early inhibitor of COMT, Ki = 8 – 24 nM)284,285 bound to COMT reveals a SAM binding 

domain, as well as the catalytic site. In the SAM binding domain, the SAM methionine 

sulfur atom is oriented toward the catalytic site in proximity to the 3-O-hydroxyl group to be 
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methylated. The active site Mg2+ is ligated by the side chains of Asp141, Asp169, Asn170, 

the two catechol hydroxyls of DNC, and a water molecule in an octahedral coordination 

geometry (Figure 34).286,287 Additionally, a hydrophobic wall consisting of residues Trp38, 

Trp143, and Pro174 adjacent to the catalytic site determines the regioselectivity for 3-O-

methylation over 4-O-methylation of the catechol hydroxyl groups. Analysis of the 

regioselectivity of the COMT enzyme have been described in detail.280,288,289

Inhibitor Development.—Unsurprisingly, inhibitors bearing a catechol MBPs constitute 

the largest, most clinically advanced class of COMT inhibitors.282,288,290–309 In the 1960s, 

the first generation of COMT inhibitors appeared that contained a catechol MBP.295–302 

U-0521 (Figure 35) is the most archetypal and potent inhibitor of this class (Ki = 7.8 μM); 

however, U-0521 displayed low selectivity (also inhibiting tyrosine hydroxylase), poor 

activity, and high toxicity. In addition, first generation inhibitors were often substrates for 

COMT themselves and underwent O-methylation. This resulted in the formation of toxic O-

methylated metabolites, and precluded these inhibitors from clinical development.310 

Second generation COMT inhibitors bearing a nitro-catechol MBP were introduced as more 

potent inhibitors, as well as poorer substrates of COMT. The addition of a nitro-group at the 

ortho-position to one of the hydroxyl groups lowers the pKa of the adjacent hydroxyl group, 

thereby preventing O-methylation.293 Clinically advanced second generation inhibitors 

include, but are not limited to, nitecapone, entacapone, and tolcapone (Figure 35). 

Nitecapone, entacapone, and tolcapone exhibited good activity against COMT (IC50 = 18 

nM, 10 nM, and 36 nM, respectively), low acute toxicity, and high selectivity for COMT 

versus other catecholamine metabolizing enzymes (such as tyrosine hydroxylase, DβH, 

MAO-A, and MAO-B).280,282,293,294,311,312 Although, entacapone and tolcapone (trade 

names Comtan and Tasmar) are approved drugs for the treatment of PD, they lack 

bioavailability and are toxic, limiting their overall clinical usefulness (see discussion below). 

Extensive reviews on the history, recent developments, and clinical data of these inhibitors 

can be found elsewhere.282,287

Another class of COMT inhibitors bearing the catechol MBP are bisubstrate inhibitors 

(COMTi-1, Figure 35). Bisubstrate inhibitors are rationally designed to link a SAM 

analogue with a dopamine analogue, and mimic their binding activity during catalysis.288 

Various derivatives of bisubstrate inhibitors have been synthesized, with modifications to the 

linker length, nitro-group position, ribose motif, and adenine motif,303–309 with COMTi-1 

being the most potent example reported date (IC50 = 9 nM).309 In vivo data for bisubstrate 

inhibitors is lacking, so their clinical potential remains unclear. Crystallographic data of 

COMTi-1 bound to COMT (Figure 36) reveals COMTi-1 occupying both SAM and 

dopamine binding pockets.303 The dihydroxyl group of the catechol MBP binds in a 

bidentate manner to the Mg2+ ion, which is ligated by the sides chains of Asp141, Asp169, 

Asn170, and a water molecule forming an octahedral coordination geometry (similar to that 

of DNC and other first- and second-generation inhibitors).

In addition to the catechol MBP, tropolone (COMTi-2, Figure 35),313 and hydroxypyridone 

MBPs282,314–316 (COMTi-3, COMTi-4, COMTi-5, Figure 35) have also been explored. 

These inhibitors are able to bind in a bidentate manner to Mg2+ ion analogous to catechol 

MBPs, but have the advantage that they do not undergo O-methylation. Inhibitors bearing a 
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tropolone MBP exhibited modest activity against COMT (COMTi-2, Ki = 8.9 μM), and have 

not been pursued as clinical candidates.282,313,317 In contrast, inhibitors bearing a 

hydroxypyridone MBP (COMTi-3, COMTi-4, COMTi-5) have achieved IC50 values of 8 

nM.316 X-ray crystallographic analysis of COMTi-3 bound to COMT reveals the 

hydroxypyridone MBP coordinates in a bidentate fashion to the Mg2+ ion resulting in an 

octahedral coordination geometry identical to that of the catechol-based inhibitors (Figure 

36).315 Further optimization and characterization of hydroxypyridone MBP compounds 

yielded COMTi-5 (IC50 = 8 nM), disclosed by Merck in a patent for the symptomatic 

treatment of neurological and psychiatric disorders where COMT is involved;316 however, 

its clinical efficacy has not yet been validated.

Current and Future Prospects.—While structurally diverse inhibitors of COMT have 

been developed, most rely on a catechol or hydroxypyridone MBP motifs for metal binding. 

The first generation COMT inhibitors exhibited weak in vitro activity, poor selectivity, and 

toxicity. The need to increase activity and eliminate O-methylation by COMT led to the 

development of second generation inhibitors, including nitecapone, entacapone, and 

tolcapone. These inhibitors are quite potent and some are used clinically. While nitecapone 

completed Phase I clinical trials, it was replaced by entacapone, which was judged to be a 

more efficacious clinical candidate.282 Since the late 1990s, entacapone has been approved 

for the adjunctive treatment of PD; however, its low bioavailability and short duration of 

action has limited its overall clinical effectiveness.282,318 Tolcapone, another approved drug 

used for the adjunctive treatment of PD, exhibits liver toxicity issues and its usage has been 

limited to a last resort drug when patients are unresponsive to other treatment methods.319 

The design and synthesis of bisubstituted inhibitors yielded good in vitro activity, but their 

clinical efficacy has yet to be determined. Inhibitors bearing a hydroxypyridone MBP have 

been extensively studied, but their clinical efficacy has also yet to be validated.

The desire to develop a potent COMT inhibitor for treating PD has led to major 

advancements in understanding the COMT enzyme and the mechanism of action of various 

inhibitors; however, further development with new molecular entities, including new MBPs 

(beyond catechols, tropolones, and hydroxypyridone) is merited based on the drawbacks of 

current compounds such as poor inhibitory activity and low oral bioavailability (due to 

glucuronidation and sulfation).320 Inhibitors with alternative MBPs should be structurally 

distinct from the diphenolic motif, but also capable of bidentate metal coordination. Further 

research into new MBPs which incorporate the SAM substrate group may yield the 

breakthrough needed for more active and selective COMT inhibitors.

4.2 Farnesyl transferase (FTase, EC 2.5.1.58)

Function in Biology and Disease.—Farnesyl transferase (FTase) belongs to the 

prenyltransferase class of enzymes, and functions to transfer a farsenyl signaling moiety 

onto a variety of substrate proteins (Figure 37). FTase has garnered significant attention over 

the past ~30 years due to its potential as a target for anticancer therapeutics.321 FTase is a 

signaling protein responsible for activating several enzyme classes, including, but not limited 

to, members of the RAS family and the RAS superfamily, laminin, phosphorylase kinase, 

and transducing rhodopsin kinase.322 The ability of FTase to activate the RAS proteins is 
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critical, as this FTase action is necessary for RAS proteins to function.323 The RAS proteins, 

especially KRAS, are a heavily studied class of metalloenzyme for cancer therapy, as 

mutations in these proteins are extremely prevalent in the majority of cancer serotypes,324 to 

the point that many cancers are dependent on KRAS for survival.321 Correspondingly, there 

has been a tremendous interest in developing FTase inhibitors to preemptively block RAS 

function to inhibit tumor growth and potentially treat cancer.

Early studies on rodents demonstrated the potential of FTase inhibitors, as nude mice 

bearing the tumorigenic HRAS cancer model were successfully treated and cured with FTase 

inhibitors.325 However, to great disappointment, FTase inhibitors failed to provide benefit in 

late stage Phase III clinical trials as cancer therapeutics.326–328 Similar to MMPs (Section 

1.5), FTase inhibitors were quite potent, but failed because the biology regarding KRAS was 

not fully understood.321 It was found that although inhibition of FTase prevents FTase from 

farsenylating and activating KRAS, other enzymes within the prenyltransferase family 

(geranylgeranyltransferase, GGTase) are able to fill the void and activate KRAS, providing 

an alternative activation pathway to FTase.329–331 This secondary activation was not 

observed in rodent models because these models used HRAS (the dominant tumor-driver in 

rodent) instead of KRAS (the dominant tumor-driver in humans), and HRAS cannot undergo 

the same secondary activation mechanisms.332 It is worth noting that GGTase is also a Zn2+-

dependent metalloenzyme that is structurally similar to FTase; however, inhibition of 

GGTase has been shown to be lethal in rodents, making dual inhibition of FTase and 

GGTase an unviable route in cancer therapy.322,333

Protein and Active Site Structure.—FTase is a heterodimeric Zn2+-dependent 

metalloenzyme responsible for transferring a phosphorylated isopreneoid substrate to the C-

terminus of protein substrates bearing a CAAX terminal motif, where C is Cys, A is either 

Ala or Phe, and X is any amino acid. As shown in Figure 38, both subunits are mainly 

comprised of α-helices, with the α-subunit enveloping the β-subunit. The β-subunit contains 

the catalytic Zn2+ ion, which is coordinated by His362, Asp297, Cys299, and a water 

molecule in a tetrahedral geometry.334 Interestingly, there is also a loosely coordinated Mg2+ 

ion within the active site that is believed to aid in enzyme catalysis.335 The mechanism of 

FTase farsenylation begins with coordination of the farsenyl diphosphate substrate, which is 

necessary for binding of the second substrate, namely the CAAX peptide. The CAAX 

peptide is coordinated to the Zn2+ though the Cys sulfur atom, and then ligation of the 

farnesyl and peptide occur. Finally, a second farnesyl diphosphate molecule enters the active 

site to trigger dissociation of the newly formed farnesylated peptide.336

Inhibitor Development.—Having been studied for ~30 years, there exists a substantial 

body of literature on FTase inhibitors.337,338 Among the most prominent inhibitors within 

the field summarized in Figure 39. α-Hydroxyfarnesyl phosphonic acid and L-744,832 are 

significant as they represent the earliest FTase inhibitor classes, whereas lonafarnib and 

tipifarnib were evaluated in Phase III clinical trials. While α-hydroxyfarnesyl phosphonic 

acid and lonafarnib contain functional groups capable of metal coordination, crystal 

structures of these inhibitors show that they do not coordinate to the catalytic Zn2+ but bind 
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elsewhere within the FTase active site.339 In contrast, L-744,832 and tipifarnib have been 

crystallography demonstrated to inhibit FTase by coordination to the active site Zn2+ ion.

L-744,832 is based on the amino acid sequence CVFM, and was designed as a mimic of the 

native KRAS tetrapeptide CAAX motif that FTase acts on.340 Surprisingly, L-744,832 is not 

farsenylated by FTase, a property which has been attributed to the Phe residue.341 L-744,832 

has an IC50 value around 0.240 μM, depending on the carboxylate pro-drug used.322 The 

structure of L-744,832 bound to FTase shows the compound acts as a competitive inhibitor 

and coordinates to the active site Zn2+ through the Cys sulfur atom (Figure 40).342 This thiol 

tetrapeptide inhibitor also showed cellular activity with the ability to inhibit the growth of 

>70% of cancer lines when administered at concentrations of 2–20 μM.343 Unfortunately, 

L-744,832 failed Phase I clinical trials as this it displayed adverse neutropenia, 

thrombocytopenia, fatigue, and vomiting.344,345

Tipifarnib (previously known as R115777) was discovered through HTS by the Janssen 

Research Foundation through a combination of library screening and computer aided drug 

design.346 A crystal structure of tipifarnib bound to FTase shows the compound coordinates 

to the catalytic Zn2+ ion using the nitrogen atom of an imidazole group (Figure 40). 

Tipifarnib has an IC50 value of 7.9 nM, and was found to inhibit cell proliferation in 75% of 

human tumor cell lines bearing RAS mutations when administered at concentrations ≤100 

nM.347 Unfortunately, tipifarnib failed to improve patient outcomes in late stage Phase III.
326–328

Current and Future Prospects.—FTase functions as a signaling enzyme that activates 

protein substrates by attaching a farnesyl group though a Zn2+ mediated-mechanism. In 

particular, FTase has garnered significant interest due to its ability to activate the notorious 

cancer target KRAS; and it was widely speculated that FTase inhibitors would serve to 

upstream inhibit KRAS function. Unfortunately, FTase inhibitors have failed in Phase III 

clinical trials due to insufficient ability to improve patient outcomes with advanced cancer, 

regardless of whether these drugs were administered alone or in combination.321 This lack 

of efficacy was due to KRAS activation by alternate prenylation mechanisms, which was not 

detected in rodent models. While the interest in developing inhibitors of human FTase has 

understandably diminished, there is still potential for FTase inhibitors to be used in other 

disease states affected by FTase signaling, such as cardiovascular disease, Parkinson’s 

disease, Alzheimer’s disease, and schizophrenia.348 Furthermore, as FTase is found in many 

pathogens, there has recently been a burgeoning interest in developing FTase inhibitors as 

potential antibiotics and antimicrobials to target parasitic diseases including malaria, African 

sleeping sickness, and Chagas disease.349,350

4.3 Mobilized Colistin Resistance-11 (MCR-1, EC N.A.)

Function in Biology and Disease.—Colistin (a.k.a., Polymyxin E) is considered to be 

one of the drugs of last resort against antibiotic resistant bacteria, and operates by destroying 

the bacterial outer membrane.351 Due to the structure of the bacterial outer membrane, the 

outer membrane surface has an overall negative charge from the phosphate backbone of the 

lipopolysaccharide coating. Colistin contains five terminal amine residues that are 
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protonated at physiological pH, leaving colistin with an overall positive charge (Figure 41). 

This creates an electrostatic attraction allowing colistin to bind the outer membrane surface, 

so that once the amine enriched portion of the molecule is bound, the hydrophobic tail is free 

to incorporate into the bacterial lipid layer, creating micropores that weaken the cell 

membrane, eventually leading to cell death.352

Historically, the development of resistance to colistin was relatively rare, as bacteria had to 

individually develop resistance against this antibiotic through random chromosomal 

mutations. However, changing usage, including the production of ~12,000 tones of colistin 

in 2015 primarily for agricultural use, have led to the development of Mediated Colistin 

Resistance-1 (MCR-1).353 MCR-1 is plasmid-born and is easily communicable among 

multiple bacteria populations. Since its initial detection in China in 2015, MCR-1 has 

rapidly spread worldwide. As of early 2017, there have been reports of MCR-1 detected in 

animals in 28 countries, and reports of human MCR-1 in human isolates in 29 countries.354 

Furthermore, MCR-1 has been detected with other antibiotic resistance mechanisms, most 

notably NDM-1 (Section 7.5),355 leading to the fear that MCR-1 will produce pan-resistant 

bacteria. Therefore, there is a strong interest in preemptively developing inhibitors against 

MCR-1 to alleviate the burden of resistant bacteria.

MCR-1 is a Zn2+-dependent metalloenzyme that operates as a phosphoethanolamine 

transferase to confer resistance to colistin (Figure 41). Specifically, MCR-1 places a terminal 

amine group on the phosphate backbone of the outer membrane, which at physiological pH, 

changes the overall charge of the bacterial outer membrane from negative to positive. The 

resulting positively charged outer membrane serves to electrostatically repel colistin so that 

the antibiotic can no longer interact with the outer membrane to cause cell death.

Protein and Active Site Structure.—MCR-1 is a large enzyme that is anchored to the 

inner membrane by an α-helix bundle domain that is tethered to the catalytic domain (Figure 

42).356 While MCR-1 has been confirmed to be a Zn2+-dependent metalloenzyme via mass 

spectrometry experiments,357 as well as incubation with EDTA, which abolished activity in 

cellular assays,356 the literature is currently unresolved whether MCR-1 possesses a 

mononuclear or dinuclear Zn2+ active site. The first published crystal structures of the 

catalytic domain of MCR-1 showed a dimeric structure with a dinuclear Zn2+ active site, 

where the second Zn2+ serves as a bridge connecting the two enzyme units.357,358 

Additional crystallography studies have captured both mononuclear and dinuclear Zn2+ 

forms of MCR-1 (Figure 42), with the mononuclear Zn2+ form as a single enzyme unit, and 

the dinuclear Zn2+ form again as a dimeric enzyme.356 It is also unknown whether MCR-1 

functions as a dimer, or if the enzyme is actually functional as a monomer. In the case of the 

mononuclear Zn2+ form, the active site consists of a large flat plane, with the catalytic Zn2+ 

ion coordinated by His466, Asp465, Glu246, and phosphorylated Thr285 (Figure 42). Thr 

phosphorylation is reported to be an intermediate in phosphoethanolamine transfer.356 In the 

dinuclear Zn2+ form, the active site is more constrained with ZnA remains coordinated by 

His466, D465, and E246, and ZnB coordinated by His478, His395, and the Glu300 from a 

second MCR-1 unit, with both Zn2+ ions coordinated in a tetrahedral geometry. Mutation of 

Glu300 to Ala found that the catalytic activity of MCR-1 remained unchanged,359 

suggesting that the ZnB site is not required for catalysis, and lends credence to the argument 
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that MCR-1 preferentially functions as a mononuclear metalloenzyme, with ZnA as the site 

of catalytic activity.

Inhibitor Development.—To the best of our knowledge, there have been no efforts to 

develop inhibitors against MCR-1, with the closest example being the use of EDTA to 

demonstrate the Zn2+-dependence of MCR-1.356 The lack of inhibitors against MCR-1 can 

largely be attributed to the recent discovery of this metalloenzyme in 2015,353 and even 

more recent release of crystallographic data in the last few years.356–359 Furthermore, there 

also have not been any reports of assay development for the in vitro screening of potential 

inhibitors against MCR-1. Other phosphoethanolamine transferases, such as 

lipooligosaccharide phosphoethanolamine transferase A (LptA), bear 40% sequence identity 

to MCR-1.358 In vitro assays for LptA use a substrate comprised of a p-nitrophenol 

chromophore conjugated to phosphoethanolamine,360 and it is possible that this same 

substrate can be utilized to monitor MCR-1 activity for the purposes of inhibitor 

development.

Current and Future Prospects.—MCR-1 is a Zn2+-dependent metalloenzyme that 

confers antibiotic resistance to colistin. Since the recent discovery of MCR-1 in China in 

2015, this resistance mechanism has spread worldwide and has the potential to lead to 

superbug type infections. While MCR-1 has been confirmed to be a metalloenzyme, debates 

remain over whether the active site contains one or two Zn2+ ions, although present evidence 

suggests a mononuclear site. As MCR-1 has only recently been discovered, there has been 

no progress in inhibitor development against this target. Further work to elucidate the 

structure and mechanism of MCR-1, as well as vitro assay development, are needed to help 

speed inhibitor discovery against this rising target of interest.

5. Phosphodiesterases (EC 3.1)

5.1 HIV-1 Integrase (HIV IN, EC 3.1.21)

Function in Biology and Disease.—Human immunodeficiency virus integrase (HIV 

IN) facilitates the importation and integration of viral cDNA into the human host-cell 

genome, which is the final step in HIV viral infection.361 After virus-cell fusion and entry of 

the viral core into the host cytoplasm, the double-stranded RNA viral genome is converted 

into double-stranded cDNA by the HIV reverse transcriptase. This viral cDNA is the 

substrate for HIV IN, which catalyzes the incorporation of the viral genome via two distinct 

reactions: 3’-processing (3’P)362 and strand transfer (ST).363 During 3’P, HIV IN binds to 

and selectively cleaves the last two nucleotides (GT) from both 3’-terminal ends of the 

cDNA viral genome to generate two CA-3’-hydroxyl ends (Figure 43). Following 3’P, the 

IN-cDNA complex is translocated to the cell nucleus. ST occurs when the activated IN-

cDNA complex binds to a transcriptionally active region of the host genome in a site non-

specific fashion.361 Once bound, the activated 3’-hydroxyl DNA ends are inserted into the 

host-genome via IN-catalyzed phosphodiester transesterification reactions. After integration, 

the remaining nicked ends are ligated by host-cell DNA-repair machinery.361

Millions of new HIV infections and acquired immunodeficiency syndrome (AIDS) related-

deaths occur annually, in spite of the recent advances in HIV treatment and prophylaxis. 
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Highly-active antiretroviral therapy (HAART) has increased the quality of life and duration 

of life for many individuals who suffer from HIV infection, but problems of toxicity related 

patient non-adherence and multi-drug resistance continue to necessitate the development of 

new and better HIV antiretrovirals. To address these problems HIV IN was identified as an 

attractive drug target, as there is no mammalian HIV IN counterpart. Since the mid-1990s 

HIV IN has been highly studied361,364–366 and several HIV IN inhibitors have undergone 

clinical trials, with three HIV IN inhibitors currently approved for the treatment of AIDS.

Protein and Active Site Structure.—HIV IN proteins are highly conserved among 

retroviruses, and all retroviral HIV INs can be structurally divided into three canonical 

domains: an N-terminal Zn2+-binding domain, a catalytic core domain, and a C-terminal 

DNA-binding domain.367 HIV IN is a 32 kDa protein that in solution exists in a dynamic 

equilibrium between monomers, dimers, tetramers, and higher order oligomers. Monomers 

are reportedly inactive in vitro, whereas dimers are able to catalyze 3’P and ST (Figure 44).
368 The N-terminal domain is comprised of residues 1–51 and contains a conserved, 

structural HHCC zinc-finger like domain.369 The catalytic core domain, which is comprised 

of residues 51–212, contains the metal-dependent endonuclease-transferase active site. The 

C-terminal domain is comprised of residues 213–288 and is involved in non-specific DNA 

binding during the integration ST process.361,366 The HIV IN active site contains three 

essential and highly-conserved acidic residues: Asp64, Asp116, and Glu152, which 

comprise the DDE catalytic motif. The DDE motif is the site of metal binding, and can bind 

one or two Mn2+ or Mg2+ cations. Both Mn2+ and Mg2+ are catalytically active, with two 

divalent metal cations required for catalysis, but Mg2+ is considered the biologically relevant 

metalloform.367 Removal or substitution of any member of the DDE domain results in 

greatly diminished catalytic activity.370

To date, no full-length crystal structure of HIV IN has been reported, although there are 

several reported crystal structures of truncated HIV IN domains, including the catalytic 

domain. While these truncated structures give some insight into ligand binding, their utility 

is limited as truncated constructs do not properly bind to the cDNA which makes up an 

important portion of the holoenzyme active site.366 It has become common in the field to use 

the more readily crystallized prototype foamy virus (PFV) as a stand-in for structural 

analysis of integrase inhibitors.366 The overall structure of PFV is similar to HIV IN, and the 

ligand interaction motifs observed between HIV IN inhibitors and PFV are expected to be 

similar to those that occur with HIV IN. Hence, co-crystal structures with PFV provide 

valuable information for the design of HIV IN inhibitors.371,372 As shown in Figure 44, 

MgA is coordinated by both carboxylic acid oxygens of Glu220, Asp128, two water 

molecules, and a bridging water/hydroxide in an overall octahedral geometry. MgB is also 

coordinated by a bridging water/hydroxide, as well as Asp128, Asp185, and three water 

molecules in an overall octahedral geometry.

Inhibitor Development.—HIV IN stands out among therapeutic metalloenzyme targets as 

one of the most successful class of FDA approved metalloenzyme inhibitors. Notably, HIV 

IN inhibitors also use a more diverse array of MBPs when compared to most other 

metalloenzyme drug discovery programs. Currently, three HIV IN inhibitors are approved 
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for use in HIV infection (raltigravir,373 elvitegravir,374 dolutegravir375) and two other 

inhibitors are in late stage Phase III clinical trials (bictegravir,376 cabotegravir377). As seen 

in Figure 45, the chemical structures of these five inhibitors share many similarities, 

particularly for dolutegravir, bictegravir, and cabotegravir. The success of these inhibitors 

has led to the recent development of many ‘me-too’ inhibitors.374 While hundreds of HIV 

IN inhibitors have been reported in the past three decades, we will briefly review 

representative chemotypes of metal-binding HIV IN inhibitors and general trends focused on 

more recent reports. More comprehensive reviews on HIV IN inhibitors can be found 

elsewhere.364,366

The first promising lead inhibitors against HIV IN were compounds containing a β-diketo 

acid group as a MBP, adjacent to an aryl group that was found to stack favorably with the 

terminal nucleotide(s) of the IN-cDNA complex.378 Beginning from the fragment lead 

benzoylpyruvic acid (BPA, Figure 45), 5-CITEP was identified as a lead inhibitor of HIV 

IN, with an IC50 value of 2.2 μM.379 5-CITEP became the first inhibitor to be co-crystalized 

with a truncated catalytic domain of HIV IN. However, the active site of HIV IN in the co-

crystal structure was only partially metallated and in this structure the inhibitor did not bind 

to the active site metal ions. This was likely an artifact of the crystallization conditions, as 

well as due to use of the truncated construct without accompanying cDNA (as evidenced by 

later structural data). Continued development of diketo acid HIV IN inhibitors resulted in the 

identification of L-731,988, which displayed an IC50 value 0.17 μM and an EC95 value of 

9.6 μM. Further work on this scaffold resulted in several lead compounds with low IC50 

values.380 The development of diketo acid HIV IN inhibitors has continued; however, 

absorption, permeability, and toxicity problems associated with the diketo acid functional 

group has limited the efficacy of this class of HIV IN inhibitor. Subsequent efforts turned to 

identifying isosteres of the diketo acid group with improved PK properties.

Distinct from the diketo acids are polyphenols and similar hydroxylated aromatic 

compounds comprise a large class of HIV IN inhibitors. Many of these compounds were 

identified through natural product HTS campaigns. In one such example (Figure 45), 

methanol extracts of Eucalyptus globoidea buds was found to have activity against HIV IN. 

Isolation of the bioactive compound identified Globoidnan A as a modest inhibitor of HIV 

IN with an IC50 value of 0.64 μM.381 The majority of this class of molecules share a 

common dicatechol motif, such as the hydroxycinnamic acid derivative (+)-D-chicoric acid 

(IC50 = 0.5 μM),382 and the flavonoid quercetin (IC50 = 11 μM).383 Although the exact 

mode of inhibition is not well understood, and it remains unclear whether the catechol 

moieties engage in metal coordination, SAR analysis on this class of compounds has shown 

that activity is directly related to the catechol moiety and that blocking or modulating this 

functional group severely affects inhibitory activity.384,385

8-Hydroxyquinoline is a well known ligand for divalent metal cations and this scaffold has 

been explored for HIV IN inhibitors. Early work with 8-hydroxyquinoline inhibitors 

identified derivatives of 8-hydroxyquiniline-7-carboxylic acid (8HQ7CA) as fragment-like 

inhibitors of HIV IN (Figure 45). While this scaffold appears structurally distinct from 

diketo acid-based inhibitors, the 8HQ7CA core is in fact a bioisostere of the diketo acid 

moiety that mimics the acid, enol, and keto groups in a rigid, coplanar structure. Much of the 
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SAR identified in the diketo acid inhibitor work was directly applied to the 8-

hydroxyquiniline scaffold with great success.

Merging 8HQ7CA with the catechol moiety common among natural product inhibitors of 

HIV IN identified several styrylquinoline inhibitors with good activity against IN, including 

HIV-INi-1 (IC50 = 0.03 μM, Figure 45).386,387 A similar 8HQ7CA scaffold reported by 

Shionogi, which introduced what would become the canonical 4-fluorobenzyl moiety, 

displayed good HIV IN inhibition (HIV-INi-2, IC50 = 0.2 μM) and overcame 

physiochemical liabilities of the catechol group and improved cell permeability over related 

compounds.365 Lead optimization of 8HQ7CA by Merck resulted in naptheridine-

compounds such as L-870,810 (IC50 = 8–15 nM, Figure 45), which was the second HIV IN 

inhibitor to enter clinical trials.388 L-870,810 was found to coordinate to the active site metal 

centers in a bridging fashion, with the naphthyridine hydroxyl group bridging the two metal 

ions and the vicinal nitrogen and amide carbonyl moieties coordinating to either metal 

center. MgA is coordinated in a 6-membered chelate ring by the amid carbonyl and the 

naphthyridine hydroxyl group, whereas MgB is coordinated as a five-membered chelate ring 

by the bridging hydroxyl group and the pyridine-like nitrogen of the naphthyridine ring 

(Figure 46). Further structural optimization, resulted in compound L-870,812 (IC50 = 40 

nM). While this lead exhibited decreased activity against HIV IN, L-870,812 displayed 

greatly improved PK properties in humans.389 While clinical trials of L-870,812 were 

ultimately terminated due to long-term toxicity related issues in higher mammals, the SAR 

gained from this campaign, particularly with regards to the oxadiazole-carboxamide moiety, 

was directly applied in the development of raltegravir, which was the first HIV IN inhibitor 

to gain FDA approval.

Other work on the 8-hydroxyquinoline scaffolds focused on removal of the 7-carboxylic acid 

moiety present in early inhibitors, as this moiety can be a liability for in vivo activity, 

particularly the associated low cellular permeability. While some groups found that 

conversion of the carboxylic acid to an amide was generally tolerated, other groups sought to 

replace this group with isosteres. Based on the keto group present in diketo acid scaffolds, 

aryl ketone-based 8-hydroxynaptheridine inhibitors displayed very good activity against 

HIV IN. One compound, HIV-INi-3 (Figure 45), displayed an IC50 value of 0.01 μM in 

protein based assays, and excellent antiviral activity (EC95 = 0.39 μM) with minimal 

cytotoxicity. This compound also identified the cyclic sulfonamide as a key moiety.390 Other 

work on isostere replacement on the 8HQ7CA core found that the carboxylic acid moiety 

can be successfully replaced by certain oxadiazole and triazole rings. HIV-INi-4, which 

replaced the 8HQ7CA carboxylate with a 4-fluorobenzyl-functionalized oxadiazole ring, 

showed both good inhibition values (IC50 = 0.042 μM, EC50 = 0.13 μM) and improved 

permeability relative to the parent compound.391 Tricyclic, N-functionalized 

hydroxyphthalimide-based mimics of 8HQ7CA were also explored. Structural optimization 

of every ring position of the two aromatic rings identified HIV-INi-5 as an optimized 

inhibitor, which displayed submicromolar activity in both protein and tissue culture-based 

assays (IC50 = 0.11 μM, EC50 = 0.85 μM).392

Quinolone carboxylic acid MBPs have also been successfully implemented in the 

development of HIV IN inhibitors. The most successful of this group is elvitegravir (IC50 = 
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7.2 nM, EC50 = 0.9 nM, Figure 45), which employs a modified hydroxypyrimidinone 

carboxylate MBP.393 Elvitegravir employs a metal binding carboxylate group that 

coordinates to one metal center as a bidentate ligand, which is distinct from the more typical 

coordination motif seen in other classes of inhibitors (Figure 46). Elvitegravir binds to MgA 

as a 6-membered chelate ring through the pyridinone carbonyl and one carboxylate oxygen, 

with the same carboxylate oxygen bridging to MgB. MgB is coordinated in a bidentate 

fashion by the carboxylate in a 4-membered ring, which while not unusual for carboxylate 

metal ligands in general, but is unusual among other integrase inhibitors. Related work 

identified compound HIV-INi-6, which displayed good inhibition in protein based assays 

and an EC50 value of 0.1 μM in human lymphoblastoid cell lines.394

Hydroxypyrimidinones and hydroxypyridinones comprise the most successful class of HIV 

IN inhibitors, with two FDA approved drugs and several Phase III candidates all bearing 

analogous MBPs. During the development of raltegravir, the majority of optimization efforts 

focused on improving inhibitor interactions with the protein backbone, as opposed to the 

metal center or bound cDNA. Extensive work ultimately revealed cyclic sulfonamides and 

oxadiazole-carboxamide moieties to have ideal inhibition values as well as acceptable PK 

properties; however, a plethora of similar, highly-active inhibitors with poorer PK properties 

have also been disclosed.395–397 Following the success of raltegravir, synthetic efforts 

shifted away from the N-methylpyrimidinone scaffold employed in raltegravir towards the 

development of bicyclic pyrimidinones and eventually pyridinones (e.g., elvitegravir and 

dolutegravir; Figure 45). The inclusion of a second, -5, -6, or 7-membered saturated ring to 

the pyrimidinone structure was exhaustively explored. This effort revealed bicyclic 

pyrimidinone inhibitors with moderated activity.398 Building on this report, a series of 

aromatic, substituted biaryl-pyrimidinones were explored which displayed good activity 

(IC50 = 1–10 nM) and efficacy in cell studies.399 In an attempt to understand and optimize 

metal binding interactions, various azole rings were employed as amide isosteres, as seen in 

compound HIV-INi-7 (Figure 45). Ultimately, thiazole and oxazole rings showed improved 

activity as compared to the parent amide (IC50 = 20 nM vs. 59 nM, respectively) while 

maintaining excellent activity in cell-based assays.400 The continuation of these efforts 

resulted in the development of dolutegravir as an FDA-approved, second generation HIV IN 

inhibitor. The structure of dolutegravir bound to PFV have been solved and shows 

dolutegravir binds to the active site metal ions of PFV in a bridging fashion (Figure 46). 

MgA is coordinated in a five-membered chelate ring through the pyridinone carbonyl and the 

bridging pyridinone phenol, resulting in a distorted octahedral overall coordination 

geometry. MgB is coordinated by the bridging phenolic oxygen atom as well as the proximal 

cyclic amide carbonyl oxygen in a six-membered chelate ring. This results in an overall 

octahedral coordination geometry for MgB. Dolutegravir requires only single daily dosing, 

as do the structurally related candidates bictegravir and cabotegravir, which are currently in 

late-stage clinical trials as extended release formulations and for use against raltegravir 

resistant mutants.

Emerging from the development of many, diverse HIV IN inhibitors, a singular, canonical 

pharmacophore has emerged that is shared by most active inhibitors. The pharmacophore 

consists of inhibitors with three key components that make key interactions with: the metal 

centers, the nucleic acids, and the protein active site. One study attempted to isolate and 
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probe the effect of changes to the MBP on inhibition. A series of structurally analogous 

inhibitors were designed that only varied in the MBP.401 Termed raltegravir-chelator 

derivatives (RCDs), 21 compounds were prepared all with identical backbones, but different 

MBPs. From these 21 compounds, two (RCD-1, RCD-5; Figure 45) were found to inhibit 

HIV IN with IC50 <1 μM. More importantly, the series of RCD inhibitors displayed a wide 

range of inhibitory activities (IC50 = 0.5–300 μM) that could be interpreted based on subtle 

changes solely at the MBP.

Current and Future Prospects.—While there exists no published co-crystal structure of 

HIV IN, the use of PFV integrase as a stand-in has given insight to the binding of HIV IN 

inhibitors that is consistent with the wealth of established inhibitor SAR and the 

representative pharmacophore model. The majority of the new development in the field have 

focused on ‘me-too’ inhibitors and 3rd-generation inhibitors designed to overcome specific-

mutation resistance.366 This is due, in part, to the wealth of established literature and the 

tremendous success of second and third generations HIV IN inhibitors, such as dolutegravir 

and elvitegravir.

While the field of HIV IN inhibitor development is now quite mature and will likely not see 

continued development to the extent it has previously, work on this target has greatly 

enriched the field of metalloenzyme inhibitor development as a whole. The variety and 

diversity of inhibitors and MBP chemotypes is beyond that generally explored for other 

metalloenzyme targets. Indeed, the success seen in this field is likely due in large part due to 

the thorough exploration of different MBPs, which should be more widely applied to the 

other metalloenzyme targets discussed in this review.

5.2 HIV-1 Reverse Transcriptase-associated Ribonuclease H (HIV RNaseH, EC 3.1.26.13)

Function in Biology and Disease.—Reverse transcription is an essential process in the 

human immunodeficiency virus (HIV-1) lifecycle. Upon viral infection, the HIV-1 reverse 

transcriptase (HIV RT) converts the single-stranded viral RNA genome to double-stranded 

cDNA, which is then translocated to the host-cell nucleus and subsequently incorporated 

into the host genome by the HIV IN (Section 5.1).403 HIV RT catalyzes two distinct 

reactions: RNA- and DNA-dependent DNA polymerization of viral cDNA, and RNase H 

activity which selectively degrades the RNA strand of RNA:DNA hybrid reverse 

transcription intermediates.404 Both of these reactions are critical for viral replication.

Reverse transcription of the viral genome begins from the positive-sense RNA strand and is 

initiated by a host-cell tRNALys3 (the tRNA corresponding to the lysine-3 codon) 

hybridizing to the primer binding site (PBS) near the 5’-end of the HIV RNA genome. The 

tRNA serves as a primer for reverse transcription to the 5’-end of the RNA strand, followed 

by subsequent degradation of the RNA portion of the generated RNA:DNA hybrid 

intermediate by the RT RNase H domain. This negative-sense, short single-stranded DNA (-

sssDNA) is then transferred by the RT to the 3’-end of either template RNA strand of the 

original viral RNA genome. After strand transfer, the copied -sssDNA is elongated to 

generate a complete negative-sense cDNA chain. During reverse transcription, the RNase H 

domain simultaneously degrades the original positive-sense RNA template, leaving only two 
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purine-rich regions, known as polypurine tracks (PPTs), which serve as primers for positive-

sense cDNA synthesis. After elongation of these PPT primers, a second strand transfer event 

occurs in which the complementary PBS domain of the nascent positive-sense cDNA is 

translocated to the 3’-PBS domain of the negative-sense cDNA chain. Bidirectional 

elongation of this complex continues, coupled with intermediate degradation of the 

remaining RNA PPT primer by the RNase H domain, until the proviral cDNA genome is 

complete. The reader is referred to existing references for a complete description of RNase 

H mechanism and function.405–407

HIV derived AIDS remains a global health concern, with millions of new HIV infections 

and AIDS related deaths occurring annually. Currently, HAART remains the only effective 

treatment for AIDS; however, emerging resistance to even the newest drugs demands the 

continuing development of new HIV antiretrovirals. The pivotal role of RT in the viral 

lifecycle has made this enzyme a key target in HAART therapies, and several FDA approved 

inhibitors of RT are currently employed in AIDS therapy. Although HIV RT is a 

multifunctional enzyme with two distinct active sites, all currently approved inhibitors only 

target RT polymerase activity. Hence, the RNase H domain of HIV RT remains a promising 

target for novel RT inhibitors.

Protein Active Site and Structure.—The HIV RT functions as a heterodimer comprised 

of the p66 and p51 subunits. Both subunits are expressed from the same viral pol gene, and 

p51 is derived directly from p66;408,409 proteolytic cleavage by the HIV protease of a single 

p66 protein produces the p51 and p15 polypeptides. In spite of their perfect sequence 

homology, p66 and p51 adopt significantly different secondary structure when in the active 

dimer complex. The p66 subunit contains the active site for both polymerase and RNase H 

function, while p51 plays a more structural role with the analogous ‘active site’ residues 

buried within the subunit.

The p66 subunit is structurally similar to other polymerases, and contains the three canonical 

polymerase subdomains:410 a ‘finger’ domain (residues 1–85, 118–155), a ‘palm’ domain 

(residues 86–117, 156–237), and a ‘thumb’ domain (residues 238–318). The connection 

domain (residues 319–426) and the RNase H domain (residues 427–560) form the remainder 

of the subunit.410,411 X-ray crystal structures of the HIV RT (Figure 47) have shown the 

RNase H domain to be comprised of a central five-stranded mixed β-sheet flanked by four 

asymmetric α-helices. The polymerase and RNase H domains are located ~18 base-pairs 

from each other and are catalytically interdependent.403

RT RNase H has been shown to degrade RNA both during DNA polymerization and in the 

absence of DNA synthesis.412 Based on how the RT interacts with RNA:DNA hybrids 

throughout viral cDNA synthesis, three distinct phosphodiester cleavage modes have been 

identified: DNA 3’-directed, internal/endonucleic, and RNA 5’-directed cleavage.413 DNA 

3’-directed cleavage occurs when a DNA 3’-end of a RNA:DNA hybrid is recognized by the 

RT, and the RNase H activity occurs ~15–20 bp away from the 3’-end. This type of cleavage 

generally occurs in concert with DNA reverse transcription, but can also be polymerization-

independent. RNA 5’-directed cleavage occurs when RNA 5’-end of a RNA:DNA hybrid is 

recognized by the RT, and the RNase H activity occurs in a window of ~13–19 bp 
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downstream of the 5’-end. This form of RNase H activity is completely independent of 

polymerization. Internal or endonucleic cleavage is independent of polymerization activity 

and is not positioned by a DNA 3’- or an RNA 5’-end. Rather, this cleavage activity is 

typical of other RNase Hs where RNA sequence is the major directing factor for cleavage 

site.413,414

The catalytic activity of nucleotide cleavage in the RT RNase H generally follows an SN2 

mechanism in which an activated hydroxide anion attacks the scissile phosphate group in the 

RNA backbone. To carry out this reaction the RT RNase H requires either Mn2+ or Mg2+ 

cations to activate a nucleophilic hydroxide anion and to stabilize the reaction intermediates, 

which classifies the enzyme as a metal-dependent transposase.415 Although crystal 

structures have shown both one and two metal cations present in the active site,416 several 

studies have demonstrated that this RNase H achieves catalysis via a two-metal ion-

dependent mechanism.417–420 This is in contrast with other RNase Hs such as E. coli RNase 

H which requires only a single divalent metal cation.421 The active site of the RNase H 

domain is characterized by the highly conserved DEDD metal coordinating motif, 

comprised of Asp549, Glu478, Asp443, and Asp498. MnA (or MgA) is coordinated by 

Asp498, Glu478, and Asp443, while MnB (or MgB) is coordinated by Asp443 and Asp549, 

with water molecules occupying the remaining coordination sites with both metal centers in 

a distorted octahedral geometry (Figure 47). In the native structure, a single hydroxide anion 

bridges the two metal centers. The conserved DEDD fold is essential for catalytic function, 

and mutation of any of the coordinating residues completely abolishes activity.422–424

Inhibitor Development.—Natural products were among the first class of molecules found 

to inhibit RNase H function in protein based assays.425 Anionic compounds such as heparin, 

xylan polysulfate, dextran sulfate, and other similar microbial extracts were found to inhibit 

RNase H activity with IC50 values ranging from 0.1–8 nM.425 However, these compounds 

were shown to interfere with virus entry and not with RNase H activity when assayed 

against live virus.403 Small molecule natural products were also found to be active inhibitors 

of HIV RNase H. 2-Hydroxyquinone metabolites from sea sponges (RNaseHi-1, -2, and -3, 

Figure 48) were found to have IC50 values of 1–50 μM against RNase H, which was shown 

to be dependent on metal coordination and not secondary redox cycling activity (which can 

occur with quinones in biochemical assays). Synthetic derivatives of RNaseHi-1 in which 

the hydroxyl group ortho to the carbonyl group was modified such that it could no longer 

chelate a metal cation showed complete loss of efficacy against RNase H in enzyme based 

assays.426 Many other polyhydroxylated natural products have been identified as modest 

inhibitors of HIV RNase H, usually with IC50 values between 1–50 μM. These have been 

reviewed in depth,403 and while interesting compounds, they did not produce notable 

activity against live virus.

One interesting class of natural product-based inhibitors of HIV RNase H are 

hydroxytropolones. HTS identified β-thujaplicinol and manicol as potent and selective 

inhibitors of RT RNase H activity (Figure 48). These compounds were show to inhibit 

RNase H with IC50 values of 0.2 μM and 1.5 μM, respectively, while failing to inhibit 

polymerase activity.427 These compounds have also been shown to be effective at inhibiting 

other dinuclear viral metalloenzymes, such as HIV IN (Section 5.1).428 This is likely related 
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to the ability of this pharmacophore to simultaneously coordinate to both active-site metal 

cations (Figure 49).429 As shown in Figure 49, β-thujaplicinol coordinates to the active-site 

metal centers in a symmetric fashion, with the central carbonyl oxygen acting as a bridging 

atom, with both hydroxyl groups coordinating to their adjacent metal center as a five-

membered chelate ring. The charge and shape of this class of inhibitors is thought to mimic 

transition state intermediates, and is likely the underlying cause of their high activity.429

Nucleotide-analogue polymerase inhibitors are among currently approved treatments for 

AIDS, and several have been approved as RT polymerase inhibitors. Some of these have 

been found to also inhibit the RNase H function of RT. In particular, AZT-monophosphate 

was shown to inhibit RNase H more effectively than other nucleotide monophosphates. 

Interestingly, the inhibitory activity of AZT was dependent on the metalloform of RNase H 

employed in the assay (i.e., Mn2+ or Mg2+). The IC50 for the Mn2+ metalloform was found 

to be 5,000 μM while the IC50 for the Mg2+ metalloform was found to be 50 μM.430 Related 

nucleotides, 2’,3’-dideoxyadenosine 5’-monophosphate (ddAMP) and 2’,3’-

dideoxyguanosine 5’-monophosphate (ddGMP), were also found to inhibit RNase H activity, 

but only against the Mn2+ metalloform (IC50 = 220 μM and 450 μM, respectively).431

In the late 1990s, hydrazone derivatives were identified as dual inhibitors of both RT 

polymerase and RNase H activity (Figure 48). RNAseHi-4 (BBNH) was reported to inhibit 

both functions of RT, with an IC50 value of 3.5 μM.432 Interestingly this compound was 

shown to have an EC50 value of 1.5 μM against live virus in cord-blood mononuclear cells. 

The good antiviral activity of this compound was proposed to be due, in part, to the ability of 

this compound to inhibit both functions of RT. Further studies with this and structurally 

related compounds suggested that these compounds bound in various pockets of the RT but 

that RNase H inhibition was likely due in part to active site inhibition through metal binding.
433

Diketo acid inhibitors were first identified as inhibitors of HIV IN (Figure 48).434 Given the 

structural similarities of the HIV IN and RNase H active sites, many diketo acid inhibitors 

have been repurposed for the development of RNase H inhibitors.435 The diketo acid based 

inhibitor BTDBA was reported to selectively inhibit RNase H function in RT while sparing 

polymerization activity, with an IC50 value of 3.2 μM. ITC experiments were employed to 

show that BTDBA binding to RT is independent of nucleic acid but strictly dependent on the 

presence of Mn2+.436 While BTDBA inhibited RT RNase H in protein based assays, it failed 

to inhibit viral replication in cell culture. This is largely due to the poor PK and permeability 

profile of diketo acids; the inhibitor RDS 1643, which employs an ethyl ester pro-moiety of 

the diketo acid, was found to inhibit RNase H activity with an IC50 value of 13 μM and was 

effective against various strains of HIV-1, with an EC50 value of 7.3–18.9 μM.

Based on the three-oxygen metal coordinating diketo acid pharmacophore identified in 

RNase H inhibitors and inhibitors of similar dinuclear DNA processing enzymes (e.g., HIV 

IN), hydroxypyrimidinone carboxylic acid inhibitors of RNase H were explored (Figure 48).
437 This MBP is the same employed in the FDA approved HIV IN inhibitor raltegravir 

(Figure 45). In contrast to HIV IN, where amides are observed to maintain equivalent 

activity as analogous carboxylic acids, the free carboxylic acid of RNaseHi-5 and similar 
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compounds were found to be far more active against RNase H than ester or amide 

derivatives. These compounds were found to coordinate to both Mn2+ ions as a multidentate 

bridged complex, with the hydroxypyrimidinone carbonyl oxygen acting as a bridging atom 

(Figure 49), and to be very selective for HIV RNase H over human RNase H.437 Compound 

RNaseHi-5 was found to inhibit RNase H with an IC50 value of 1.2 μM, but was inactive 

against the virus in whole cell assays, likely due to poor permeability originating from the 

carboxylate group. The structurally related hydroxypyridinone carboxylic acid MBP was 

identified for HIV and is employed in inhibitors such as dolutegravir (Figure 45). Using the 

hydroxypyridinone scaffold as a starting point, a study identified RNaseHi-6 as an inhibitor 

of RNase H with an IC50 value of 2.7 μM and an EC50 value of 10 μM.438

N-Hydroximides, which were originally identified as inhibitors of the influenza PAN 

endonuclease (Section 5.3), were also found to be active against HIV RNase H. Compound 

RNaseHi-7 was found to inhibit RNase H activity with an IC50 value of 0.65 μM, and 

several similar fragment molecules employing the same MBP were also found to inhibit 

RNase H activity with IC50 values of 0.4–1 μM.439–441 SAR around the N-hydroximide 

MBP (Figure 48) indicated that the N-hydroxy group of RNaseHi-8 is essential for activity. 

Structural studies confirmed the N-hydroxy group acts as the bridging ligand between the 

two Mn2+ or Mg2+ metal ions with each proximal carbonyl group coordinating one metal 

ion (Figure 49). This coordination motif is similar to the coordination motif observed with 

hydroxytropolone inhibitors; however, the N-hydroximide MBP itself is far less active than 

the hydroxytropolone MBP. The differences in pKa and charge of the overall complex 

potentially explain this disparity despite the very similar coordination geometry. Compounds 

RNaseHi-9 and RNaseHi-10 were completely inactive against the RNase H as they were 

unable to bind the metal centers in a similar manner. Interestingly, further SAR of the MBP 

indicated that the enol-tautomer was the active species and that blocking this tautomer (e.g., 

RNaseHi-11, RNaseHi-12) rendered the inhibitor inactive. Further synthetic development of 

this class of compounds resulted in RNaseHi-13 which selectively inhibits RNase H activity 

(IC50 = 0.061 μM) and can inhibit HIV replication in cell studies.421 Related work 

employing an N-hydroxypyrimidione MBP produced RNaseHi-14 that showed good RNase 

H inhibitory activity (IC50 = 0.15 μM), but this compound did not show efficacy against HIV 

replication in cells.442,443

In 2010, N-hydroxy napthyridinones were identified as a class of metal coordinating 

inhibitors of RNase H (Figure 48). The compound RNaseHi-14 was identified as a lead, with 

an IC50 value of 0.11 μM. The structure of RNaseHi-15 with RNase H showed the inhibitor 

bound to both Mn2+ ions with the N-hydroxy group reported as a bridging ligand; however, 

closer inspection of deposited structures seems to indicate that each Mn2+ is only 

coordinated by one donor atom.444 As shown in Figure 49, the pyridine-like nitrogen of 

RNaseHi-14 coordinates to MnA in a four-coordinate geometry (coordinating water 

molecules were not reported in the X-ray structure). The N-hydroxyl group was found to be 

too far removed from MnA to engage in coordination bonding (bond length >2.9 Å). MnB is 

coordinated by the N-hydroxy group, with all other ligand donor atoms too far removed 

from the metal center to engage in coordinate bonds.444 Further SAR identified RNaseHi-15 

which displayed an IC50 value of 45 nM. In separate work GSK5750, which shares the same 

MBP, was found to inhibit RNase H with an IC50 value of 0.33 μM.409 Other structurally 
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related pyridopyrimidione inhibitors (RNaseHi-17), which were originally identified as HIV 

IN inhibitors, were identified in a cross-screen of HIV IN inhibitors and was found to have a 

modest IC50 value of 10 μM against RNase H.445 Deconstructive SAR showed that the MBP 

core alone had a similar IC50 value (RNaseHi-18, IC50 = 11 μM). Merging this MBP core 

with SAR generated from N-hydroxy napthyridinone inhibitors produced RNaseHi-19, 

which exhibits good RNase H inhibitory activity (IC50 = 0.05 μM) and was active in 

antiviral assays (EC50 = 0.25 μM).

Finally, in other recent reports, HTS screening identified a dihydroxycoumarin fragment as a 

novel RNase H inhibitor chemotype,446 culminating in compound RNaseHi-21 (Figure 48), 

which showed good RNase H inhibition (IC50 = 0.2 μM). Structural studies of the MBP 

fragment from RNaseHi-21 revealed coordination to MnB via the catechol moiety as a 

bidentate bridged complex, with the pyridinone endocyclic oxygen potentially making 

electrostatic interactions with MnA (RNaseHi-20, Figure 49).

Current and Future Prospects.—HIV-1 RNase H remains an attractive target for future 

drug development, as the increasing emergence of multi-drug resistance and toxicity related 

treatment non-compliance in patients necessitate the development of novel and more well-

tolerated therapies against HIV infections. Many chemotypes have been identified in the past 

decade which have been shown to inhibit the RNase H biochemically (i.e., in enzyme based 

assays), but few of these classes of compounds have shown any significant activity against 

live virus in cell-based assays. HTS and FBDD have both proven effective tool in identifying 

novel inhibitor chemotypes, which when coupled with recent advances in X-ray 

crystallography for this target have made lead design more accessible and have likely 

instigated the recent diversification of reported inhibitor chemotypes. A co-targeting 

approach against both RNase H and HIV IN has also immerged as many inhibitors show 

efficacy against both targets due to the similarity in metal active sites. Further study and 

repurposing of HIV IN inhibitors to target RNase H may lead to effective inhibitors.

There is a need for a more systematic approach to the development of RNase H inhibitors. 

Particularly, more early-stage analysis of PK properties in lead design will be necessary to 

overcome the lack of cellular efficacy present in the literature. This is particularly true for 

inhibitors that employ very polar MBPs. In fact, despite of the large number of identified 

MBP scaffolds that show good inhibition against RNase H, there have been very few studies 

identifying MBPs that have been optimized for more ideal PK properties or to overcome 

poor cell efficacy and permeance. Nevertheless, prospects for this field of study remain good 

for the development of new AIDS therapy targeting RNase H.

5.3 Influenza RNA-dependent RNA polymerase PA N-terminal endonuclease domain (PAN 

Endonuclease, EC 3.1.21)

Function in Biology and Disease.—The influenza virus is a respiratory pathogen that 

is responsible for annual seasonal illness. These epidemics cause substantial morbidity and 

mortality, particularly for the elderly and other high-risk individuals, and are responsible for 

a significant financial burden worldwide. While influenza infections themselves are 

generally not life-threatening, secondary opportunistic infection can easily occur in infected 
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individuals, and these infections are the root cause of most influenza-related deaths. 

Vaccinations can provide significant protection against the influenza virus, but must be 

annually re-administered and often lack efficacy due to rapid viral mutation or emergence of 

pandemic strians.448,449 Rapid mutation and antigenic variation also contribute to the advent 

of resistance to currently available antivirals.450–452 Several small molecule influenza 

antivirals have been approved by the FDA, namely, M2 ion-channel blockers and 

neuraminidase inhibitors. In addition, two influenza RNA polymerase inhibitors, favipiravir 

and baloxavir marboxi, have recently been approved for use in Japan.453,454 However, some 

of these drugs are limited by viral resistance and a time-dependent effectiveness (i.e., 

duration of time between infection and being treated with a therapeutic).453,455–458 

Considering this, there is still a need for the development of new drugs to combat influenza 

infection.

The influenza virus belongs to the orthomyxoviridae family that all contain a segmented 

single-stranded negative sense RNA genome.459 Within the viral capsid, each RNA segment 

binds to a single heterotrimeric RNA-dependent RNA polymerase complex, which is 

comprised of three district subunits (PA, PB1, PB2).460,461 The polymerase complex is 

responsible for viral genome replication, but cannot generate the 5′-mRNA cap necessary 

for eukaryotic translation.462,463 In order to transcribe viral RNA (vRNA) into mRNA 

recognizable by the host cell, the polymerase complex sequesters host mRNA which 

contains a 5′-mRNA cap and then cleaves the capped mRNA 8–14 nucleotides downstream. 

This capped mRNA fragment then serves as a primer for viral transcription, and this 

mechanism is commonly referred to as ‘cap-snatching’ (Figure 50).463–465 The influenza 

virus RNA-dependent RNA polymerase, particularly the metal-dependent PAN endonuclease 

domain of this enzyme, is an attractive target for the development of new influenza 

antivirals, as the PAN endonuclease domain is both indispensable for the viral lifecycle and 

highly conserved among various circulating and historic influenza strains.

Protein Active Site and Structure.—The PA subunit contains two primary sub-

domains, with the N-terminal domain (first 196 residues) containing the PAN endonuclease 

active site and the C-terminal domain playing a structural role. Upon 5′-cap binding of a 

host mRNA to the PB2 subunit, the nucleotide chain is cleaved 8–14 nucleotides 

downstream of the cap by the viral PAN endonuclease domain.463–465 The sequestered, 

capped RNA segment then serves as a primer for viral RNA synthesis by the PB1 domain of 

the polymerase complex. Structural studies have shown the PAN endonuclease contains a 

dinuclear metal active site which binds to two Mg2+ or Mn2+ cations (Figure 51).463 The 

metal cations are bound in a pocket and coordinated by residues His41, Glu80, Asp108, 

Glu119, and Ile120.463,466 MnA coordinates to His41, the backbone carbonyl of Ile120, and 

the carboxylates of Asp108 and Glu119, as well as two water molecules in an octahedral 

geometry. MnB is likewise coordinated by the carboxylate of Asp108 as well as the 

carboxylate of Glu80 with four bound water molecules in an octahedral geometry (Figure 

51). A bound water molecule or hydroxide anion is the catalytic nucleophile employed in 

endonucleic hydrolysis of the phosphodiester backbone of RNA or DNA, and both metal 

centers stabilize the transition-state intermediate via coordination. Both metal ions are 
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essential for catalysis and most reported inhibitors PAN endonuclease function by 

coordinating the metal ions.467–471

Inhibitor Development.—There are currently no FDA approved PAN endonuclease 

inhibitors; however, in the past ~10 years, several classes of small molecules that inhibit 

PAN endonuclease activity have been reported, with one inhibitor, baloxavir marboxil, 

currently in Phase III clinical trials (NCT02954354, NCT02949011). One common 

structural characteristic of nearly all reported PAN endonuclease inhibitors is a two oxygen 

atom metal coordination motif. Mn2+ is a hard Lewis acid and is likely to make more 

favorable coordination interactions with harder Lewis base oxygen donor atoms as opposed 

to softer Lewis bases such as nitrogen or sulfur. This trait is shared with similar viral Mn2+- 

and Mg2+-dependent metalloenzymes such as HIV IN (Section 5.1) and HIV RNaseH 

(Section 5.2). Beyond the similarity shared by the MBPs of reported PAN endonuclease 

inhibitors, a wide variety of chemical space has been explored, with many inhibitors well 

characterized by both biochemical and crystallographic studies.

As with many metalloenzyme targets, natural product polyphenols and catechols were 

among the first reported inhibitors of PAN endonuclease. Among these natural product 

inhibitors, epigallocatechin gallate (EGCG) has been extensively studied (Figure 52). EGCG 

is a major polyphenol component of green tea that has been found to inhibit PAN 

endonuclease activity with IC50 values between 1–10 μM and EC50 values between 20–50 

μM (Table 7).472,473 Deconstructive SAR indicated that the galloyl group is crucial for 

inhibitory activity; derivatives that blocked bidentate coordination by the phenolic moieties 

lost substantial activity. This provided evidence that the galloyl group was responsible for 

metal binding, which was validated by subsequent X-ray structures (Figure 53).467 Through 

a combination of pharmacophore docking, virtual screening, and HTS, several other 

catechol-based inhibitors of PAN endonuclease have been identified. Thalidomide, a 

hypnotic/sedative drug, was also identified as a weak inhibitor of PAN endonuclease.474 

Addition of phenylethylcatechol groups to thalidomide to produce compounds such as 

PANi-1 (Figure 52) resulted in a large increase in activity, likely through the addition of the 

catechol MBP. These inhibitors were assayed directly against H1N1 virus in cell-saving 

assays and PANi-1 displayed an EC50 value of 24 μM.474 Several N-acylhydrazone 

inhibitors containing catechol or galloyl MBPs (PANi-2, PANi-3) have also displayed good 

activity against PAN endonuclease. Interestingly, these molecules contained two potential 

MBPs (catechol/galloyl and acylhydrazone moieties); however, structural studies have since 

confirmed that the catechol group is the preferred MBP. Compound PANi-2 and its catechol 

analogue PANi-3 were found to be active inhibitors of PAN endonuclease with IC50 values of 

14 μM and 0.7 μM, respectively. While PANi-3 was more active, it was also highly cytotoxic. 

However, PANi-2 was found to have minimal cytotoxicity (CC50 >100 μM) and displayed an 

EC50 value of 18 μM.475 Subsequent work on this scaffold has recently resulted in 

compound PANi-4 with an IC50 value of 8.7 μM and improved cellular efficacy with an EC90 

value of 3.5 μM in MDCK cells.476

Diketo acids have been previously identified as potent inhibitors of dinuclear 

metalloenzymes, such as HIV-1 integrase (Section 5.1).477,478 Based on these reports, both 

benzoylpyruvic acid (BPA) and compound L-731,988 (Figure 52), which were initially 
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identified as HIV IN inhibitors, were found to be inhibitors of PAN endonuclease.477,478 

Further development of this scaffold ultimately produced L-742,001 as one of the most 

active inhibitors of PAN endonuclease (IC50 = 0.43 μM, EC50 = 0.35 μM). Interestingly, 

inhibitory activity was not appreciably altered when the N-benzyl moiety of L-742,001 was 

replaced with a cyclohelxylmethyl, chlorobenzyl, or benzenesylfonamide moiety.479 Crystal 

structures of this class of inhibitor bound to PAN endonuclease reveals that the diketo acid 

moiety coordinates to both active site metal centers simultaneously, and that aryl and alkyl 

moieties interact favorably with Ala20 and Tyr24 (Figure 53). Unfortunately, these inhibitors 

suffer from a poor PK and toxicity profiles, which has limited their clinical development.

Flutamide (Figure 52) is a fungal metabolite originally isolated from Delitschia 
confertaspora, that was found to have moderate activity against influenza virus. Biochemical 

analysis indicated that flutamide inhibited the RNA polymerase PAN endonuclease domain 

(Table 7), with structural studies confirming a metal binding mode of inhibition.479,480 

Modifications to the N-hydroxyl group or the olefin resulted in dramatic decreases in 

activity, further illustrating the metal coordination mechanism of inhibition. Structural 

elaboration in which one isopropyl moiety is replaced by p-substituted benzyl groups 

resulted in compound PANi-5 that displayed an IC50 value of ~1 μM. However, PANi-5 and 

related compounds were found to be cytotoxic. Scaffold-hoping produced compounds 

PANi-6 and PANi-7 (IC50 = 12.7 μM and 15 μM, respectively) that employ a similar MBP, 

but show markedly lower cytotoxicity.

Pyridinone-based inhibitors of influenza PAN endonuclease have become a very successful 

class of inhibitors, with the only inhibitor to enter clinical trials being a member of this 

class. The first reports of hydroxypyridinone inhibitors of PAN endonuclease were largely 

scaffold hopping exercises employing different core MBPs. These molecules exhibited 

analogous metal binding and were identified through a variety of methods, but all capitalized 

on very similar SAR trends to generate highly active inhibitors. A series of 2,3-

hydroxyquinolone inhibitors were identified based on the high activity of the parent MBP 

(IC50 = 24 μM), with 6- or 7-position p-fluorobenzyl substituted derivatives (PANi-8) being 

the most active derivatives with an IC50 value of 0.5 μM.481 Structurally related 5,6-

hydroxypyrimidinone inhibitors were found to likewise be active against PAN endonuclease, 

such as PANi-9 (IC50 = 0.15 μM). PANi-9 employs a phenyl tetrazole moiety (Figure 52) that 

makes favorable interactions with basic residues near the active site pocket.470 The tetrazole 

chemical functionality has since become a characteristic motif shared by many active 

inhibitors of this class. Structurally related 4-carboxy-5,6-hydroxypyrimidinones (PANi-10, 

IC50 = 5 μM) have also been explored. However, these compounds were found to have 

similar or reduced activity against PAN endonuclease as compared to non-carboxylate 

hydroxypyrimidinone inhibitors (e.g., PANi-9).468

Crystallographic fragment screening, in which protein crystals are soaked with high 

concentrations of fragment molecules as a means of inhibitor discovery, was employed to 

identify a 5-bromo-2,3-hydroxypyridinone MBP scaffold as a potential inhibitor of PAN 

endonuclease with an IC50 value of 16 μM. Hit-to-lead modification ultimately resulted in 

PANi-11, which was found to inhibit PAN endonuclease activity with an IC50 value of 11 

nM.471,482 In another study, screening of a designer MBP library consisting of ~300 
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fragments against PAN endonuclease identified pyromeconic acid derivatives as active 

inhibitors.483 Guided by modeling, derivatives of pyromeconic acid (PANi-12) and the 

structurally related 3,4-hydroxypyridinone (PANi-13) were prepared and found to inhibit 

PAN endonuclease with IC50 values of 940 nM and 36 nM, respectively. Using a fragment 

merging strategy, compound PANi-14 was obtained with superior activity against PAN 

endonuclease (IC50 = 14 nM) and an EC50 value of 2.1 μM against live virus in MDCK 

cells.

Very recently, novel inhibitors of PAN endonuclease have been disclosed by Shionogi. These 

fused ring inhibitors are based on a 2,3-hydroxypyridinone core MBP. Compound RO-7 

(Figure 52) was first disclosed as a tool compound and was found to have very high efficacy 

against live virus in cell saving assays (EC50 = 5–15 nM).484 The clinical candidate, 

Baloxavir Marboxil, inhibits PAN endonuclease and influenza virus with similar activity as 

RO-7. This drug candidate is currently in Phase III studies (NCT02954354, NCT02949011) 

and has shown promising results as a combination therapy with oseltamivir (a.k.a., Tamiflu).

Current and Future Prospects.—In the past decade, many new structural classes of 

PAN endonuclease inhibitors have been reported, with a large number of these inhibitors 

showing good activity in protein based assays. The availability of co-crystal structures has 

facilitated the development of highly active inhibitors, and will play an increasingly crucial 

role as the field moves towards inhibitors that are rationally designed to maintain high 

enzymatic activity, but with improved biologically active. Although a variety of MBPs have 

been explored, increasing numbers of studies have found hydroxypyridinone and similar 

scaffolds to be highly active scaffolds for inhibitor development, with the first PAN 

endonuclease inhibitors to enter clinical trials using these MBPs. Much like the early days of 

HIV IN inhibitor development (Section 5.1), the field of influenza PAN endonuclease 

inhibitor development is primed to rapidly grow in the next decade in the effort to identify 

clinically useful compounds.

5.4. Phosphodiesterase-4 (PDE4, EC 3.1.4.53)

Function in Biology and Disease.—Phosphodiesterases (PDE) hydrolyze cyclic 

adenosine monophosphate (cAMP) and/or cyclic guanosine monophosphate (cGMP) (Figure 

54) and are thereby responsible for regulating intracellular levels of these second 

messengers.487,488 cAMP and cGMP bind to and activate protein kinases A and G (PKA and 

PKG), which regulate important cellular functions.488 Decreased concentrations of cyclic 

nucleotides due to degradation by PDE is implicated in several human diseases, including 

heart failure, depression, asthma, inflammation and erectile dysfunction; therefore, inhibitors 

of PDEs are considered of therapeutic importance.488 The PDE superfamily includes 11 

isoenzyme families of which PDE4, -7, and -8 are cAMP-specific enzymes; PDE5, -6, and 

-9 are cGMP-specific enzymes, and PDE1, -2, -3, -10, and -11 hydrolyze both cyclic 

nucleotides.489 Most drug discovery efforts target PDE3, -4, or -5.487,488

This chapter focuses on PDE4 because a metal-binding PDE4 inhibitor has recently obtained 

FDA-approval (Figure 1). PDE4 is present in the brain, testes, leukocytes, skeletal, visceral 

and vascular muscles and is involved in inflammation, vascular and visceral muscle tone, 
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depression, and reproduction.490 Four different genes encode PDE4, including PDE4A, 

PDE4B, PDE4C, PDE4D, and there are 20 different isoforms.487 Although the catalytic 

domain of PDE4 isoenzymes is highly conserved, each gene fulfills a nonredundant role in 

controlling cell function.491 For example, PDE4B inhibitors have shown to be particularly 

useful in treating inflammatory diseases.487,488,491,492

Protein and Active Site Structure.—PDEs consist of an N-terminal regulatory domain 

(~151 residues), a conserved catalytic domain (~337 residues), and a C-terminal domain 

(~78 residues).493 The catalytic domain (Figure 55) consists of 17 α-helices divided into 

three subdomains, including an N-terminal cyclin-fold region, a linker region, and a C-

terminal helical bundle.488 The active site lies at the interface of these three subdomains, and 

it contains four subsites called the metal-binding site, core pocket, hydrophobic pocket, and 

lid region.488 There are two metal ions in the metal-binding site and their identity is unclear.
488,494 Metal soaking experiments combined with anomalous X-ray diffraction experiments 

indicate that one metal is a Zn2+ ion, and it is coordinated by residues Asp392, His238, 

His274, and Asp275.493 The second metal is likely Mn2+ but could also be Mg2+, Ca2+, or a 

mixture of these ions in vivo.493 The Mn2+ ion is coordinated by Asp275 and water 

molecules.493 In the AMP-bound structure, both metals are also coordinated to oxygen 

atoms of the AMP phosphate.493 In the absence of ligand, the metals are bridged by a water 

molecule.495

A catalytic mechanism was postulated with the assumption that the in vivo active site 

structure consists of Zn2+ and Mg2+ (or Ca2+) bridged by an activated hydroxide.493,494 This 

activated hydroxide may perform a nucleophilic attack on the phosphorous of cAMP, 

triggering an associative, dissociative, or hybrid mechanism of cAMP hydrolysis.493 These 

mechanisms require protonation of the O3’ leaving group, which is likely satisfied by 

His234, a strictly conserved residue among PDEs.493,494

Inhibitor Development.—The development of PDE4 inhibitors to treat respiratory 

inflammatory diseases is an established field.496 The vast majority of these inhibitors are not 

metal-binding; however, a metal-binding drug, crisaborole (IC50 = 110 nM), was granted 

FDA approval in 2016 (Figure 1). The most well-characterized PDE4 inhibitor is rolipram 

(Figure 56).488 Although it is still used in research, rolipram failed clinical trials for causing 

significant gastrointestinal side effects.497 Rolipram binds to two different conformers of 

PDE4 with Ki values of ~500 nM and ~2 nM;498 therefore, the conformers were named the 

low-affinity PDE4 (LPDE4) and high-affinity PDE4 (HPDE4), respectively.499,500 Different 

proportions of LPDE4 and HPDE4 exist in tissues and cell types.500,501 Most immune and 

inflammatory cells contain the LPDE4 conformation, and some of the gastrointestinal side 

effects of rolipram are due to HPDE4 inhibition, not LPDE4 inhibition.500,501 This evidence 

has led to developing inhibitors with selectivity for LPDE4 over HPDE4,488,499–502 which 

has resulted in FDA-approved drugs that inhibit PDE4 with improved therapeutic indices 

(Figure 56), such as roflumilast (IC50 = 0.8 nM),503 cilomilast (IC50 = 13 nM),498 and 

apremilast (IC50 = 74 nM).504 These PDE4 inhibitors, as well as rolipram, feature an 

alkylated catechol moiety that is commonly present in PDE4 inhibitors. The alkylated 

catechol moiety occupies the same pocket as the adenine ring in AMP and forms hydrogen 

Chen et al. Page 52

Chem Rev. Author manuscript; available in PMC 2019 April 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



bonds with Gln443.495 There are several other non-metal-binding PDE4 inhibitors that are in 

clinical development or FDA-approved.487,488,492,502 Incorporating a hydroxamic acid into 

the rolipram scaffold increases activity, as exemplified by PDE4i-1, which has an IC50 value 

of ~2 nM compared to IC50 ~10–36 nM of rolipram.505 These values were determined by 

measuring inhibition against PDE4A, -B, and D; the conformer of PDE4 (LPDE4 or 

HPDE4) is not reported.505 Additional experiments indicated that, these hydroxamic acid 

compounds were implicated in off-target activity and were not further developed.495,506

A subsequent study on a library of boron-containing small molecules507 produced a series of 

benzoxaboroles with inhibitory activity against cytokine release and PDE4.508 The 5-

phenoxybenzoborole compounds were particularly effective against PDE4.508 Crisaborole 

(IC50 = 110 nM) was further tested for selectivity over PDE isozymes, including 

PDE1-11.508 AN2728 showed some inhibitory activity against PDE1A3, PDE3Cat, 

PDE7A1 but no inhibition of other isozymes at 10 μM.508 The conformer of PDE4 (LPDE4 

or HPDE4) used in this study is not reported, but the measured IC50 value of rolipram is 860 

nM, which shows the boron-containing inhibitors are more potent than rolipram.508 A 

crystal structure of one of these compounds (PDE4i-2) bound to PDE4 reveals the mode of 

binding (Figure 57).495 The boron center is observed to be in a hydrated, tetrahedral 

configuration, with a hydroxyl group on the boron atom bridging the Zn2+ and Mg2+ ions. 

Superimposing the structures of PDE4 with the boron-based inhibitor and cAMP in the 

active site shows that the tetrahedral boron overlaps with the phosphate of cAMP; therefore, 

the hydrated boron mimics the transition state of cAMP hydrolysis.495 The presence of a 

tetrahedral boron atom is essential for the activity of these inhibitors as evidenced by 

significant loss of inhibitory activity when the oxaborole ring is substituted with a lactol 

ring.495 Boron-based inhibitors employing a similar binding motif to a bimetal center have 

been developed for arginase (Section 7.2).509 Crisaborole was granted FDA approval in 

2016 to treat atopic dermatitis (a.k.a., eczema) and is the first successful metal-binding 

PDE4 inhibitor to receive FDA approval. It is also under development to treat psoriasis.490

Current and Future Prospects.—There are many PDE4 inhibitors in clinical 

development or that have gained FDA approval. The most recent to receive FDA approval 

are apremilast and crisaborole in 2014 and 2016, respectively. Initial attempts to create 

metal-binding PDE4 inhibitors used the ubiquitous hydroxamic acid MBP, but did not 

achieve clinical advancement. Crisaborole, which contains a cyclic boronate that binds to the 

activated water molecule bridging the Zn2+ and Mn2+ active site metals, is the first 

successful metal-binding PDE4 inhibitor. The tetrahedral boron in crisaborole mimics the 

transition state of cAMP hydrolysis similar to boron-based inhibitors developed for arginase 

(Section 7.2). Time will tell how the market impact of crisaborole compares to other PDE4 

drugs; however, the success of the boron-based PDE4 inhibitors opens doors for new MBP-

containing inhibitors of PDE4. Also, the use of the cyclic boronates in the development of 

inhibitors for metalloenzymes containing a dinuclear metal centers, such as PDE4 and 

arginase, highlights the potential of this interesting MBP. Examination of patent literature on 

inhibitors developed against PDE isoenzymes suggests that this is a fruitful field.496 While 

the greatest number of patents have and continue to be filed for PDE4 inhibitors, there is 

also demonstrated interest in developing inhibitors against PDE5 and PDE10 as well as 
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PDE1 and PDE2 more recently.496 Currently, metal-binding inhibitors only exist for PDE4; 

however, similarity of the PDE active site suggests that the same boron-based MBP could be 

used to develop selective inhibitors for other PDE isoenzymes.

6. Peptidases (EC 3.4)

6.1 Angiotensin-Converting Enzyme (ACE, EC 3.4.15.1)

Function in Biology and Disease.—Hypertension, as defined by a systolic blood 

pressure ≥130 mmHg or a diastolic blood pressure ≥80 mmHg, affects a total of ~1.4 billion 

people worldwide, with the number of people impacted doubling in the past 40 years.510 

Hypertension leads to various cardiovascular and renal diseases, including congestive heart 

failure, left ventricular systolic dysfunction, myocardial infarction, diabetic nephropathy, and 

cardiovascular death.511–514 The first-line therapy for the treatment of hypertension and 

related diseases is the administration of angiotensin-converting enzyme (ACE) inhibitors. 

ACE is a Zn2+-dependent dipeptidyl carboxyl metallopeptidase that plays a pivotal role in 

simultaneously regulating the renin‐angiotensin system (RAS) and kallikrein-kinin system 

(Figure 58). In RAS, ACE cleaves decapeptide angiotensin I to octapeptide angiotensin II, a 

bioactive peptide with vasoconstrictive properties;515–517 in the kallikrein-kinin system, 

ACE degrades bradykinin, an inflammatory mediator with smooth muscle contraction, 

vascular permeability, and vascodilation properties.518–520 Inhibition of ACE for the 

suppression of angiotensin II formation and bradykinin degradation is regarded as an 

effective method for the treatment of hypertension and related diseases.

There are currently ten FDA approved ACE drugs, each varying in their PK and ADME 

profiles.521,522 Side effects from the prolonged usage of ACE drugs include dry cough and 

angioedema. These side effects are associated with elevated levels of bradykinin, which stem 

from a mixed inhibition of both the C- and N-domains of ACE.523–526 To tackle these 

shortcomings and improve the efficacy and safety of administered drugs, there is a need for 

domain-specific inhibitors. Additionally, vasopeptidase inhibitors, dual inhibitors of ACE 

and neutral endopeptidase (NEP, Section 6.7) are also of interest.527–529

Protein and Active Site Structure.—Human ACE exists in two isoforms (encoded by a 

single gene): as a glycoprotein in somatic tissue (somatic ACE) or as a glycoform in testis 

cells (tACE).530,531 Somatic ACE is a type-I membrane-anchored dipeptidyl 

carboxypeptidase and bears two homologous extracellular catalytic binding sites, the N- and 

C-domain. While both domains bear high sequence homology (>60%), similar overall 

structures, and a catalytic Zn2+ active site (with the same ligating residues),532 the domains 

differ in substrate and inhibitor specificity, physiological function, and chloride-dependent 

activation profiles.533,534 In vitro, both domains are capable of hydrolyzing angiotensin I 

and bradykinin with similar efficacy; however, in vivo, angiotensin I is primarily hydrolyzed 

via the C-domain while bradykinin is degraded by both domains.535–537 Furthermore, 

domain specific inhibition and expression in transgenic mice revealed the C-domain as 

dominate for controlling blood pressure and cardiovascular functions.532,537,538 Thus, the C-

domain is the dominate and primary target for treatment of hypertension. Selectively 

targeting the C-domain, while sparing the N-domain, has been shown to prevent the buildup 
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of bradykinin and reduce side effects.532 tACE, an isozyme identical to the C-domain of 

somatic ACE (from residue 37 to the C-terminus),539 has been used for crystallographic and 

domain specific-inhibition studies.

X-ray crystal structures of human tACE reveals a 588-residue protein of ~70 kDa. tACE is 

composed of twenty seven α-helices and six β-strands, two of which are located near the 

active site, and adopts an overall ellipsoid shape.535 The active site is buried ~10 Å from the 

surface, and is located within a central groove consisting of four a-helices (α13, α14, α15, 

α17) and one β-strand (β4). The Zn2+ ion is coordinated to residues His383, His387, and 

Glu411 and an acetate ion (from the crystallization medium) in a tetrahedral coordination 

geometry (Figure 59). Additional structural details of tACE, including the role of chloride 

ions, can be found elsewhere.535

Inhibitor Development.—Since ACE inhibitors were first introduced in 1981 for the 

treatment of refractory hypertension, numerous inhibitors of ACE have since been accepted 

in the clinic for the treatment of cardiovascular and renal diseases.514 Indeed, ACE inhibitors 

represent one of the greatest success stories for metalloenzyme inhibitors. Current FDA 

approved inhibitors can be categorized into three classes based on the MBP: sulfhydryl-, 

carboxyl-, and phosphoryl-based inhibitors.

During the time period of 1965–1970, teprotide (Figure 60) was isolated from the snake 

venom of Bothrops jararaca and identified as the first potent inhibitor of ACE.540–542 

Although teprotide possessed antihypertensive properties (IC50 = 250 nM),543 poor oral 

bioavailability precluded further clinical development.544 Utilizing teprotide and a surrogate 

Zn2+-dependent metalloenzyme model (carboxypeptidase A), a series of dipeptide proline 

analogues bearing carboxylic acid and sulfhydryl MBPs were designed, synthesized, and 

screened against ACE. This led to the discovery of the first orally active ACE inhibitor, 

captopril (Ki = 1.7 nM, IC50 = 6.9 nM, Figure 60).545–548 Captopril is among the first FDA 

approved metalloenzyme inhibitors, the only inhibitor of ACE bearing a sulfhydryl MBP, 

and is still used today as a benchmark compound for metalloenzyme inhibition. The X-ray 

crystal structure of captopril bound to tACE reveals the sulfhydryl MBP of captopril binding 

in a monodentate fashion to the Zn2+ ion, which is further ligated by the residues His283, 

His387, and Glu411 in a tetrahedral coordination geometry (Figure 61).549 Other key active 

site interactions include H-bonding of the central carbonyl motif (between the sulfhydryl 

MBP and proline) with residues His513 and His353, and the terminal carboxylic acid group 

of proline with Tyr520, Gln281, and Lys511.

The largest class of ACE inhibitors include captopril analogues bearing a carboxylic acid 

MBP. These inhibitors include benazeprilat, enalaprilat, lisinopril, moexiprilat, quinaprilat, 

ramiprilat, trandolaprilat and perindoprilat (Figure 60).522,547,550–553 With the exception of 

lisinopril, all carboxylic acid MBP inhibitors are administered as an ester-prodrug that are 

hydrolyzed in the liver into the active carboxylic acid metabolite (Figure 60). The Ki values 

for these inhibitors range from 0.4 – 11.0 nM, depending on the assay conditions used;
522,547,550–555 however, these inhibitors are usually tested against somatic ACE protein 

(bearing both C- and N-domains), so the specificity of the inhibitors towards the two 

domains are not well characterized. The structure of lisinopril bound to tACE reveals the 
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carboxylic acid MBP of lisinopril bound in a monodentate manner to the Zn2+ ion, which is 

further ligated by residues His383, His387, and Glu411 in a tetrahedral coordination 

geometry (Figure 61).535 Other key interactions include: the unbound oxygen atom of the 

carboxylic acid MBP forms a H-bond with Glu384, the phenylpropyl motif makes a van der 

Waals interactions with Val518, the lysyl amine forms a weak binding interactions with the 

nearby Glu162, and the proline carboxylate forms a H-bond with Lys511 and Tyr520.

Another clinically approved class of ACE inhibitors utilize a phosphoryl MBP, and were 

initially developed as means to selectivity inhibit the C- and N-domains. The phosphoryl 

MBP is generally a weaker ligand for Zn2+ compared to that of the sulfhydryl and 

carboxylic acid MBPs, potentially allowing for greater tuning of the inhibitor backbone to 

target specific residues in the active site of the C- and N-domains.537,555,556 ACEi-1 (Figure 

60) was found to be a potent inhibitor for ACE C-domain (Ki = 0.65 nM) and exhibited 

>230-fold selectivity for the C-domain over the N-domain.555 ACEi-1 lowered the arterial 

blood pressure of hypertensive rats and led to an increase in bradykinin levels. Other 

derivatives bearing a phospsphoryl MBP inhibitors have been investigated and are described 

elsewhere.555,557,558 The structure of ACEi-1 complexed with tACE reveals the phosphoryl 

MBP binding in a monodentate fashion to the Zn2+ ion, which is further ligated by side 

chains of His383, His387, and Glu411 (Figure 61).558 Further key interactions of ACEi-1 

include the nitrogen atom of the isoxazole ring bound to Asp415 through a water molecule, 

the oxygen atom of the isoxazole ring interacting with the coordinating residue His383, and 

the terminal isoxazole ring and tyrosine form favorable interactions with a hydrophobic 

pocket consisting of residues Val380, Phe527, and Phe457.558 While there are no available 

crystal structures of fosinoprilat (the only FDA approved drug utilizing a phosphoryl MBP) 

bound to ACE, fosinoprilat is expected to have a similar metal coordination geometry to that 

of ACEi-1. In contrast to the C-domain selectivity of ACEi-1, fosinoprilat is 6-fold more 

selective for the N-domain.559

Current and Future Prospects.—ACE inhibitors are a tremendous success in the field 

of metalloenzyme inhibition, being vital for the treatment of hypertension and various 

cardiovascular and renal diseases. There are currently ten FDA approved inhibitors of ACE, 

with varying PK and ADME properties. These drugs operate by coordinating to the active 

site Zn2+ ion using sulfhydryl-, carboxyl-, or phosphoryl MBPs. While these drugs are 

effective for the inhibition of ACE, they are generally not domain specific, leading to 

adverse side effects such as coughing and angioedema that are associated with the undesired 

build-up of bradykinin. One potential solution to prevent bradykinin buildup is to only 

inhibit the C-domain of ACE via domain-specific inhibitors. These compounds inhibit the C-

domain with minimal activity towards the N-domain, allowing the N-domain to continue in 

the degradation of bradykinin, thereby preventing harmful substrate accumulation.532,537,560 

Notably, while the therapeutic potential for N-domain specific inhibitors have not been 

clinically validated, the N-domain has a high specificity for the hydrolysis (~50 times faster 

compared to that of C-domain) for AcSDKP (N-acetyl-seryl-aspartyl-lysyl-proline), a 

negative regulator of hematopoietic stem cell differentiation and proliferation.536,561,562 

Another mode of therapy through ACE inhibition would be through the use of vasopeptidase 

inhibitors. Vasopeptidase inhibitors, such as omapatrilat (Section 6.7), inhibits both ACE 
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and NEP; however, similar to current FDA approved inhibitors, omapatrilat is not domain 

selective and has resulted in higher instances of angioedema in clinical trials.528 This 

suggests some motivation to continue to develop domain-specific inhibitors of ACE.

6.2 A Disintegrin and Metalloproteinase (ADAM, EC 3.4.24.46)

Function in Biology and Disease.—The metzincin superfamily of metalloproteinases 

includes three subfamilies: astacins, matrix metalloproteinases (MMPs), and adamalysins. 

The latter is comprised of A Disintegrin And Metalloproteinases (ADAMs), snake venom 

metalloproteinases (SVMPs), and ADAMs containing thrombospondin motifs (ADAMTS).
563 All members of the adamlysin family have the following domains: prodomain, 

metalloproteinase, disintegrin, and cysteine-rich domain.563 Additionally, ADAMs, which 

were previously referred to as the metalloproteinase/disintegrin/cysteine-rich (MDC) family, 

contain a transmembrane and cytoplasmic domain.

ADAMs are transmembrane metalloendopeptidases involved in many biological processes 

such as cell adhesion, migration, proteolysis, and signaling.564 The ADAM 

metalloproteinase domain is activated when the prodomain is cleaved.565 Subsequently, 

activated ADAMs cleave the extracellular domain of membrane proteins through a process 

called ectodomain shedding. Proteolysis occurs at the catalytic Zn2+ site in the 

metalloproteinase domain (Figure 62). The water molecule coordinated to the Zn2+ ion is 

deprotonated by a conserved glutamic acid (Glu346). The oxygen atom of the resulting 

hydroxide anion performs nucleophilic attack on a carbonyl in the backbone of the substrate, 

leading to proteolysis.566

Substrates of ADAMs include growth factors, receptors and their ligands, cytokines, cell 

adhesion molecules, and more.563 Ectodomain shedding of these substrates is important for 

regulating function of many cell surface proteins; however, dysregulation of shedding can 

contribute to autoimmune disease, cardiovascular diseases, neurodegenerative diseases, 

infection, inflammation, and cancer.567 The most widely studied ADAMs for potential as 

therapeutic targets are ADAM-10 and ADAM-17. ADAM-17, which is the best 

characterized, is more commonly referred to as Tumor Necrosis Factor-α Convertase 

(TACE).568 Elevated tumor necrosis factor-α (TNF-α) levels are implicated in many 

diseases, including inflammatory disorders, cardiovascular diseases, skin disorders, and 

cancer.567

Protein and Active Site Structure.—ADAMs across multiple species have been 

catalogued, 38 in total, including 25 expressed in humans.564 About half the ADAMs 

encoded in the human genome do not contain a Zn2+-binding signature in the 

metalloproteinase domain. The biological function of these ADAMs likely depends on 

protein folding or protein-protein interactions instead of catalysis.564 The other ADAMs, 

which are the focus of this section, contain the catalytic Zn2+ binding signature 

HEXXHXXGXX(H/D) in their metalloproteinase domain.569

ADAMs contain ~750 amino acids divided among the several domains mentioned above.564 

The metalloproteinase domain (Figure 63) has roughly 200 amino acids and contains the 

active site Zn2+ ion. Except for a few loop regions, the secondary and tertiary structures of 
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the metalloproteinase domain of different ADAMs is conserved: there is a five-stranded β-

sheet (the N-terminus) and four α-helices (the C-terminus).569 The Zn2+ ion in the activated 

ADAM metalloproteinase domain is coordinated by a water molecule and the imidazole side 

chain of His345, His349, and His355(within the HEXXHXXGXX(H/D) motif.569 The 

conserved Glu346 serves to deprotonate the catalytic water molecule during proteolysis. The 

average Zn2+-NHis bond distance is ~2.1 Å.569 There is also a conserved methionine turn 

(a.k.a., ‘Met-turn’) at one end of the Zn2+ binding site.569,570 The Met-turn is a tight 1,4-turn 

that is structurally and spatially conserved in all members of the Metzincin family.570

Inhibitor Development.—Of all the ADAMs implicated in human diseases, the majority 

of drug discovery efforts have targeted ADAM-17 (TACE) and, to a lesser extent, 

ADAM-10, both of which will be the focus of this section. Although many ADAM 

inhibitors have reached clinical trials, there are no FDA-approved ADAM inhibitors due to 

selectivity or efficacy shortcomings.568 The most widely investigated approach to drugging 

ADAMs is the synthesis of low molecular weight inhibitors that bind to the Zn2+ ion in the 

active site.571 A critical consideration for such efforts is inhibitor selectivity over MMPs as 

well as over other ADAMs, which is achieved by synthesizing inhibitors that occupy the 

appropriate subsites within the ADAM active site.568,571 Figure 64 and Table 8 show the 

structures and inhibition data for inhibitors. There is an extensive literature on the inhibitors 

of ADAMs and TACE with complete reviews available elsewhere.568,571,572

Some of the earliest work on TACE inhibitors is based on marimastat (Figure 64), a broad 

spectrum MMP inhibitor (Section 1.5) that features a bidentate hydroxamate MBP.568 A 

derivative of marimastat containing a macrocycle and a biphenyl moiety, ADAMi-1, was 

reported with an IC50 value of 2.8 nM.573 The biphenyl moiety fits the S1’ pocket, thereby 

achieving >100-fold selectivity over a broad panel of MMPs.573 Shortly thereafter, a γ-

lactam hydroxamic acid inhibitor partly developed from marimastat, called IK682, was 

reported.589 IK682 has a hydrogen bond donor oxygen on a 2-pyrrolidinone that properly 

orients the inhibitor toward the S1’ subsite and a (2-methyl-quinolin-4-yl)methoxy group to 

fill the S1’ subsite (Figure 65).589 IK682 is a highly active TACE inhibitor with a Ki value of 

0.56 nM against TACE.589 IK682 shows strong selectivity over a broad panel of MMPs (Ki 

>100 nM) as well as ADAM-33 (Ki = 15 nM).589,594 Further optimization of IK682 led to 

DPC-333, which has an IC50 value of 113 nM and entered Phase II clinical trials for 

rheumatoid arthritis.572,586 A series of β-aminohydroxamic acid inhibitors, such as 

ADAMi-2 with an IC50 value of 1.4 nM, show selectivity over MMPs as well as ADAM-10 

and several ADAMTSs. ADAMi-2 proceeded to preclinical studies for rheumatoid arthritis.
572,574 ADAMi-2 fits into the active site of TACE, including the S1’ pocket, similar to IK682 

and DPC-333 (Figure 65).568,574

Other scaffolds with a hydroxamate MBP include a butynyloxy group, as exemplified by 

TMI-2, where the phenyl ring occupies the S1’ pocket and the butynyl group points toward 

the S3’ pocket.592,593 The butynyloxy group cannot be properly accommodated by shorter or 

longer MMP channels; thus, these scaffolds have high selectivity over MMPs and 

ADAM-10.592,593 TMI-2 has an IC50 value of 2 nM and proceeded to preclinical studies for 

rheumatoid arthritis.592,593 A related structure, TMI-5 (apratastat), has an EC50 value of 87 
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nM against TACE.591 Apratatstat entered Phase II clinical trials to treat rheumatoid arthritis, 

but it failed due to lack of efficacy.591

Non-hydroxamate TACE inhibitors have been explored to avoid the toxicity associated with 

hydroxamate metabolic byproducts. For example, ADAMi-3 with an IC50 value of 9 nM, 

features a succinimide in which the carbonyl oxygen coordinates to the Zn2+ ion in a 

monodentate fashion, as predicted by molecular modeling.575,595 A related set of inhibitors 

have a hydantoin MBP in which a nitrogen atom in the hydantoin ring coordinates to the 

Zn2+ ion in a monodentate fashion.576,596 The best of this series is ADAMi-4, which has an 

IC50 value of 0.5 nM and high selectivity over a broad panel of MMPs, as well as ADAM-10 

(Figure 65).576

Other efforts to avoid the hydroxamate MBP include using a reverse hydroxamate MBP, as 

in ADAMi-5 (IC50 = 6.0 nM), which demonstrates selectivity over a broad panel of MMPs.
577 Additionally, a thiol-based inhibitor with a butynyloxy group, ADAMi-6 (Ki = 10 nM) 

was found to be surprisingly selective given its small size.578 In an X-ray crystal structure of 

ADAMi-6 bound to TACE, the thiol binds to the Zn2+ ion, the phenyl ring occupies the S1’ 

pocket, and the butynyloxy group points toward the S3’ pocket (Figure 65).568 Carboxylate 

MBPs have also been explored, in compounds such as ADAMi-7 and ADAMi-8.579,580 

ADAMi-7 has an IC50 value of 80 nM and ADAMi-8 has a Ki value of 143 nM.579,580 An 

X-ray crystal structure of ADAMi-8 bound in the active site of TACE shows that the 

carboxylate binds to the Zn2+ ion in a pseudo-bidentate fashion with a Zn-O bond of 1.9 Å 

and a weak Zn-O contact of 2.5 Å (Figure 65).580

Another class of inhibitors contain tartrate MBPs is exemplified by ADAMi-9. The tartrate 

group binds in an unusual tridentate fashion to the Zn2+ ion (Figure 65).597 ADAMi-9 has a 

Ki value of 0.86 nM and is selective over MMPs and ADAM-10.581 To increase the 

bioavailability of this scaffold, a 2-heteroaryl substituted pyrrolidines were added.582 One 

such derivative is ADAMi-10, which maintains selectivity over ADAM-10, has an inhibition 

constant of 5 nM, and has improved oral bioavailability compared to earlier tartrate 

inhibitors.582

The subsites that an inhibitor occupies in the ADAM active site is critical for achieving 

selectivity among ADAM homologues, as demonstrated by pairs of inhibitors across several 

classes. For example, a pair of hydroxamic acid inhibitors, ADAMi-11 and ADAMi-12, 

differ in the stereochemistry of a cyclopropyl ring. This stereochemistry causes ADAMi-11 

to project the quinoline group through S1’ toward the S3’ subsite and ADAMi-12 to project 

its quinoline group in the opposite direction through S1 toward S3 (Figure 65).583 Both 

inhibitors are selective over MMPs; however, only ADAMi-11 is selective for TACE, while 

ADAMi-12 inhibits TACE and ADAM-10.583 This suggests that targeting the ‘primed’ 

subsites may be useful in achieving selectivity against various ADAMs, while targeting the 

unprimed sites is useful for creating selectivity over MMPs.583 This is further demonstrated 

by compounds ADAMi-13, INCB3619, ADAMi-14, INCB7839, as well as the reverse 

hydroxamate inhibitors GI254023X and GW280264X.584,585,587 INCB7839, a dual 

ADAM-10/TACE inhibitor, has advanced to clinical trials.590
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Current and Future Prospects.—The two ADAM inhibitors evaluated in clinical trials 

used a hydroxamic acid MBP and have since been discontinued due to hepatotoxicity and/or 

lack of efficacy.568 Another hydroxamate inhibitor, INCB7839, is entering Phase I and II 

clinical trials. It remains to be seen if INCB7839 will suffer from the same issues as previous 

hydroxamate inhibitors. To overcome the limitations of hydroxamate inhibitors, much of the 

recent work on ADAM inhibitors has explored other MBPs that include carboxylates, 

hydantoins, reverse hydroxamates, and thiols, as well as tartrates that display a highly 

unusual tridentate binding mode. Many of these inhibitors with alternative MBPs are still 

being optimized for adequate activity and PK properties. The most challenging aspect of 

developing ADAM inhibitors is achieving selectivity among ADAM homologues and over 

MMPs. Several examples of altering stereochemistry such that the inhibitor occupies 

specific subsites within the active site has yielded selective ADAM inhibitors. Given the 

development of non-hydroxamate MBPs and selective inhibitors for TACE, opportunities 

remain to develop selective compounds that target TACE to treat a large variety of diseases, 

such as cancer, diabetes, rheumatoid arthritis, and Alzheimer’s disease.598 Perhaps 

understanding of how to produce potent, selective, and non-toxic TACE inhibitors can be 

applied to other ADAMs, of which many are implicated in human diseases.

6.3 Anthrax Lethal Factor (LF, EC 3.4.24.83)

Function in Biology and Disease.—The disease anthrax is caused by Bacillus 
anthracis, an endemic zoonotic soil bacteria, and has long been relevant to both modern 

medicine and human history. Virgil clearly described cases of this disease during the Roman 

era,599 and anthrax has even been attributed to the ancient plagues of Egypt.599,600 

Historically, anthrax has been an animal disease primarily affecting livestock, only infecting 

people in contact with contaminated animals. In 1876, Robert Koch used B. anthracis to 

prove the germ theory of disease by demonstrating that this bacteria was able to cause 

human disease.601 Louis Pasteur developed the first vaccine from live attenuated bacteria for 

human use by treating the microbes with “oxygen”, or what is now known as potassium 

dichromate.

Anthrax remains highly relevant in modern times, where it has been used in biological 

warfare programs. There have been reports of weaponized anthrax releases, both accidental 

and intentional. Japan first used anthrax against Manchuria in 1940,600 and later the 

Sverdlovsk incident of 1979 in the former Soviet Union occurred when a military facility 

accidentally released aerosolized anthrax resulting in the death of 64 people.602 Anthrax 

experiments by the United Kingdom in 1942 left the Scottish Gruinard Island uninhabitable 

until 1990. Most recently in 2001, a series of bioterrorism attacks in the United States 

involved the mailing of anthrax spores, resulting in five deaths.603

Anthrax has been a bacterium of choice for state bioweapon programs because of its ease of 

dissemination through aerosolization, high rates of mortality when inhaled, and the intrinsic 

durability of the bacteria that can survive in exceedingly harsh environments. B. anthracis is 

able to form an endospore that is extremely hardy, and is resistant to UV and gamma 

radiation, freezing, boiling, as well as most common chemical disinfectants, including 

bleach and ethanol. Inhalational anthrax presents itself as a respiratory infection, resulting in 
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death ~48 days from symptom onset.604 Left untreated, inhalational anthrax has mortality 

rates of 100%, and even when treated with antibiotics the mortality rate is 70%.603

Anthrax infections can be treated with antibiotics, such as penicillins and doxycycline,600 

but antibiotics alone are insufficient as the bacteria produce two extremely lethal, bipartite 

protein toxins: lethal toxin (LeTx) and edema toxin (EdTx).605 These toxins have been 

shown to persist in the body after the bacterial source has been eliminated through antibiotic 

treatment. Indeed, injection of either of these toxins into rodents, even in the absence of the 

anthrax bacteria, is lethal. One study demonstrated that LeTx targets cardiomycytes and 

smooth muscle cells (except for hepatocytes), whereas EdTx specifically targets hepatocytes, 

so that B. anthracis induces lethality via the targeting of two distinct and vital systems.606 In 

particular, LF is currently known to selectively target and hydrolyze members of the 

mitogen-activated protein kinase kinase (MAPKK) family.607–609 While the biology of the 

MAPKKs is not fully understood, it is known these MAPKK proteins play a role in directing 

protein-protein interactions in signaling complexes, and the action of hydrolysis by LF 

eventully results in cell lysis.607,610

The LeTx complex is comprised of the proteins lethal factor (LF) and protective antigen 

(PA), whereas the EdTx is comprised of the proteins edema factor (EF) and PA. The 

common protein between LeTx and EdTx, PA (whose name derives from its use in the 

development of vaccines against anthrax) is a pore-forming subunit used for cellular entry 

by both EF and LF. PA is an ~83 kDa monomeric protein that binds to human cell surfaces 

and is subsequently hydrolyzed by host furin family proteases, resulting in the removal of a 

small portion of the PA N-terminus. The remaining ~63 kDa C-terminus of the PA 

spontaneously self-assembles with six other monomers to form a heptameric pore that 

allows for cellular entry by LF and EF. Therefore, in the following text, LeTx will refer to 

the combination of LF and PA, whereas LF will refer to studies performed on the lethal 

factor protein alone (in the absence of PA). In particular, in vitro studies are usually 

performed with LF, but in vivo studies use the LeTx combination.

During B. anthracis infections, LF is expressed at fivefold higher concentrations than EF, 

with LF concentrations reaching 10–35 μg/mL within ~48 hours in a rabbit infection model.
611–613 This suggests that LF is more relevant than EF in contributing to the lethality of the 

anthrax disease state. Indeed, mice genetically modified for LeTx resistance are more likely 

to survive anthrax infections,606 indicating that the anthrax lethal factor represents a strong 

target for inhibition to treat otherwise deadly anthrax infections.

Protein and Active Site Structure.—Anthrax LF is a ~90 kDa mononuclear Zn2+ 

metalloprotease that catalyzes the hydrolysis of the MAPKK family (Figure 66). LF is 

comprised of four distinct protein domains: domain I is largely made of α-helices and is 

vital for PA binding, whereas domains II, III, and IV are conjoined to form the substrate 

binding groove, with domain IV as the site of catalytic. LF was long suspected to be a Zn2+-

dependent metalloenzyme as studies demonstrating incubation with EDTA and o-
phenanthroline blocked enzymatic activity. This was confirmed in 2001 when the first 

crystal structure of anthrax LF was released.610
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While LF does contain the characteristic metalloprotease motif of His686–Glu687–X–X–

His690, the Glu687 residue does not participate in metal binding, as it is 4.07 Å610 away 

from the catalytic Zn2+. Instead, Glu735, which is located further in the sequence, 

participates in Zn2+ coordination.610,614 Thus, the catalytic Zn2+ is bound by His690, 

His686, and Glu735, with a hydroxyl completing the tetrahedral geometry.615 Glu687, along 

with Tyr728, are believed to play a large role in substrate recognition and intermediate 

stabilization, and are necessary for LF activity.614 Importantly, a crystal structure of LF 

complexed with the uncleaved natural MAPKK peptide substrate has also been obtained 

(Figure 66). In this complex, Pro10 of the substrate is the closest scissile bond to the Zn2+ 

ion at a distance of 6 Å, and is postulated to make a 90° swing to fit into the S1 pocket for 

hydrolysis to occur.

Inhibitor Development.—The release of the anthrax LF crystal structure in 2001610 

spurred inhibitor development against this target.604 By far the most studied class of 

inhibitor against LF utilizes the hydroxamic acid MBP (Figure 67, Table 9). This class of 

inhibitor coordinates to the Zn2+ ion through the hydroxamate MBP in the typical bidentate 

manner, which effectively blocks the active site. The first inhibitor of this kind was reported 

in 2002, which developed a colorimetric assay for LF based on the native substrate. 

Hydroxamic acids appended onto various substrate analogues generated LFi-1 with an 

excellent Ki value of 1 nM.616 It is postulated that this long, Arg enriched chain fits in the 

substrate binding groove in addition to aiding in cellular uptake. Efforts to shorten the 

peptide chain lead to the discovery of LFi-2, a known MMP inhibitor (Section 1.5) with a Ki 

value of 2.1 μM against LF.617 Work done by Merck to improve LFi-2 led to the discovery 

of LFi-3 (Ki = 24 nM), which has been shown to be effective at increasing survival rates of 

rabbits infected with different strains of anthrax, especially when co-administered with 

antibiotics.618 Crystal structure analysis of LFi-3 shows this inhibitor binds to the catalytic 

Zn2+ through the hydroxamic acid, and then proceeds to make a myriad of interactions 

within the active site (Figure 68). LFi-3 was seminal in the field of LF inhibitors, and has 

been the structural starting point for many additional campaigns to discover other 

hydroxamic based LF inhibitors.619–622 For example, a three-part study to further elaborate 

LFi-3 culminated in the discovery of LFi-4 and LFi-5 (Ki = 0.31 nM and Ki = 0.27 nM, 

respectively).620,623,624 Both LFi-4 and LFi-5 were found to be effective at rescuing animals 

from exposure to LeTx, with LFi-4 being the most effective in a rat model.620 In a follow-up 

study, LFi-5 was used in a combination with ciprofloxacin in B. anthracis infected rodents 

and was shown to provide protection when LFi-5 was administered twice a day.625 

Computational modeling has been used to develop LF inhibitors based on LFi-3,622 and 

incorporation of a proline backbone has been shown to improve inhibitor PK properties.619 

Recent trends have begun to shift away from the hydroxamic acid MBP due to PK liabilities. 

In one example, hydroxamic acid compound LFi-10 (Ki = 1 nM) had poor PK properties in 

mice, which was shown to be due to LF induced hydrolysis of the hydroxamic acid MBP in 

LFi-10 upon prolonged incubation.58 Double methylation of the hydroxamic acid lead to 

compound LFi-11, which has presumably weakened or no metal-binding ability, but 

drastically improved PK and maintained activity with a Ki = 6.4 nM. It is surprising that 

LFi-11 with poor metal binding ability displays such strong activity, but it may be that the 

affinity of LFi-11 derives largely from backbone interactions with LF. There is a body of 
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literature focused on non-metal binding small inhibitors of LF, which instead of fitting in the 

metal-binding pocket, instead bind in the long substrate groove. Several compounds of this 

sort have been reported to have IC50 values in the low nanomolar range, which may explain 

the good activity of LFi-11.604,605

Exploration of alternate MBPs against LF was catalyzed by the 2004 discovery that 

epigallocatechin gallate (EGCG) was able to inhibit LF with an IC50 value of 97 nM (Figure 

67).631 While EGCG has not been shown to be a metal-binding inhibitor of LF, EGCG has 

good activity in rescuing animal models from LeTx injection631 and has prompted other 

groups to probe polyphenol based MBPs for LF inhibitors. In 2005, a series of N-

oleoyldopamine compounds bearing catechol-based warheads were explored against LF.627 

Of these, the catechol (LFi-12) and gallate (LFi-15) warheads were found to have the best 

activity with Ki values of 2.2 μM and 1.7 μM, respectively. Although no structures have been 

published, these N-oleoyldopamine compounds are presumed to act by binding to the 

catalytic Zn2+ ion though the catechol group, which is consistent with a loss of activity for 

derivatives LFi-13 and LFi-14, which lack metal binding groups. Other catechol containing 

inhibitors were discovered by a matrix-assisted laser desorption ionization time-of-flight 

(MALDI-TOF) mass spectrometry based screen,628 which identified the hydrazine catechol 

LFi-18 (IC50 = 2 μM).

Another metal-binding inhibitor campaign used a FBDD approach to identify small MBPs,
629 which found the thiohydroxypyridinone MBP to be active against LF (LFi-20, IC50 = 

260 μM, Figure 67). In particular, thiohydroxypyridinones (LFi-20) were shown to have 

stronger binding to LF than hydroxypyridinones (LFi-21), which showed no inhibition 

against LF. The high activity of thiohydroxypyridinones compared to hydroxypyridinones 

readily follows the trends of Lewis hard-soft acid base theory, with the relatively soft Zn2+ 

preferring the soft sulfur donor over the hard oxygen donor. In this study, derivatized 

thiohydroxypyridinone compound LFi-22 was found to have an IC50 value of 13.9 μM. As a 

follow-up, thiohydroxypyridinones bearing thioamide linkers opposed to amide linkers were 

found to be further improved, with LFi-23 having an IC50 value of 5.0 μM.630

Finally, in another study to develop metal-binding inhibitors against LF, a series of 

benzothiazole thiol compounds were investigated.621 After discovering an initial lead 

(LFi-24, Figure 67) through a HTS campaign, this study used molecular docking to suggest 

their lead was a mimic of the Merck hydroxamic acid lead LFi-3. This model proposes the 

thiophene moiety as a metal binding mimic of the hydroxamic acid MBP, and that the 

thiophene group is crucial for metal-binding. This hypothesis was supported by SAR, 

finding the thiol was vital for inhibition in that neither the analogs such as LFi-26 had any 

inhibitory activity. However, metal binding of a thiophene through a carbon donor atom to 

Zn2+ is highly unlikely; a more reasonable metal binding mode for LFi-24 is proposed in 

Figure 67. This proposed orientation coordinates through the nitrogen heteroatom on the 

benzothiazole and the deprotonated nitrogen of the sulfonamide. This mode should be 

preferred for metal-binding as it results in a monoanionic, bidentate ligand architecture, and 

forms a stable, six-member coordination ring. Ultimately, a macromolecular structure is 

needed to verify the metal-binding orientation of compound LFi-24 with LF.
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Current and Future Prospects.—LF remains a valuable target for combating anthrax as 

a biological warfare and bioterrorism agent. Currently there are no inhibitors against LF in 

human clinical trials, despite several compounds showing good activity in animal models. 

This can partially be attributed to the presence of vaccines available against anthrax, which 

helps mitigate the threat and burden of this disease. While a substantial body of work has 

examined hydroxamic acid based inhibitors against LF, there has been a comparatively small 

amount of work on alternative MBPs. It is likely that exploring alternate MBPs will lead to 

new inhibitor scaffolds against LF. Any such new MBP could be combined with the 

backbones already optimized from hydroxamic acid compounds, and be used to develop 

new, potent inhibitors against LF.

6.4 Botulinum Neurotoxin (BoNT, E.C. 3.4.24.69)

Function in Biology and Disease.—Botulinum neurotoxin (BoNT), the source of 

Botulism disease, is secreted by the Gram-positive Clostridium botulinum bacteria, and is 

the deadliest substance known to humankind, with a single gram of the toxin being able to 

kill over 1 million people.632 As such, many nations have developed bioweapon technology 

involving Botulism, making BoNT a highly relevant target for anti-biological warfare 

programs. Despite its inherent lethality, there are relatively few cases of Botulism disease 

each year, with virtually all reports involving improper food preparation resulting in C. 
botulinum contamination.633 The earliest documented cases of Botulism date to the 1800s,
634 with examples of bioterrorism involving Botulism including the Japanese invasion of 

Manchuria in the 1930s, the Iraqi production and stockpiling of BoNT, and the failed Aum 

Shinrikyo attacks in Japan from 1990–1995.632

BoNT acts by disrupting acetylcholine neurotransmission resulting in muscle flaccidity and 

paralysis. More specifically, the soluble N-ethylmaleimide sensitive factor attachment 

protein receptor (SNARE) proteins are responsible for allowing membrane fusion to release 

the acetylcholine enclosed in synaptic vesicles. BoNT cleaves these SNARE proteins, which 

prevents assembly of the synaptic vesicle complex and blocks acetylcholine release, making 

muscles unable to contract.635,636 Eventually, the resulting paralysis spreads to the muscles 

of the upper body system causing death. Treatment for Botulism includes equine-derived 

antibodies in anticipation of exposure, and post-exposure dosage with antibiotics to 

eliminate the C. botulinum infection. Currently there is no approved inhibitor for BoNT 

itself, with recovery time being the only way to restore damaged nerves.637 Despite its 

toxicity, BoNT has a substantial role in medicine, where it is widely used as the active 

ingredient in Botox for eliminate facial wrinkles. In Botox, BoNT is administered at 

drastically diluted concentrations of 0.005% of a lethal oral dose to avoid toxicity.632 Other 

medical uses include BoNT as a treatment for dysphonia, various types of spasm, 

hypersalivation, as well as hyperhydrosis.638 However, as the looming threat of BoNT based 

biological attacks remain, it is vital to develop therapeutics against this toxin.

Protein and Active Site Structure.—There are several serotypes of BoNT, termed A-F, 

with serotypes A, B, E, and F being the most relevant for human disease.639 In particular, 

BoNTA is the most toxic and therefore the most important in relation to human health. All 

of the BoNT serotypes act by cleaving various components of the SNARE proteins, but 
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different serotypes act by hydrolyzing different SNARE proteins. All BoNT isoforms are 

~150 kDa in size and are comprised of a single peptide chain. This chain is made of two 

domains, a heavy chain used for cellular entry (residues Ala448-Leu1295), and a light chain 

that contains the catalytic domain (residues Pro1-Lys437).640 This catalytic light chain is a 

mononuclear Zn2+-dependent metalloprotease that selectively hydrolyzes the SNARE 

proteins.641 The first crystal structure of BoNTA was published in 1998 (Figure 69), and 

shows the BoNTA active site is buried 20–24 Å deep, accessible via a 12×15×62 Å channel.
642 The catalytic Zn2+ ion is coordinated by the His222, His226, Glu261, and a water 

molecule to complete the tetrahedral geometry at the metal ion. Residues Glu223 and 

Tyr365 are located in close proximity to the catalytic Zn2+ and are believed to play 

important roles in substrate binding and hydrolysis.

Inhibitor Development.—To date, there appears to be no comprehensive literature review 

of BoNT inhibitor development. This Section will focus on the most pertinent metal-binding 

inhibitors of BoNT. Unless otherwise stated, inhibitors described in this Section are against 

BoNTA, as this serotype is considered the most relevant to human health and has historically 

been the focus of most drug development studies.

Compounds that act through a metal-striping mechanism comprised the earliest inhibitors of 

BoNT. EDTA, DTPA, and TPEN were all used to pre-treat tissues for protection against 

BoNT (Figure 70), and TPEN and DTPA were found to have similar apparent EC50 values 

of 20–40 μM, whereas EDTA was slightly less active with an apparent EC50 value a >160 

μM.660 Later, the benzimidazole containing BoNTi-1 (IC50 = 5–10 μM) was reported, and is 

thought to act by a metal-stripping mechanism. The structure of BoNTi-1 bound to BoNTB 

show the inhibitor coordinated to an additional, second Zn2+ ion within the active site, while 

the catalytic Zn2+ remains in place but is perturbed by the displacement of the coordinating 

Glu residue (Figure 71).643 This unusual mode of metal-aided inhibition has been observed 

in other metalloenzyme systems (Section 6.6); however, optimization of activity and 

selectivity of these inhibitors is underdeveloped.

One of the earliest discovered metal-binding BoNTA inhibitor classes were based on 

phosphonic acid MBPs (Figure 70). These compounds were discovered by seeking to 

repurpose known MMP inhibitors against BoNT.645 Naturally occurring phosphoramidon 

(IC50 = 14.7 mM against BoNTB) was a poor inhibitor, but when administered to mouse 

nerve tissue at 200 μM, was found to protect against lethal doses of both BoNTA and 

BoNTB. Phosphoramidon was originally designed to act as a metal-binding MMP inhibitor 

(Section 1.5) and NEP inhibitor (Section 6.7), and is presumed to similarly inhibit BoNT by 

binding to the catalytic Zn2+ ion through the phosphonic acid group. Subsequent work to 

replace the synthetically liable rhamnose moiety resulted in the discovery of compounds 

BoNTi-2, BoNTi-3, and BoNTi-4, of which the phenyl substituted BoNTi-4 was found to be 

the most effective with a poor IC50 value of 8.1 mM against BoNTB.644 It is worth noting 

that phosphoramidon was found to be more effective at protecting against BoNT in the tissue 

model645 than what would be expected from the poor activity reported in vitro enzymatic 

assay.644 This discrepancy between the in vitro enzymatic assay and cell culture and tissue 

models has been noted elsewhere, and suggests that there are relevant differences between 
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the truncated form of BoNT used in in vitro assays and the intact form of BoNT used in in 

vivo assays that are not yet fully understood with respect to drug development.657

The most prolifically explored class of inhibitor against BoNT uses the hydroxamic acid 

MBP (Figure 70). However, the earliest tested hydroxamic acid, BoNTi-5, showed no 

activity at protecting mouse nerve tissue from BoNTA/B exposure when administered at 75 

μM.645 Later, BoNTi-6, which was designed based on molecular dynamic simulations, was 

the first reported hydroxamic acid based BoNTA inhibitor to have protective activity with a 

Ki value of 12 μM.646

The subsequent development of compound BoNTi-9 marked an important milestone in 

inhibitor development and this compound has become a standard for evaluating new BoNTA 

inhibitors.647 Initial use of an in situ based screening approach lead to the discovery of 

BoNTi-7 and BoNTi-8, with IC50 values of 15 and 3 μM, respectively. The structural 

features of BoNTi-7 and BoNTi-8 were merged to give a synergistic improvement in 

activity, resulting in compound BoNTi-9. A crystal structure of BoNTi-9 bound to BoNTA 

shows that BoNTi-9 binds with the hydroxamic acid coordinating the catalytic Zn2+ ion, and 

the inhibitor backbone engaged in multiple interactions with residues around the active site 

(Figure 71).662 In particular, the aromatic of BoNTi-9 ring makes stacking interactions with 

several Phe residues, and the o-chlorine of BoNTi-9 makes a strong halogen-cation 

interaction with a neighboring Arg. This halogen-cation interaction is not present in 

BoNTi-7, and likely explains why BoNTi-9 has much improved activity. In vivo mouse 

studies found BoNTi-9 to have limited efficacy at protecting 16% of animals from lethal 

doses of BoNTA when administered at 1 mM doses, with the survivors showing no signs of 

Botulism disease.663

Additional investigations led to the discovery of an arginine-hydroxamic acid conjugate 

BoNTi-10 that displays 75% inhibition of BoNTA at 50 μM.648,664 Use of LC-MS based 

screening identified adamantane hydroxamic acid BoNTi-11, which was found to have a Ki 

of 460 nM.649 Follow-up studies to improve the activity of BoNTi-11 resulted in the 

discovery of BoNTi-12 with an improved Ki of 27 nM; however, this compound was 

determined to have poor PK and was unable to cross cell membranes to provide protection 

against BoNT.650 Still other approaches have focused on occupying large amounts of three-

dimensional space in the protein active site, and use the same hydroxamic acid MBP.652,653

Other compounds have used sulfur MBPs to exploit the mixed hard-soft Lewis acidic 

character of the Zn2+ active site ion in BoNT (Figure 70). It is worth noting that the FDA 

approved ACE inhibitor L-captopril (Section 6.1), which is often used as a probe inhibitor 

for Zn2+-dependent metalloenzymes, was not found to be effective at protecting mouse 

tissue from BoNT.645 Instead, the first reported sulfur-based inhibitor to show inhibitory 

activity against BoNTA in vitro, BoNTi-18, was a truncated peptide substrate with a D-

cysteine added for metal-binding interactions.654 BoNTi-18 had a Ki value of 1.8 μM, and 

many other inhibitors follow a similar tactic of using thiol MBPs with a substrate mimetic 

peptide, as illustrated by BoNTi-19. Breaking away from peptides, other small molecule 

sulfur-based BoNT inhibitors, such as BoNTi-20 had modest activity.656 A co-crystal 

structure of BoNTi-21 confirms that the inhibitor acts through a metal-binding mechanism 

Chen et al. Page 66

Chem Rev. Author manuscript; available in PMC 2019 April 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



with the sulfur coordinating the catalytic Zn2+ in a tetrahedral geometry, with the rest of the 

compound making similar interactions as BoNTi-9 (Figure 71). Work to improve the PK of 

BoNTi-20 led to BoNTi-21, which is less active (IC50 = 13.7 μM) when compared to 

BoNTi-20, but was reported to have much better activity in vivo. Mice treated with 0.1 mL 

of a 10 mg/mL solution of BoNTi-21 were able to prolong the onset of Botulism symptoms 

by ~18 hours.657 This study again highlights the discrepancy between in vitro enzymatic 

activity and in vivo results for BoNT inhibitors.

The latest metal-binding motif to be used in BoNT inhibitors has been the 8-

hydroxyquinoline (8HQ) scaffold (Figure 70). While 8HQ itself was found to have 

essentially no activity against BoNTA in vitro, derivatives containing the 8HQ scaffold have 

displayed good activity against BoNT in vivo.661 The first 8HQ BoNT inhibitor was 

discovered through a virtual screen of an NCI library followed by a HPLC-based protease 

assay screen, which initially identified BoNTi-22 as having 52% inhibition against BoNTA 

at 20 μM.658 A brief SAR study around BoNTi-22 led to the discovery of several other 

BoNT inhibitors.665–667 Most notable of these was BoNTi-23.659 This study found that the 

2-position only accommodates small substitutients, and that the 5-position represents 

another site to further elaborate inhibitors. Furthermore, BoNTi-23 was also found to be 

effective in cell models as well as mouse muscle models at protecting from BoNTA 

exposure. Lastly, the natural product lomofungin, which contains the 8HQ scaffold, was also 

found to inhibit BoNTA with a Ki value of 6.7 μM, but this compound is not believed to act 

through a metal-binding mechanism as kinetic studies found lomofungin to have a 

noncompetitive mode of binding.661

Current and Future Prospects.—BoNT, especially BoNTA, has been shown to persist 

in the neural cytosol for months after the initial exposure, where the neurotoxin evades 

normal degradation pathways and continues to hydrolyze SNARE peptides, prolonging the 

paralytic effects.668 Therefore, it is of great interest to develop inhibitors against this highly 

lethal enzyme. While many drug discovery efforts have been made against BoNT, no BoNT 

inhibitors have been tested in clinical trials or reached FDA approval. BoNT has historically 

been a very difficult enzyme to target,646 in part, because the active site is highly flexible 

making predictions for rational SAR difficult.653,657,662,667,669,670 Furthermore, in vitro 

assays typically use the truncated light chain form of BoNT, with the heavy chain removed 

for safety; however, this single chain is less active than the native, two chain form.641 The 

truncated enzyme used for in vitro assays is often not representative on the full-length 

metalloenzyme activity, and inhibitors generally display different activity in cellular and in 

vivo screening.651,657,658,671,672 Greater efforts into developing accurate in vitro assays and 

screening protocols would greatly benefit BoNT inhibitor advancement. Additionally, the 

SAR around inhibitor development has been rather flat in that most small molecule 

inhibitors have activity >1 μM, indicating that there is room for inhibitor improvement. It is 

worth noting that there is limited availability equine-derived antibodies to treat BoNT 

exposure; however these must be administered with a narrow therapeutic window of 

approximately 24 hours post exposure before the toxin is taken up within the nerve synapse.
633,657,671,673 In the event of an unexpected bioterrorism attack involving BoNT, 

prophylactic antibiotic treatment is not realistic, and would have catastrophic impact on 
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civilian areas. Therefore, it is of great importance to improve assay screening protocls for 

BoNT in order to develop new inhibitors aginst this enzyme.

6.5 Elastase B (LasB, pseudolysin, EC 3.4.24.26)

Function in Biology and Disease.—The emergence of antibiotic resistance 

mechanisms (such as β-lactamases) is an immediate threat to public health, and the 

discovery of new antibacterial drugs are of urgent need. Pseudomonas aeruginosa is a Gram-

negative bacterium isolated from nosocomial settings, causing acute infections in 

immunocompromised patients and individuals suffering from cystic fibrosis.674,675 The 

survival of the bacteria, as well as the ability of the bacteria to infect the host, relies heavily 

on virulence factors, such as bacterial adhesion molecules, toxins, and proteases.676 LasB 

(also known as elastase or pseudolysin) is a key virulence factor excreted by P. aeruginosa. 

The production of LasB plays a two-fold disruptive role in pseudomonal infections: first, 

LasB damages the tissue of host cells by enzymatically hydrolyzing various components of 

the extracellular matrix and degrading biomolecules involved in innate immunity including 

immunoglobulins, complement factors, and cytokines.677,678 The destruction of host tissue 

liberates nutrients for bacterial growth and accelerates the proliferation of P. aeruginosa. 

Additionally, the production of LasB is required for swarming, a migration of highly 

differentiate bacterial cells,679 and biofilm production.680 Biofilms consists of 

exopolysaccharide matrices and act as a as a protective layer for the bacteria. Biofilms block 

the access of antibiotics and immune response agents, and leads to an increased bacterial 

resistance to antimicrobials (resistance within biofilms can be enhanced as much as 1000-

fold).681–684 The defense and proliferation virulence mechanisms of LasB make it an 

attractive antimicrobial target for the treatment of P. aeruginosa. Inhibitors of LasB are 

effective in delaying the progression of corneal tissue destruction,685–688 and reducing the 

severity of lung infections.689 There are currently no approved drugs for targeting LasB for 

the treatment of P. aeruginosa infections.

Protein and Active Site Structure.—LasB is a Zn2+-dependent metalloenzyme 

belonging to the bacterial neutral metalloprotease family. LasB is a protein of ~33 kDa with 

an overall tertiary structure similar to that of thermolysin, albiet only sharing 28% sequence 

homology with thermolysin.690,691 The secondary structure of LasB is constructed primarily 

of antiparallel β-sheets, with the C-terminus bearing an α-helix (Figure 72). Two helices and 

the loop which connects them (from residues 135 to 178) span the active site and provide the 

ligands for Zn2+ coordination. The Zn2+ ion is ligated by His140, His144, Glu164, and a 

water molecule in a tetrahedral coordination geometry (Figure 72). Similar to thermolysin, 

the water molecule is polarized by Zn2+ and stabilized by hydrogen bonding by a conserved 

Glu141 in the second coordination sphere.690 Two hydrophobic binding pockets (S1’ and 

S2’) in the active site have been the focus of inhibitor development. The deeper S1’ pocket is 

the principle determinate of specificity while the S2’ pocket is displays lower substrate 

selectivity.692 Inhibitors with large aromatic residues that target the S1’ and S2’ pockets are 

most active against LasB.

Inhibitor Development.—Peptide derivatives bearing a 2-mercaptoacetyl MBP constitute 

a major family of LasB inhibitors (LasBi-1 and LasBi-2, Figure 73).685,686,692–694 In 1982, a 
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series of peptide (Leu and Phe) derivatives bearing various MBPs (hydroxamic acid, 

phosphoryl, and thiol) were synthesized and screened against LasB.685 Inhibitors bearing a 

2-mercaptoacetyl MBP were identified as active inhibitors of LasB (Ki = 0.2 – 34 μM), with 

LasBi-1 achieving a Ki value of 0.2 μM. Comparison of LasB inhibition by LasBi-1 and the 

dipeptide Phe-Leu (a non-MBP bearing derivative) revealed a 2000-fold increase in activity 

for LasBi-1 (Ki = 400 μM), validating the importance of metal binding. Further in vitro 

studies showed LasBi-1 effectivity prevented the degradation of cartilage proteoglycan.685 

Injection of LasBi-1 and the antibiotic gentamicin in rabbit eyes affected with Pseudomonas 
keratitis, significantly reducing the infection compared to those treated with gentamicin 

alone.687,688 There are no structures of LasBi-1 bound to LasB available, but one of two 

binding modes is anticipated. One possibility is the 2-mercaptoacetyl motif can bind in a 

bidentate fashion to the Zn2+ ion, forming a trigonal bipyramidal coordination geometry 

(similar to that of 2-mercaptoacetyl MBP inhibitors bound to NEP, Section 6.7). A second 

possible binding mode includes the thiol group of the 2-mercaptoacetyl MBP binding in a 

monodentate fashion to the Zn2+ ion, resulting in a tetrahedral coordination geometry. An 

extensive 2-mercaptoacetyl MBP dipeptide library containing 160 inhibitors with various 

basic, aromatic, large aliphatic, and acidic side chains has been synthesized.693 This library 

revealed inhibitors possessing large hydrophobic side chains in the P1’ and P2’ positions 

(corresponding to the S1’ and S2’ subsites) are most active for LasB inhibition, with futher 

studies producing LasBi-2 with a Ki value of 41 nM (Figure 73). However, no further studies 

were performed with these 2-mercaptoacetyl dipeptide inhibitors. Although the backbone of 

LasB inhibitors has been explored and optimized, the usage of a 2-mercaptoacetyl MBP has 

remained largely unchanged.

In order to identify a non-peptide small molecule inhibitor of LasB, a library of MBPs was 

screened against LasB. This screen revealed 3-hydroxy-1,2-dimethylpyridine-4(1H)-thione 

(LasBi-3) and tropolone (LasBi-5) as hits with moderate IC50 values of 81 μM and 387 μM, 

respectively.695,696 LasBi-3 is expected to coordinate to the Zn2+ through the O,S donor pair 

in a bidentate fashion, resulting in a five-coordinate trigonal bipyramid coordination 

geometry. Elaboration of the LasBi-3 MBP hit by the addition of a biphenyl substituent at 

the endocyclic nitrogen position resulted in an inhibitor with 30-fold increase in activity 

(LasBi-4, IC50 = 2.7 μM). LasBi-4 displayed anti-swarming properties against P. aeruginosa 
in a bacterial phenotypic assay, indicative of on-target activity against LasB.695 However, the 

indiscriminate inhibition of LasBi-3 and LasBi-4 of other Zn2+-dependent metalloenzymes 

(MMPs, anthrax LF) precluded further development of LasBi-4.697 In order to develop more 

potent and selective inhibitors of LasB, the tropolone MBP (LasBi-5) was investigated. 

Based on known metal coordination of LasBi-5 against Zn2+-dependent thermolysin and 

SAR from LasBi-5 analogs, the O,O donor pair is expected to bind bidentate to the Zn2+ in a 

trigonal bipyramid coordination geometry.696 LasBi-5 was further elaborated to yield 

LasBi-6 (IC50 = 1.2 μM), a very hydrophobic, but active non-peptide inhibitor of LasB. 

LasBi-6 was selective for LasB when compared to a small panel of metalloenzymes 

(MMP-2, MMP-9, hCAII, tyrosinase), and displayed antiswarming properties against P. 
aeruginosa.

Unfortunately, no structures of the aforementioned inhibitors complexed with LasB are 

available; however, two structures each bearing a novel MBP, have been reported. This 
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includes LasBi-7, bearing a carboxylic acid MBP and LasBi-8, bearing a phosphonate MBP 

(Figure 73). In both structures, the MBP is bound monodentate fashion to the Zn2+ ion, 

which is further ligated by residues His140, His144, and Glu164 in a tetrahedral 

coordination geometry (Figure 74).

Current and Future Prospects.—Drugs that target bacterial virulence factors have been 

coined as a “second generation” antibiotic approach. While bactericidal antibiotics have 

traditional been effective, their clinical usefulness is rapidly diminishing due to the evolution 

of bacterial antibiotic resistance mechanisms and a slow progress in the development of new 

antibiotics. Antibiotics that target bacterial virulence factors should be bacteriostatic, and 

provide many potential advantages over current antibiotics, including preservation of the 

host endogenous microbiome and exerting weaker selective pressure. However, due to the 

specificity of the drug against the target virulence factor(s), clinicians must precisely identify 

the bacterial infection, resulting in a narrow window of opportunity for treatment.676 

Furthermore, the economic incentive for pharmaceutical companies to develop narrow-

spectrum antibiotics may be even less than that of broad-spectrum inhibitors. As such, the 

potential of this second generation approach is to be determined, but there is growing 

interest in these types of antibiotics.676

LasB is a key virulence factor excreted by P. aeruginosa, causing tissue damage to the host 

cells and required for bacterial swarming and biofilm production. Inhibition of LasB has 

proven to be an effective method for treatment of Pseudomonas keratitis and reduce the 

severity of lung infections. To date, extensive libraries of 2-mercaptoacetyl MBP dipeptides 

have been synthesized to yield LasBi-2 as the most potent inhibitor reported to date (Ki = 

0.04 μM). Despite efforts to optimize the inhibitor backbone, the 2-mercaptoacetyl MBP has 

remained dominant for this target. Additionally, the lack of structural data (only three crystal 

structures are available for LasB) also creates a roadblock to inhibitor development. Future 

work in LasB inhibitor development would benefit from additional crystallographic data, 

investigating alternative MBPs, and utilizing other non-peptide based backbones. 

Interestingly, in 2017, the CARB-X consortium awarded the biotech company Antabio $8.9 

million in funding to pursue a program on LasB inhibitors. This program seeks to develop a 

first-in-class small molecule inhibitor of LasB which could be co-administered antibiotics 

for the treatment of P. aeruginosa infections in patients suffering from cystic fibrosis. While 

no results have been disclosed, this effort may help validate the potential of inhibiting 

virulence factors, specifically LasB, as a new antibacterial target.

6.6 Methionine Aminopeptidase (MetAP, EC 3.4.11.18)

Function in Biology and Disease.—Angiogenesis, or the development new blood 

vessels from existing vasculature, is an attractive cancer target for complementary treatments 

to cytotoxic therapies.698,699 For cancerous tissues to grow beyond a size of 2–3 mm3, as 

well as to metastasize, direct access to nutrients and the vascular system is required and 

supplied by new blood vessels.698 One metalloenzyme that has been linked to angiogenesis 

is human type-2 methionine aminopeptidase (hMetAP2).700 Methionine aminopeptidases 

(MetAPs) are responsible for cleaving the N-terminal methionyl residue from all translated 

proteins when the second amino acid is Ala, Cys, Gly, Pro, Ser, Thr, or Val (with certain 
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exceptions) using a coordinated water molecule (Figure 75).701 This modification is 

estimated to occur for at least 50% of all proteins, and prevention of this modification causes 

a blockade of further N-terminal modifications which is suspected to be the mode of 

hMetAP2 inhibition that leads to blockage of angiogenesis. Additionally, hMetAP2 

inhibition is implicated as a treatment for obesity based on patients in preliminary clinical 

trials exhibiting significant weight loss, as dynamic angiogenesis is involved in adipose 

tissue maintenance.702 Due to MetAPs catalyzing an important translational modification, it 

is unsurprising they are ubiquitous in most life forms. As such, they have been found to also 

be valid targets for antibiotics, based on knockdown studies of MetAP that result in 

decreased proliferation and/or cell death.703,704 Based on the broad range of clinical 

implication there has been a significant interest in targeting human and bacterial MetAPs.

Protein and Active Site Structure.—MetAPs are ubiquitous throughout the 

phylogenetic scale and were found to possess a “pita-bread” fold (Figure 76).705,706 This 

protein class was initially divided into two classes, MetAP1 and MetAP2, based on sequence 

alignments.707 The distinction between the two classes is MetAP2 enzymes possess an 

additional ~60 residues in an α-helical subdomain in the catalytic domain. MetAPs are 

further differentiated by the absence (subclass a) or presence (subclass b) of an N-terminal 

domain.708 For example E. coli MetAP (EcMetAP) is a type 1 subclass a enzyme, while 

hMetAP2 is a type 2 subclass b enzyme (although the N-terminal domain is frequently 

truncated for structural studies of hMetAP2). The metal coordinating residues are highly 

conserved across eukaryotic and prokaryotic organisms.707 In MetAPs, two Asp, two Glu, 

and one His residues are involved in metal coordination. The coordination geometry at the 

dinuclear active site of E. coli MetAP is different for each metal ion. From the structure of 

Co2+ constituted EcMetAP (Figure 76),709 CoA is coordinated in a monodentate fashion by 

Asp108, His171, Glu204, Glu235, and a bridging water producing distorted bipyramidal 

geometry. The coordination geometry at CoB is distorted octahedral with Asp108, Glu235, a 

bridging water, and a terminal water coordinating in a monodentate fashion and Asp97 

coordinating in a bidentate fashion. This dinuclear active site coordination motif is also 

observed in hMetAP2 as the coordinating residues are highly conserved among MetAPs.

The overall sequence of MetAPs at the active site are very similar with the structures 

generally being the same,706 although comparisons between EcMetAP and hMetAP2 show 

some structural differences, largely due to the additional residues in the α-helical subdomain 

of hMetAP2.710 MetAPs are generally characterized as dinuclear metalloenzymes, but have 

been shown to be catalytically competent with one equivalent of an activating metal ion in 

the case of EcMetAP.711 As a class, MetAPs are catalytically competent with a wide range 

of first row transition metals, including Mn2+, Fe2+, Co2+, Ni2+, and Zn2+, although MetAPs 

from different organismal sources can be activated by some of these metals and not others.
712 Co2+ has frequently been utilized to reconstitute the enzyme, particularly in earlier 

inhibition and structural studies (Figure 76).713 However, biochemical studies suggest that 

Mn2+ is the native cofactor of hMetAP2,714 while Fe2+ is the suggested native cofactor of 

EcMetAP.715
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Inhibitor Development.—The significant interest in hMetAP2 as an anticancer target 

began with the serendipitous discovery of the natural product fumagillin (Figure 77) being a 

potent angiogenesis inhibitor.716 It was quickly determined that type II MetAPs were the 

target of fumagillin with the compound acting as a covalent inhibitor of the hMetAP2. 

Synthetic analogs, such as TNP-470, resulted in very active inhibitors (IC50 = 1.3 nM).
700,717 TNP-470 was tested in cancer clinical trials but ultimately failed due to neurotoxicity.
718 Beloranib is another fumagillin analog that was developed for weight loss in patients 

with Prader-Willi syndrome (Figure 77). Unfortunately, beloranib was terminated in Phase 

III clinical trials due to significant side effects and patient deaths.719 Although fumagillin 

based covalent inhibitors have failed in clinical trials, hMetAP2 has remained a target of 

significant interest, especially with the development of reversible inhibitors that bind the 

active site metal ions.

Another natural product class, bengamides collected from sea sponges, were found to have 

potent anti-tumor activities.720 In an effort to identify their mode of action, synthetic 

derivatives of bengamides were synthesized with improved solubility and proteomics studies 

were performed, identifying hMetAP2 as the target for this class of natural products.721 Two 

bengamides derivatives, LAF153 and LAF389 (Figure 77), showed good activity (LAF389, 

IC50 = 800 nM) against Co2+ reconstituted hMetAP2 (Co-hMetAP2). A crystal structure of 

LAF153 was obtained in complex with Co-hMetAP2 (Figure 78) that revealed LAF153 

coordinates both active site metals via three hydroxyl groups, resulting in bidentate 

coordination of both active site metal ions. Additionally, the t-butyl moiety makes significant 

hydrophobic contacts with the active site while the caprolactam ring is largely solvent 

exposed. Unfortunately, in patients with advanced cancer, LAF389 was unsuccessful due to 

cardiovascular toxicity.722

Being an aminopeptidase, efforts were made to utilize previous aminopeptidase inhibitor 

scaffolds for MetAP inhibitor development.723,724 Substituted 3-amino-hydroxamides and 

acylhydrazines were developed and found to be potent inhibitors of MetAP. Three of the 

more potent inhibitors against Mn2+-reconstituted hMetAP2 (Mn-hMetAP2) were A357300 

(IC50 = 110 nM), A311263 (IC50 = 30 nM), and A320282 (IC50 =180 nM) (Figure 77). 

These three inhibitors were also crystalized with Mn-hMetAP2 and all showed similar 

bidentate coordination motifs to both active site ions, as exemplified by A311263 (Figure 

78). Further testing of in vivo studies with A357300 showed significant anti-angiogenesis 

and anticancer activity.725 Attempts to modify the 3-amino-2-hydroxyamide scaffold by 

substituting in a hydroxamic acid MBP, resulted in compounds that were less active than the 

parent scaffold but exhibited higher activity against EcMetAP.726

HTS has also been employed to identify lead compounds for MetAP inhibitor development. 

One such a campaign lead to the identification of 4-aryl-1,2,3-triazoles (Figure 77),727 

which exhibited good activity with simple derivatives such as 4-methyl-phenyl-1,2,3-triazole 

(MetAPi-1, Ki = 15 nM) against the Co-hMetAP2. However, the activity of MetAPi-1 was 

much poorer when tested against Mn-hMetAP2 (Ki = 4.4 μM) and similarly in vivo activity 

for this compound was poor. A crystal structure was obtained showing a similar derivative 3-

methyl-phenyl-1,2,3-triazole (MetAPi-2, Ki = 18 nM against Co-hMetAP2) binding to the 

active site of Co-hMetAP2 (Figure 78). From the structure, it is observed that two nitrogen 
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atoms of the triazole MBP bind to and bridge the active site metal ions. Additionally, a third 

nitrogen atom appears to engage in hydrogen bonding interactions with a nearby His 

residue. The SAR for the aryl substituents was fairly consistent with small hydrophobic 

(methyl or halogen) being preferred over small hydrophilic ones (amine or hydroxyl). 

Another HTS campaign yielded a similarly related 1,2,4-triazole scaffold, 3-anilino-5-

benzylthio-1,2,4-triazole (MetAPi-3, Figure 77), as an excellent Co-hMetAP2 inhibitor (Ki 

= 500 pM).728 SAR of the scaffold was fairly successful with modulations in the electronic 

nature of the aniline substituents causing moderate changes in activity, although deviation 

from a benzyl substituent at the thiobenzyl position exhibited either similar or poorer 

activity. The activity of these 1,2,4-traizole derivatives was consistent with previous 1,2,3-

triazoles, in that they exhibited a 2–3 order of magnitude loss in activity against Mn-

hMetAP2. A crystal structure of Co-hMetAP2 with MetAPi-4 (Ki = 2 nM) bound to the 

active site was obtained (Figure 78), which showed the 1,2,4-triazole MBP in a similar 

coordination motif as observed with the 1,2,3-triazole based inhibitors. A separate HTS 

campaign yielded a 1,2,4-triazole containing drug candidate, which unfortunately did not 

exhibit in vivo activity.745 Structurally similar to the 1,2,4-triazole based inhibitors, 

oxadiazoles have also been explored as MetAP2 inhibitors.746

Another class of hMetAP2 inhibitors that were discovered and developed from screening 

campaigns are anthranilic acid sulfonamides, which were further developed through the aid 

of structural studies.729 The lead inhibitor from the screen was 5-bromo-2-((4-

chlorophenyl)sulfonamido)benzoic acid (MetAPi-5, Figure 77) and was evaluated against 

Mn-hMetAP2 (IC50 = 9.1 μM). A crystal structure with MetAPi-5 bound to Mn-hMetAP2 

was obtained showing that the carboxylic acid is bound in a monodentate fashion to MnA. 

Significant gains in activity were gained by modifying the anthranilic portion of the 

MetAPi-5 and the replacement of the chloro-phenyl substituent for a fluoro-phenyl 

substituent. Unfortunately, addition of human serum albumin caused significant decreases in 

inhibitory activity (~2–3 order of magnitude decrease). To address this issue, further 

modification produced MetAPi-6 (IC50 = 19 nM),730 which exhibited good in vivo activity 

(EC50 = 36 nM), as well as significantly lower binding to human serum albumin.

A FBDD approach focusing on indazole scaffolds was used to develop hMetAP2 inhibitors 

for treatment of obesity.731 A lead compound of interest was a 6-bromo-1H-indazole 

(MetAPi-7, Figure 77), which exhibited activity against Mn-hMetAP2 (IC50 = 1.1 μM). No 

crystal structure was reported with the lead scaffold, but modeling predicted a nitrogen from 

the indazole MBP engaging in monodentate binding with an active site Mn. Utilizing the 

proposed mode of binding, addition of a range of substituents at the 4- and 6-positions of the 

indazole ring generated a strong SAR that was validated by a crystal structure obtained with 

4-(3-methylpyridin-4-yl)-6-(trifluoromethyl)-1H-indazole (MetAPi-8, IC50 = 11 nM), with 

the indazole MBP coordinated to an active site Mn2+ in a monodentate fashion (Figure 78). 

The structure also showed the second indazole nitrogen was engaged in a hydrogen bonding 

interaction with a metal bound water as well. Further modification of the 4-position yielded 

bioactive compounds that exhibited weight loss activity when tested in mouse models. The 

work on indazoles lead to a pyrazolo[4,3-b]indole as a potential scaffold to develop into a 

hMetAP2 inhibitor for targeting obesity.747 This scaffold was shown to have the same 

interactions with the active site metals, in addition to efficacy in vivo.
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Another HTS campaign was reported where elaborated purines were identified as Mn-

hMetAP2 inhibitors.732 The lead purine compound achieved a modest gain (<10-fold) in 

activity, with attachment of a 5-isoquinoline being the most active (MetAPi-9, IC50 = 230 

nM, Figure 77). Elaboration of the purine with even a methyl group resulted in decreased 

activity. Additional efforts were put into modifying the core purine scaffold, which was 

suspected to be the metal binding motif. These modification modulated the electronics of 

metal binding and resulted in a more potent scaffold [1,2,4]triazolo[1,5-a]pyrimidine 

(MetAPi-10, IC50 = 38 nM). Structural analysis of purine derivatives MetAPi-11 (IC50 = 

700 nM) and MetAPi-10 bound to Mn-hMetAP2 (Figure 78) showed the purine and 

pyrimidine MBPs were coordinating in a monodentate fashion using a nitrogen atom to each 

active site Mn2+, with other substituents effectively sitting in the same positions within the 

active site.

Additional campaigns have yielded pyridine pyrimidine based inhibitors of Co-hMetAP2.733 

This family of inhibitors are structurally related to MetAPi-12 (IC50 = 0.8 μM, Figure 77) 

and exhibited IC50 values in the range of ~1 to ~10 μM. No structure of these scaffolds 

bound to hMetAP2 was provided; however, a crystal structure of Co2+ reconstituted 

hMetAP1 with a similar pyridine pyrimidine inhibitor shows the compound coordinating a 

third Co2+ ion in the active site. A further screening campaign discovered that the approved 

antibiotic nitroxoline (Figure 77) was a very active inhibitor of Mn-hMetAP2 (IC50 = 55 

nM), which showed in vivo activity against cancer mouse models.744 Based on the high 

bioavailability of this compound in the urine, it has potential as a treatment against certain 

bladder cancers.

Apart from targeting hMetAP2, bacterial MetAP inhibitors have also been widely studied 

and categorized into several inhibitor classes including: 1,2,4-triazoles, biaryl chelators, aryl 

carboxylic acids, quinolines, peptides, thiazoles, and bengamides (Figure 77).748 Some of 

these inhibitor classes have been structurally analyzed against hMetAPs and exhibit similar 

modes of binding against bacterial MetAPs. This is typified by the 1,2,4-triazole based 

inhibitors, similar to MetAPi-3 and MetAPi-4, which exhibit inhibitory activity against 

different metalloisoforms of MetAPs from M. tuberculosis,749 S. aureus,750 A. baumannii,
751 and B. pseudomallei.752 Structural characterization of a 1,2,4-triazole species bound to 

the active site of MetAP1c from M. tuberculosis (MtMetAPlc) showed the triazole 

coordinating both active site Ni2+ atoms in a bridging fashion, in a similar manner as 

MetAPi-4 when coordinating the active site metals in Co-hMetAP2 (Figure 78).753

The biaryl chelator class of inhibitors has been structurally analyzed against both human and 

bacterial MetAPs. Included in this class are metal binding scaffolds such as 

pyridinylpyrimidine (MetAPi-12),733,754 2-(pyridin-2-yl)-1H-imidazo[4,5-b]pyridine 

(MetAPi-13),735 and 4-(1H-imidazo[4,5-b]pyridin-2-yl)thiazole (MetAPi-14, Figure 77).735 

Generally, this class of inhibitors has been analyzed against Co-EcMetAP and typically 

displays IC50 values in the ~0.1–5 μM range, with MetAPi-14 being one of the more active 

scaffolds (IC50 = 78 nM).735 A crystal structure of a similar biaryl chelator to MetAPi-14 

bound to Co-EcMetAP showed the inhibitor coordinating a third, exogenous Co2+ ion in the 

active site.755 This recruitment of a third metal ion in MetAP has been observed in other 
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structures and is suspected to be an artifact of crystallization. MetAPi-13 exhibited ~250-

fold selectivity for EcMetAPs (IC50 = 110 nM) over human hMetAPs.734

The quinoline class of bacterial MetAP inhibitors has focused on the 8-hydroxy and 8-amino 

sulfonamide scaffolds (Figure 77). Crystallization of MetAPi-15 with MetAP showed the 

compound bound in a bidentate manner to a third auxiliary Mn2+ atom in the active site.736 

Again, as with MetAPi-14, this extra metal ion was likely due to crystallization conditions. 

MetAPi-15 as well as certain derivatives, exhibited some metalloisoform selectivity towards 

Ni2+ and Co2+ reconstituted EcMetAP (IC50 = 184 nM and 137 nM, respectively). The 8-

hydroxyquinoline scaffold was tested for inhibitory activity against Co2+ reconstituted B. 
pseudomallei MetAP (Co-BpMetAP) using nitroxoline (IC50 = 60 nM).743 Substitution of 

the nitro group with alternative functional groups (such as a sulfonate) resulted in decreased 

activity. The 8-hydroxyquinoline scaffold, specifically nitroxoline, is generally not selective 

for bacterial over human MetAPs.

The bengamide class of bacterial MetAP inhibitors has also been analyzed against 

MtMetAP.756 Derivatives of this class lacking the caprolactam ring were active against the 

different metalloisoforms of MtMetAps, with some selectivity for Mn-MtMetAP (IC50 = 

~0.2 - ~1.0 μM); however, these inhibitors only showed modest in vivo activity. 

Crystallographic analysis shows that this class of compounds coordinate the Mn-

MtMetAP1c active site metals in the same manner as in the LAF153 bound hMetAP2 

structure (Figure 78). Similar binding was observed with a peptide based inhibitor utilizing a 

3-amino-2-hydroxy amino acid motif (similar to A311263, Figure 77).757 In terms of 

inhibitory activity, these peptide-derived inhibitors did not exhibit metalloisoform selectivity, 

with modest activity against EcMetAP (IC50 = 10–20 μM) reconstituted with Co2+, Mn2+, 

Zn2+, or Ni2+.758

Efforts to develop metalloisoform selective inhibitors for EcMetAP were undertaken 

beginning with a HTS campaign to find fragments with metalloisoform selectivity.737 A 

compound library was screened against Co-EcMetAP and Mn-EcMetAP, with hits being 

subsequently tested against the Mn2+, Fe2+, Co2+, and Ni2+ metalloisoforms of EcMetAP. 

From these studies, the aryl carboxylic acids (MetAPi-16) were found to be selective for 

Mn-EcMetAP with good activity (IC50 = 240 nM). Crystallographic studies with Mn-

EcMetAP and MetAPi-16 show that the aryl carboxylate MBP coordinates one of the active 

site Mn2+ in a bidentate manner (Figure 78).

To develop inhibitors with alternative metalloisoform selectivity against EcMetAP, 

hydroxamic acid MBPs were utilized.738 Direct replacement of the carboxylate on 

MetAPi-16 for a hydroxamic acid resulted in MetAPi-17 (Figure 77) with better inhibitory 

activity against all tested metalloisoforms (e.g., Fe-EcMetAP, IC50 = 116 μM vs. 0.79 μM). 

Efforts to increase the metalloisoform selectivity for hydroxamic acid aryl inhibitors for Fe-

EcMetAP were successful by varying the heterocyclic 5-membered ring.739 Structural 

studies with Mn-EcMetAP were performed with MetAPi-18 (Figure 77) showing the 

hydroxamic acid MBP coordinated in a bidentate manner to an active site Mn2+, with the N-

hydroxyl group bridging both active site ions (Figure 78). Further attempts to develop Fe-

EcMetAP inhibitors included a HTS campaign against Fe-EcMetAP.740 The screen yielded 
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compounds with catechol MBPs, with MetAPi-19 (Figure 77) being the lead hit against Fe-

EcMetAP (IC50 = 13 μM) and exhibited no significant inhibitory activity against Co- or Mn-

EcMetAP. Crystallography studies with a catechol containing inhibitor MetAPi-20 (Figure 

77), which exhibited similar activity for Fe-EcMetAP (IC50 =13 μM), but lower 

metalloisoform selectivity than MetAPi-19, showed the catechol motif coordinated to an 

active site Mn2+ in a bidentate fashion, with one phenolic oxygen bridging both active site 

ions. Catechol inhibitors exhibited activity against E. coli strains, verifying that iron is likely 

the relevant metal ion for EcMetAP in vivo.

Finally, thiazole containing MetAP inhibitors are largely comprised of three main scaffolds: 

N-(2-thiazolyl)picolinamide (MetAPi-21), N-(2-thiazolyl)thiazole-4-carboxamide 

(MetAPi-22), and N-(2-thiazolyl)oxamide (MetAPi-23) (Figure 77). This class of bacterial 

MetAP inhibitors has largely been characterized against Co-EcMetAP. The core scaffold in 

MetAPi-21 was found to have modest activity against Co-MetAP (IC50 = 5 μM), with 

further derivatization increasing in vitro activity but decreasing in vivo activity.741 

Replacement of the pyridine moiety of MetAPi-21 with a thiazole resulted in MetAPi-22 

and improved activity (IC50 = 110 nM), although further derivatization generally yielded 

similar to modest (~10-fold) improvements in activity and the compounds did not possess as 

potent in vivo activity.742,759 The thiazole oxamide scaffold present in MetAPi-23 was tested 

against Co-EcMetAP and found to be active with an IC50 value of 67 nM.737 Unfortunately, 

the only crystal structure of a thiazole containing inhibitor, with MetAPi-23 bound to Co-

EcMetAP, shows coordination of a third, auxiliary Co2+.760

Current and Future Prospects.—hMetAP2 as a clinical target remains attractive for 

anticancer and weight loss interventions. However, further development of hMetAP2 

inhibitors will require overcoming side effects that have been observed clinically. In the case 

of Beloranib, a pharmacologically improved fumagillin derivative,761 patient deaths in an 

obesity study group were the cause of its Phase III trial termination, even though the trials 

showed extremely promising results for obesity treatments.719 Novel fumagillin derivatives 

may remain viable prospects as there are several Phase I clinical trials examining new 

derivatives. In addition, a Phase I clinical trial from Merck is examining an undisclosed 

hMetAP2 inhibitor for treatment of advanced solid tumors. Finally, bacterial MetAPs are 

potential antibacterial targets, where the development of species selective inhibitors remains 

important. However, the promiscuous nature of bacterial MetAPs in terms of the range of 

metals that activate them, may prove to be an impediment to effectively developing potent 

antibiotics against this target.

6.7 Neutral Endopeptidase (Neprilysin, NEP, EC 3.4.24.11)

Function in Biology and Disease.—Atrial natriuretic peptide (ANP) is a 28 residue C-

terminal peptide hormone with diuretic, natriuretic, and vasodilatory properties.762 

Administration of ANP as a method of treatment for patients with systematic hypertension, 

chronic renal failure, as well as chronic heart failure (CHF) has been successful; however, 

poor oral absorption and rapid clearance of the polypeptide from circulation have hindered 

this treatment as an effective mode of therapy.762–766 The physiological degradation of ANP 

is caused by a Zn2+-dependent mammalian type II integral membrane endopeptidase, known 
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as neutral endopeptidase (NEP). NEP, originally extracted and purified from the brush 

border membranes of rabbit kidneys, is a member of the M13 family of metalloproteases and 

involved in the cleavage of biologically active peptides, such as ANP, opioid peptides, 

amyloid β-protein, brandykinin, and gastrin.767,768 NEP cleaves ANP at the N-terminus of 

hydrophobic or aromatic residues (such as between Cys and Phe) via the mechanism of 

carboyxpeptidase A and thermolysin-like protease.767–770 The inhibition of NEP has shown 

to extend the half-life of ANP, prolonging its diuretic and vasodilatory properties, and is a 

useful form of treatment for hypertension and CHF.767 Inhibitors of NEP have been 

investigated in combination therapy with angiotensin-converting enzyme (ACE) inhibitors 

(Section 6.1) as vasopeptidase inhibitor. The vasopeptidase inhibitor Entresto is currently 

used to help reduce the risk of cardiovascular death in heart failure patients.771 The 

inhibition of NEP provides an anti-hypertensive and anti-fibrotic effects, while inhibition of 

ACE lowers the blood pressure of patients.

Protein and Active Site Structure.—The structure of the extracellular domain of 

human NEP (~81 kDa) bears two largely α-helical subdomains.771,772 Both subdomains, 

along with inter-domain linker fragments, form a spherical cavity ~20 Å in diameter in 

which the active site is buried. The N subdomain is 321 residues long and contains the Zn2+ 

ion active site, while the C-domain is 286 residues long and proposed to act as a gatekeeper 

by restricting substrate active site access.772 In the active site of soluble rabbit NEP (the only 

structure available of NEP not bound to an inhibitor), the catalytic Zn2+ is ligated by 

residues His584, His588, and Glu647, and a phosphate ion a tetrahedral coordination 

geometry (Figure 79). This active site coordination geometry is same to that of human NEP. 

In addition to the Zn2+ ion cofactor, there are three main hydrophobic substituent binding 

pockets: S1, S1’, and S2’.773,774 Targeting these pockets with various bulky aromatic 

substituents been the major focus in inhibitor development.

Inhibitor Development.—In 1980, investigation of the inhibitory activity of various di-, 

tri-, tetra-, and penta-peptides led to thiorphan, the first synthetic inhibitor of NEP (Ki = 4.7 

nM, Figure 80).775 Thiorphan was a known inhibitor of thermolysin, which is unsurprising 

given the similarities between the active site of these two enzymes (although NEP and 

thermolysin do not share sequence homology).768 A description of an unpublished crystal 

structure (no entry in the PDB is available) of thiorphan bound to NEP states that the 

inhibitor is bound in the active site pocket of NEP;776 however, no description of metal 

binding is provided. Another early inhibitor was phosphoramidon (Ki = 2 nM, Figure 80).777 

Co-crystallization of human NEP and phosphoramidon reveals coordination in a 

monodentate fashion via a single oxygen atom of the N-phosphoryl moiety to the Zn2+ ion 

in an overall tetrahedral coordination geometry at the metal center (Figure 81).772 The three 

subsites, S1, S1’, and S2’ are fully occupied by the phosphoramidon.

The majority of NEP inhibitors have a strong resemblance to thiorphan, utilizing either a 

thiol MBP as monodentate ligand or a mercaptoacetyl MBP as a bidentate ligand.
773,776,778–781 An example of such includes NEPi-1, a bicyclic inhibitor bearing a thiol MBP 

discovered via structure-based drug design.776 Utilizing the unpublished crystal structure of 

NEP complexed with thiorphan, a small library of five bicyclic inhibitors bearing a thiol 
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MBP were designed and synthesized. From this library, NEPi-1 was discovered one of the 

two most potent inhibitors, with an IC50 value of 40 nM. A derivative where the thiol MBP 

was protected by a benzyl group only showed 30% inhibition at a concentration of 100 μM, 

validating the need for a thiol motif for metal binding. A structure of NEP complexed with 

NEPi-1 shows the thiol MBP coordinated in a monodentate manner to the Zn2+ ion, which 

retains the overall tetrahedral coordination geometry of the metal center (Figure 81).776 Key 

bonding interactions from the central bicyclic scaffold include: H-bonding with the side 

chains of Asn542 and Arg717, π-π stacking with the side chain of His711, edge-to-face type 

interaction with the side chain of Trp693, and H-bonding with the side chain of Arg102.776 

Additionally, only the S1’ pocket is occupied by the benzyl group of NEPi-1.

Various inhibitors bearing a mercaptoacetyl MBP have also been of interest due to their 

bidentate metal binding capabilities. Inhibitors such as omapatrilat and pseudo-peptides 

(NEPi-2, Figure 80), have achieved excellent activity, with IC50 or Ki values of <10 nM.
778–781 The structure of NEPi-2 (Ki = 2.3 nM) bound to human NEP reveals the 

mercaptoacetyl MBP binding Zn2+ in a bidentate manner through the sulfur and oxygen 

atoms of the mercaptoacetyl MBP, resulting in a distorted trigonal bipyramid geometry 

(Figure 81).778 The two phenyl rings of NEPi-2 occupy the hydrophobic S1 and S1’ subsites, 

while the terminal L-alanine residue of NEPi-2 occupies the S2’ subsite, forming H-bonds 

between the inhibitor backbone and the side chains of Ala543, Arg717, and Asn542.778 Of 

the inhibitors bearing a mercaptoacetyl MBP, omapatrilat is the most studied and reached 

Phase III clinical trials;782 however, clinical trials were discontinued due to the adverse side 

effect of angioedema.

Other inhibitors utilizing a carboxylic acid, hydroxamic acid, and phosphinic acid MBPs to 

achieve bidentate metal binding have also been prepared, with the dicarboxylic acid 

compound LBQ657 being the most successful in drug development.762,771,772,783–786 

LBQ657 was identified from a series of dicarboxylic acids that were synthesized and 

screened against NEP.784 LBQ657 exhibited excellent inhibitory activity in vitro (IC50 = 5 

nM) and in vivo. The ethyl-ester prodrug of LBQ657 (sacubitril) showed promising PK 

profiles in three animal species (rats, dogs and monkeys), and resulted in elevated levels of 

plasma ANP in rats and dogs after oral administration.784 The structure of human NEP 

complexed with LBQ657 reveals the catalytic Zn2+ ion ligated by an oxygen atom from the 

carboxylate group of LBQ657 (Figure 81).771 Additionally, all three hydrophobic subsites 

are occupied: in the S1 pocket, the methyl group of LBQ657 makes hydrophobic interactions 

with the side chains of Phe544; the biphenyl group of LBQ657 forms hydrophobic 

interactions with the Trp693 and Phe106 residues residing in the S1’ subsite; and, lastly, the 

terminal carboxylic acid of LBQ657 forms H-bonding interactions with the Arg110 and 

Arg102 in the S2’ subsite.771

Current and Future Prospects.—ANP is a peptide hormone used for the treatment of 

systematic hypertension, chronic renal failure, and CF due to its diuretic, natriuretic, and 

vasodilatory properties; however, the efficacy of ANP is challenged by NEP, a Zn2+-

dependent metalloenzyme responsible for the hydrolysis of ANP and rendering the drug 

ineffective. A method to extend the half-life of ANP, allowing for prolonged diuretic and 

vasodilatory properties, includes the development of NEP inhibitors. Early reported 
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inhibitors of NEP include thiorphan, which utilizes a thiol MBP, and phosphoramidon, 

which utilizes a phosphonate MBP. Subsequent developed inhibitors of NEP bear a thiol or 

mercaptoacetyl MBP, of which Omapatrilat is the most clinically advanced. Omapatrilat was 

found to inhibit NEP and ACE with similar activity and has been suggested as a promising 

treatment for antihypertensive agent and CHF;762,787–791 however, after a series of clinical 

trials, including OCTAVE (Omapatrilat Cardiovascular Treatment Assessment Versus 

Enalapril),792,793 OPERA (Omapatrilat in Persons with Enhanced Risk of Atherosclerotic 

Events)794, OVERTURE (Omapatrilat Versus Enalapril Randomized Trial of Utility in 

Reducing Events),795 and IMPRESS (Inhibition of Metallo Protease by BMS-186716 in a 

Randomized Exercise and Symptoms Study in Subjects with Heart Failure),796 it was 

concluded that a risk for the side effect angioedema outweighed the benefits of omaparilat as 

a therapeutic, and omaparilat was no longer pursued as a clinical drug. A detailed review of 

omaparilat and other vasopeptidase inhibitors can be found elsewhere.782,797

Recently, the synergistic combination of sacubitril (prodrug of LBQ657) and Valsartan 

(known together as Entresto, Figure 80) was approved by the FDA. Entresto was reviewed 

under the priority review program of the FDA, received fast track designation, and was 

approved in 2015 for the treatment of patients with heart failure.798 The recent development 

of LBQ657 as an inhibitor of NEP and vasopeptidase inhibitor of clinical relevance validates 

NEP as a therapeutic target. Current inhibitors of NEP mostly bear a thiol, mercaptoacetyl, 

or carboxylic acid MBP; however, more MBPs should be investigated to yield inhibitors 

with reduced side effects, such as hypotension observed with Entresto.799 Additionally, 

improving the MBP of vasopeptidase inhibitors which have failed clinical trials (e.g., such as 

switching the MBP of omaparilat) may be a useful strategy for improving the efficacy and 

PK properties of these drugs.

6.8 19S Proteasome Regulatory Subunit Rpn11 (EC 3.4.19.12)

Function in Biology and Disease.—Multiple myeloma (MM) is the second most 

common haematological malignancy in the U.S. and Europe, accounting for ~1% of all 

malignancies and ~10% of the hematologic malignancies.800,801 MM is caused by the 

uncontrolled proliferation of malignant plasma cells, resulting in end-organ damage 

(hypercalcemia, renal insufficiency, anemia, or skeletal lesions).800,802 Currently, there is no 

cure for MM, but treatment of MM by proteasome inhibitors has proven to extend patient 

survival rates.803,804

The proteasome plays a vital role in maintaining protein homeostasis and quality control by 

degrading unwanted or damaged proteins within eukaryotic cells.805,806 Inhibition of the 

proteasome within the ubiquitin-proteasine system (UPS) prevents degradation of 

proapoptotic proteins, which triggers the programmed cell death of malignant cells. The 

degradation of proteins by the UPS involves a complex pathway in which the protein 

destined for degradation undergoes several rounds of ubiquitination, resulting in the addition 

of a polyubiquitin chain. The polyubiquitinated chain of the tagged protein serves for 

substrate recognition by the 19S regulatory particle (RP), followed by translocation and 

degradation of the tagged protein by the 20S core particle (CP).805,807,808 Inhibition of the 

β5 proteolytic active site of the 20S CP has proven to be an effective method for the 
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treatment for MM, with several FDA approved drugs (bortezomib, carfilzomib, and 

ixazomib).809–811 Success in 20S CP inhibition has led to the development of other 

inhibitors of the 20S CP subunit.812–815 Although the aforementioned drugs have improved 

the survival rate of MM patients, drug resistance is commonly observed resulting in 

relapse801 and creating a need for additional MM therapeutic targets.

The JAMM (JAB1/MPN/Mov34 metalloenzymes) domain of regular particle number 11 

(Rpn11) is found within the 19S RP. Rpn11 is a metalloprotease in the greater 

deubiquitinating enzyme (DUB) family.816 Rpn11 is an isopeptidase responsible for the 

removal of the polyubiquitinated chain from tagged substrates prior to entry into the 20S CP 

for degradation (Figure 82). The polyubiquitin chain is further cleaved into monomeric 

ubiquitin by other DUBs and released into the cytosol to be recycled.817 Inhibition of the 

JAMM domain of Rpn11 prevents polyubiquitin cleavage, which blocks translocation of the 

tagged protein into the 20S CP, and stops further downstream protein degradation 

mechanisms.818–821 Isopeptidase activity by the JAMM domain is found in other human 

proteins, including Csn5 subunit of the COP9 signalosome, AMSH, AMSH-LP, the 

BRCC36 subunit of BRISC, MPND and MYSM1.822–828 Inhibition of Rpn11 has been 

demonstrated to be a viable target for the treatment of MM, leading to cell apoptosis of MM 

cells and overcoming proteasome inhibitor resistance.829–832

Protein and Active Site Structure.—The structure of the JAMM domain from several 

proteins have been reported.828 A crystal structure of the JAMM domain from A. fulgidus 
AF2198 (AfJAMM, Figure 83) reveals eight-stranded β sheets (β1–β8) flanked by two α 
helices (α1 and α2). The longer α1 resides between the β1 and β2, while the shorter α2 

resides between β4 and β5. The Zn2+ active site is located on the convex surface formed by 

β2-β4 and α2, and is adjacent to a loop that connects the end of β4 to the beginning of α2 

(Figure 83).825 The JAMM domain contains a conserved EXnHS/THX7SXXD sequence 

(also known as a JAMM motif), in which the Zn2+ ion is coordinated to His67, His69, 

Asp80, and one water molecule in a tetrahedral geometry. The water molecule, stabilized by 

hydrogen bonding with a conserved Glu in the second coordination sphere, acts as a Lewis 

base in the hydrolysis mechanism.816,825,833 Although bearing little sequence homology, the 

HEXXH metalloprotease motif and core fold of AfJAMM are similar to those found in 

thermolysin, S. caepitosus Zn2+ endoprotease (ScNP), and neurolysin.816,825

Inhibitor Development.—Inhibitors of various 19S RP subunits (such as ubiquitin 

receptors) have been limited,834–838 with inhibitors that specifically target Rpn11 scarce.
807,839 A first-in-class Rpn11 inhibitor was discovered utilizing a FBDD method. Screening 

of a MBP library against Rpn11 revealed a single active MBP hit, 8-thioquinoline 

(Rpn11i-1, IC50 = 2.5 μM, Figure 84).839 The efficiency and effectiveness of utilizing a 

small library screen for MBP identification was validated when a HTS effort using >300,000 

compounds revealed an 8-thioquinoline derivative as the only hit.807 Heterocyclic analogues 

of Rpn11i-1 where the metal coordinating nitrogen and sulfur atoms were moved, removed, 

or modified, such that they obstructed metal binding, resulted in inactive compounds, 

supporting a proposed bidentate model of metal coordination by the nitrogen and sulfur 

atoms of Rpn11i-1. Elaboration of Rpn11i-1 yielded the inhibitor capzimin with an IC50 
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value of 390 nM (Figure 84).807,839 Capzimin showed >5-fold selectivity for the JAMM 

domain of Rpn11 over other JAMM proteases and >100-fold selectivity for Rpn11 over a 

small panel of Zn2+-dependent metalloenzymes. Treatment of cancer cell lines with 

capzimin resulted in the accumulation of polyubiquitinated substrates and blocked cell 

proliferation in culture, including cell lines shown to be bortezomib resistant.807,839

In addition to capzimin, thiolutin, an antibiotic and anti-angiogenic compound produced by 

Streptomyces, was also identified as an inhibitor of Rpn11 (Figure 84).840 Inhibition studies 

performed with and without reducing agent dithiothreitol (DTT) revealed only the DTT 

containing reaction resulted in Rpn11 inhibition by thiolutin, suggesting reduced thiolutin 

(Rpn11i-2) as the inhibitor of Rpn11. Rpn11i-2 inhibits Rnp11 with an IC50 value of 530 

nM and successfully blocks the removal of ubiquitin from the tagged enzymatic substrate. 

Although the mode of metal binding by thiolutin has not been established, the compound 

likely uses a thiol donor to bind the active site Zn2+ ion in Rpn11. Rpn11i-2 inhibited other 

JAMM metalloproteases (Csn5, AMSH, and BrCC36), and thermolysin.840

Current and Future Prospects.—Current FDA approved drugs for the treatment of MM 

inhibit the UPS pathway by binding to the 20S CP; however, the efficacy of these drugs is 

challenged by the emergence of drug resistance. The Zn2+-dependent JAMM domain of 

Rpn11 subunit in the 19S RP represents an attractive new target for drug development. 

Capzimin represents a first-in-class inhibitor of Rpn11. Discovery of a second inhibitor, 

thiolutin, further supports Rpn11 inhibitor development as a viable route to MM treatment. 

Inhibitor development for Rpn11 represents a new method for proteasome inhibition and is 

an untapped opportunity with few inhibitors currently available. Capzimin and thiolutin both 

display only modest inhibitory activity and both utilize thiol groups that may represent a PK 

liability. Further development of more potent compounds that use alternative MBPs for 

inhibitors of Rpn11 are clearly justified.

6.9 VanX (EC 3.4.13.22)

Function in Biology and Disease.—Cell wall synthesis is a critical process for 

bacterial survival, and therefore represents the target of many classes of current antibiotics. 

One of the unique aspects of cell wall synthesis is the action of the transpeptidase that 

hydrolyzes the substrate D-Ala-D-Ala as part of the formation of the peptidoglycan cross 

layer. D-Ala-D-Ala is a non-native peptide sequence in the human biome, making targeting 

of this single step a highly successful strategy for antibiotics. ß-lactam antibiotics inhibit the 

action of the transpeptidase (Section 7.5), whereas vancomycin binds to the D-Ala-D-Ala 

peptide substrate. The action of vancomycin binding to the D-Ala-D-Ala pentapeptide 

(Figure 85) physically blocks the substrate and prevents further peptidoglycan crosslinking, 

stopping cell wall growth, and ultimately results in cellular death. As such, vancomycin is a 

powerful glycopeptide antibiotic active against most Gram-positive bacteria, and is often 

considered a drug of last resort. Vancomycin was first discovered by Dr. Edmund Kornfield 

at Eli Lilly in 1952,841,842 and was approved by the FDA in 1958.

Vancomycin binds to the D-Ala-D-Ala substrate through five hydrogen bonds, sterically 

blocking the transpeptidase from any further action on the substrate (Figure 85). However, in 
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vancomycin-resistant bacterial strains, the D-Ala-D-Ala is replaced with a D-Ala-D-Lactate 

(Figure 85), where a single atom replacement from nitrogen to oxygen results in a 1000-fold 

loss of binding activity that renders vancomycin completely ineffective as an antibiotic. Loss 

of vancomycin activity from this single atom mutation is due to a combination of the loss of 

favorable H-bonding interactions, as well as the creation of new repulsive lone-pair 

interactions between the vancomycin carbonyl and substrate ester.843 SAR studies indicated 

that the loss of the H-bonding to the D-Ala-D-Lactate resistant substrate had a smaller 

impact on vancomycin binding than lone-pair repulsion. Attempts have been made to 

synthesize vancomycin derivatives that address this resistance mechanism,844 but none so far 

have been evaluated in clinical trials.

Five proteins have been found to be necessary to confer bacterial resistance to vancomycin.
845 These proteins are encoded in a transposon that can be converted into a plasmid for 

horizontal gene transfer, which allows for rapid transmission of vancomycin resistance. Two 

of these proteins, VanS and VanR are sensor proteins that in the presence of vancomycin, 

turn on transcription of VanH, VanA, and VanX, which then serve to shunt the peptidoglycan 

precursors from the native D-Ala-D-Ala to the resistant D-Ala-D-Lactate pathway. In this 

process, VanH generates the D-lactate, and VanA ligates D-Lactate to D-Ala, generating the 

vancomycin resistant peptidoglycan precursor. Because the cellular machinery is still 

producing the native D-Ala-D-Ala substrate, VanX serves to selectively hydrolysis the native 

D-Ala-D-Ala sequence to prevent the native terminus from being used in the peptidoglycan 

layer.846 This prevents incorporation of D-Ala-D-Ala and results in the vancomycin resistant 

D-Ala-D-Lactate phenotype. Knockout studies of any one of these Van components have 

been shown to restore vancomycin activity, and in particular knockout of VanX results in 

bacteria that express both D-Ala-D-Lactate as well as D-Ala-D-Ala.846,847 These VanX 

knockout bacteria are susceptible to inhibition by vancomycin, making VanX an intriguing 

target for drug discovery campaigns.847

Protein and Active Site Structure.—VanX is a mononuclear Zn2+-dependent 

metalloenzyme with an active site designed to specifically accommodate and hydrolyze D-

Ala-D-Ala (Figure 86).847 Currently there is only one crystal structure of VanX published in 

the PDB.848 The VanX active site is fairly small at ~150 Å3, and is very hydrophilic with 

many polar residues designed to give high specificity for the unique D-Ala-D-Ala peptide. 

The catalytic Zn2+ ion is coordinated by two histidine residues and an aspartic acid, with 

either one or two additional water molecules completing the coordination sphere. The crystal 

structure clearly indicates only one water molecule coordinated to the Zn2+ center; however, 

EXAFs data support an argument for a 5-coordinate Zn2+ ion with two bound water 

molecules.849 Regardless of how many water molecules are coordinated to the Zn2+ ion in 

the VanX resting state, the D-Ala-D-Ala hydrolysis mechanism is proposed to involve a 

substrate polarization via binding to the Lewis acidic Zn2+ ion, which then results in a 

nucleophilic attack to insert one of the water molecules into the amide bond, resulting in 

hydrolysis of the dipeptide.

Inhibitor Development.—The first inhibitors of VanX were reported in 1995, and used a 

phosphinate group to both mimic the peptide substrate intermediate and to bind the active 
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site Zn2+ ion by displacing Zn2+-coordinated water (Figure 87, Table 12).847 Interestingly, it 

was found that the phosphinate based inhibitor VanXi-2 (Ki = 0.47 μM) was far more active 

than the phosphonate-based inhibitor VanXi-1 (Ki = 300 μM). X-ray crystallography showed 

that while both compounds have the same coordination to the active site Zn2+ through the 

oxygen atoms of the phosphorous in a trigonal bipyramidal geometry, the phosphonate based 

VanXi-1 adopts an energetically less favorable position that results in the loss of a H-bond 

interaction (note that these structures were published in 1998, but there is no entry in the 

PDB). Attempts to further improve phosphinate based inhibitors resulted in the 

incorporation of an ethyl tail that improved the binding affinity in VanXi-4 (Ki = 0.35 μM).
850 Later efforts to generate new H-bond interactions explored isosteres of the phosphinate 

scaffold that replaced the methylene carbon with either a nitrogen or sulfur atom. These 

compounds did not show any improvement, with the amine linker having worse activity 

(VanXi-6, Ki = 36 μM), and the thioether (VanXi-7) having no activity whatsoever.851

Covalent inhibitors of VanX have also been investigated (VanXi-8 to VanXi-11, Figure 87). 

These compounds are substrate mimics that upon hydrolysis by VanX release a highly 

reactive electrophile that covalently binds to the enzyme. While the exact nucleophilic 

residue is presently unknown, it is understood that this covalent binding effectively blocks 

the active site and prevent further action.852 Moving the difluoromethyl group from the para 

position in compound VanXi-8 to the ortho position in VanXi-9 was found to improve the 

stability of the leaving electrophile and improved the Kirr from 22 μM to 10.7 μM.853,854 

Unfortunately, additional attempts to induce selectivity for the unknown nucleophilic 

residue(s) were unsuccessful, and this approach of covalent inhibitors against VanX has not 

progressed further.

In 1996, a series of simple thiol containing molecules were investigated as VanX inhibitors 

to take advantage of the high affinity of sulfur for the Zn2+ ion (VanXi-12 to VanXi-20, 

Figure 87). There is no structural data on the binding of these compounds, but it may be 

assumed that these thiols coordinate via one or more sulfur atoms. Of these inhibitors, 

VanXi-17 was found to be the most active with a Ki value of 0.19 μM, but no follow-up 

effort has been reported on these compounds.855 Two hydroxypyridinethione compounds, 

VanXi-21 and VanXi-22 have been reported to have modest activity (Ki = 6.84 and Ki = 2.74 

μM, respectively). Again, there is no crystallographic data on these inhibitors, but they are 

expected to bind in a bidentate fashion to the catalytic Zn2+ ion. Both VanXi-21 and 

VanXi-22 were demonstrated to be active against vancomycin resistant Enterococcus 
faecium.856 However, there is some concern around selectivity, as the same compounds 

(VanXi-21 and VanXi-22) have been reported as inhibitors of HDACs (Section 7.3) and 

MBLs (Section 7.5).

Current and Future Prospects.—VanX plays a key role in providing resistance to the 

antibiotic vancomycin. While VanX is a promising target to restore activity of vancomycin 

against resistant bacteria, inhibitor development has been limited, with only phosphinate 

based, covalent inhibitors, and sulfur containing compounds being widely explored. Few of 

these compounds show activity with IC50 values of <1 mM, and none have entered clinical 

trials. Perhaps one impediment in the development of VanX inhibitors has been the difficulty 

in expressing, purifying, and handling VanX. Indeed, literature reports describing VanX 
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assays have been withdrawn due to protein contamination from a difficult purification that 

gave false positive assay readouts.857,858 Furthermore, VanX has been reported to have 

tendencies to form aggregates, which compounds the difficulty in enzyme purification and 

screening;849 this aggregate nature is evidenced by the hexameric structure of VanX found in 

X-ray crystallography.848 Overall, there is a need for better enzyme purification techniques 

in order for further inhibitor development of VanX inhibitors.

7. Non-Peptide C-N Hydrolases (EC 3.5)

7.1. Adenosine Deaminase (ADA, EC 3.5.4.4)

Function in Biology and Disease.—Adenosine deaminase (ADA, also known as 

adenosine aminohydrolase) is involved in purine metabolism.859 Specifically, it irreversibly 

deaminates adenosine to inosine and 2′-deoxyadenosine to 2’-deoxyinosine by chemically 

changing the amino group to a keto group (Figure 88).859 The inosine products of ADA 

activity are competitive inhibitors with the substrates.859 ADA is typically found in the 

cytosol and on the cellular surface of nearly all human tissues, but the highest levels exist in 

the lymphoid tissue, including B and T lymphocytes.859 The primary function of ADA is 

development and maintenance of the immune system. ADA deficiency causes severe 

combined immunodeficiency disease (ADA-SCID) due to impairment of B-cell and T-cell 

development.860 Conversely, inhibition of ADA has been demonstrated to be a useful 

therapy in some viral infections and lymphoproliferative disorders, such as lymphoma and 

leukemia, as well as in modulating immune response in B and T cell malignancies.861 As 

such, ideal ADA inhibitors should be reversible and have a limited lifetime to not impact 

healthy ADA activity.862 Although several ADA inhibitors have gone to clinical trials to 

treat various cancers, the only FDA approved inhibitor is Nipent (a.k.a., pentostatin) for the 

treatment of hairy cell leukemia.

Protein and Active Site Structure.—The amino acid sequence of ADAs in humans and 

bacteria is highly conserved particularly at the active site.859 ADA exists as two isozymes, 

ADA1 and ADA2, which differ in primary sequence but catalyze the same reaction.859 

ADA1 is found in all cells (with highest expression in lymphocytes and monocytes), and 

ADA2 is found only in monocytes.863 ADA1 exists in two isoforms: a monomer of ~33 kDa 

(small form) and a dimer of ~280 kDa (large form).863 The extra mass of the large form is 

from a combining protein, which connects two ADA1 monomers.863 The small form of 

ADA1, which is the target of most drug discovery efforts, is composed of eight central β-

barrels and eight peripheral α-helices that create a (β/α)8 barrel. The active site is buried 

deep in the enzyme and contains a Zn2+ ion coordinated by His15, His17, His214, Asp295, 

and a water/hydroxide molecule in a tetrahedral geometry (Figure 89). During turnover, the 

substrate is stabilized in the active site by hydrogen bonding to Glu217, Gly184, Asp19, and 

Asp296, with deamination occurring by a stereospecific addition-elimination.859,864 The 

Zn2+ ion serves as a strong electrophile and drives the bound water/hydroxide to perform 

nucleophilic attack on the substrate creating a tetrahedral intermediate (Figure 88). 

Ultimately, ammonia is eliminated from the substrate upon formation of the ketone product.
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Inhibitor Development.—Various classes of ADA inhibitors have been extensively 

explored. The major classes are described herein, including representatives from each class. 

Important for discussing inhibitor binding are the two conformations of ADA, the open and 

closed form,865 both of which are accessed during substrate turnover. Structural 

investigations show that inhibitors can bind to either conformation, depending on whether a 

specific water-trigger site is occupied.865 In the closed conformation, the active site forms a 

‘boot shape’ (Figure 90), in which the trigger-water site is unoccupied by the inhibitor, and 

the inhibitor directly interacts with Glu217.865 This is exemplified by the inhibitor 1-

deazaadenosine (1-DAA, Ki = 660 nM, Figure 91). In the open conformation, the trigger-

water site is occupied by the inhibitor, and two water molecules form a hydrogen bonding 

bridge between Glu217 and the inhibitor, as illustrated with the EHNA (Ki ~5 nM, Figure 

90).865 Another key residue in the determination of the conformation is Phe65, which points 

into or away from the active site in the closed and open forms, respectively. Movement of 

Phe65 is implicated in the downstream structural rearrangements that ultimately close or 

open the active site.865

Transition state analogue inhibitors of ADA have a chiral tetrahedral carbon positioned in 

the active site toward the Zn2+ ion resembling the intermediate in the deaminase reaction 

mechanism. A hydroxyl group on the tetrahedral carbon coordinates to the Zn2+ center 

(Figure 92), with the stereochemistry of these inhibitors being crucial: only the R-
diastereomer fits in the active site and inhibits ADA.859 Inhibitors of this class include 

coformycin (Ki = 0.01 nM) and pentostatin (Ki = 0.0025 nM). These natural products were 

first reported in the 1960s and 1970s as ADA inhibitors.866,867 Adechlorin (Ki = 0.53 nM) 

and adecypenol (Ki = 4.7 nM) are also natural product inhibitors of ADA; they have the 

same metal binding mode as coformycin and pentostatin, but their sugar groups contains a 

chlorine or cyclopentene ring, respectively,868,869 and they are less active than coformycin 

and pentostatin. Coformycin and pentostatin are still two of the most active inhibitors of 

ADA known, and pentostatin is the only ADA inhibitor with FDA approval.

The first total synthesis of pentostatin was reported in 1979, which opened doors for 

exploring modifications to the coformycin and pentostatin scaffolds.870 Modifications to the 

structure while maintaining the tetrahedral carbon atom with a hydroxyl group resulted in 

compounds such as ADAi-1 (Ki = 61 μM), which had poorer activity.871 More recently, a 

series of analogs containing imidazo[4,5-e][1,2,4]triazepine were prepared to explore the 

interactions responsible for the tight binding of pentostatin and coformycin.872 Eight 

derivatives were synthesized with several changes, including: a lack of sugar moiety, which 

weakens the binding interaction by removing stabilizing hydrogen bonds; inclusion of alkyl 

groups at position 1; an additional nitrogen atom at position 7 to reduce nucleophilicity of 

the hydroxyl at position 8; and, addition of methyl group at position 6 and 7 to avoid 

rearrangement of the ring system.872 Compound ADAi-2 (Ki = 12 μM) in this series was the 

most active (Figure 91). Overall, these inhibitors have inhibition constants many orders of 

magnitude worse than pentostatin.872 Their poorer activity is attributed to the lack of a sugar 

moiety, which forms several hydrogen bonds to protein residues. No structural data has been 

reported for these inhibitors, so it is unclear how these inhibitors bind to ADA and if the 

active site adopts closed or open conformation.
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Another class of ADA inhibitors are substrate analogues that bind in the active site like 

adenosine. These inhibitors do not bind to the Zn2+ ion and they feature a planar ring 

system. The inhibitors differ from substrates in that they lack a protonatable nitrogen 

required for the deaminase reaction, and hence, cannot be deaminated. Among the inhibitors 

in this class, changes to the sugar moiety and the amine were explored (e.g., 1-DAA, Figure 

91).873,874 Substitution of an amine hydrogen with a methyl, hydroxyl, and cylopropyl group 

were also tested, such as ADAi-3 (Ki = 250 nM),874 but these inhibitors demonstrate 

similarly modest activity. Although no structural data is available for these inhibitors, it can 

be inferred with reasonable confidence that the inhibitors occupy the active site in a similar 

orientation as adenosine. Many other substrate analogs have been synthesized as ADA 

inhibitors, including non-nucleoside compounds, but none of these utilize metal binding, nor 

show particularly exceptional activity.875–881 Indeed, none of these ADA inhibitors have 

been advanced to clinical trials.

Current and Future Prospects.—Substantial effort has been made to develop 

therapeutically useful, small molecule inhibitors of ADA. ADA inhibitors include transition 

state analogues, substrate analogues, and non-nucleosides, and many of these investigations 

are based on natural products that inhibit ADA. The transition state analogs, such as 

pentostatin, are the most potent and utilize metal-binding. Pentostatin is the only FDA-

approved drug that is an ADA inhibitor. Pentostatin is marketed as Nipent and is used to 

treat hairy cell leukemia; however, it no longer appears to be on patent.882 Despite the 

clinical use of pentostatin, other ADA inhibitors that have made it to clinical trials have 

failed due to off- and on-target toxicity, and to the best of our knowledge, no new substrate 

analogues or non-nucleoside inhibitors have entered clinical trials. The failure of ADA 

inhibitors in clinical trials combined with the the fact that Nipent has gone off patent and 

may now be sold in a cheaper, generic form suggests that ADA is no longer a promising 

target for the development of new therapeutics.

7.2 Arginase 1 (Arg1, EC 3.5.3.1)

Function in Biology and Disease.—Arginase was initially described in 1904 for its 

ability to hydrolyze the substrate L-arginine into L-ornithine and urea,883,884 and is the 

oldest known Mn2+-dependent metalloenzyme. Due to its importance in the urea cycle, 

arginase is a ubiquitous protein conserved across all branches of life with some variant 

found in all organisms.885 For the sake of simplicity, as well as its relevance towards human 

health, this Section will focus on human arginase unless otherwise stated. There are two 

types of human arginase: arginase-1 (Arg1) which dwells in the cytosol, and arginase-2 

(Arg2), which is located in the mitochondria. Arg1 is primarily localized in the liver, where 

it plays a critical role as the last step of the urea cycle. However, Arg1 is also distributed 

throughout other body tissues, albeit at lower concentrations than found in the liver, where it 

plays various homeostatic roles.

In addition to its role in the urea cycle, Arg1 is used to regulate the immune system through 

the hydrolysis of L-arginine. L-Arginine is considered a semi-essential amino acid, in that 

some cells, including T-cells, are unable to produce this amino acid and require an 

extracellular source. In the absence of L-arginine, T-cells lose their T-cell receptor and 
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become unable to proliferate.886 It is currently unknown why the absence of L-arginine 

produces such drastic effects on T-cells. After an immune response occurs, there is a 

heightened level of T-cells, so Arg1 is produced by immature myeloid cells (IMCs) to allow 

the body to enter a healing phase.887 Cancer tumors take advantage of this cycle and recruit 

IMCs and activate them into myeloid derived suppressor cells for their anti-proliferative 

effect against T-cells.888 The resulting overexpression of Arg1 creates a tumor 

microenvironment devoid of L-arginine and inhibits T-cell proliferation, allowing the cancer 

tumor to evade the immune system. Arg1 overexpression is linked to many other disease 

states, including but not limited to hypertension, diabetic vascular disease, atherosclerosis, 

myocardial ischemia injury, ischemic stroke, Alzheimer’s disease, multiple sclerosis, 

diabetic retinopathy, and erectile dysfunction,889 suggesting that Arg1 inhibitors could be of 

great benefit to a range of conditions.

Protein and Active Site Structure.—Arg1 is a homotrimeric metalloenzyme, with each 

unit bearing a dinuclear Mn2+ active site designed to cleave its substrate, L-arginine into L-

ornithine and urea.890 The Arg1 active site consists of a deep, narrow pocket ~15 Å in depth. 

The entrance of the pocket contains an amino acid binding region that provides substrate 

specificity, whereas the Mn2+ ions, which are responsible for substrate hydrolysis, are 

located in the bottom of the pocket, ~3.3 Å apart from each other.891 Each Mn2+ ion is 

coordinated to one His and two Asn residues, with an additional two Asn residues bridging 

between the Mn2+ ions.509 MnA is coordinated in a 5-coordinate square pyramidal geometry 

and MnB is coordinated in distorted octahedral geometry.892 The coordination sphere of 

each Mn2+ ion is completed by a bridging hydroxyl that is inserted in the guanidine moiety 

during L-arginine hydrolysis (Figure 93).

Typical of most metal ion mediated substrate hydrolysis mechanisms, the Mn2+ ions mainly 

serve to raise the pKa of the bridging hydroxyl to aid nucleophilic attack. Indeed, human 

Arg1 has an optimum pH of 9.4.893 Mutagenesis within the active site to disrupt and 

displace metal coordination of MnA only slow the rate of substrate hydrolysis, and do not 

affect the rate of substrate binding, indicating that the function of the metal is to activate the 

hydroxyl for nucleophilic attack, and not act as a site of substrate coordination.890 

Therefore, the mechanism of Arg1 L-arginine hydrolysis is believed to involve the bridging 

hydroxyl ligand being inserted into the guanidine group. This generates a tetrahedral 

intermediate, which is followed by a series of proton transfer steps resulting in protonation 

of the amine leaving group on the substrate, and finally triggering an electron cascade that 

cleaves the L-arginine into urea and L-ornithine.509

Inhibitor Development.—Both iNOS and Arg1 share L-arginine as a common substrate, 

but instead of the hydrolytic cleavage of Arg1, iNOS catalyzes the oxidation of L-arginine to 

N-hydroxyarginase (NOHA).894 Interestingly, NOHA serves as a native Arg1 inhibitor with 

a Kd value of 3.6 μM (Figure 94, Table 13), so that the production of NOHA by iNOS is 

natively used to regulate Arg1. NOHA binds the Arg1 active site as a transition state mimic, 

with the hydroxyl group binding in a bridging fashion between the Mn2+ ions and displacing 

the metal-bound hydroxyl ion (Figure 95).895 However, the crystal structure of NOHA 

bound to Arg1 shows that the amino acid residues at the entrance of the active site dictate 
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the preferred binding interactions, so that in order to maintain these highly stable 

interactions at the entrance to the active site, the Mn2+ centers are actually perturbed into a 

less favorable position to accommodate the bulk of the NOHA within the active site cavity 

(Figure 95). Most notably, the hydroxyl group on NOHA is pushed an additional 1.7 Å 

deeper into the active site than the native bridging hydroxyl, which results in the Mn2+ ions 

being pushed further apart to ~3.9 Å in the NOHA bound structure. Furthermore, Asp232, 

which normally coordinates both Mn2+ ions, is shifted to a distance of ~3.1 Å away from 

MnA where it is no longer able to effectively coordinate MnA, resulting in a shift from a 

square pyramidal metal coordinating geometry to distorted tetrahedral geometry (Figure 95).

In an effort to alleviate the strain on the metal environment, the effect of chain length was 

examined with the derivative N-hydroxy-nor-arginine (nor-NOHA), which has one less 

carbon than NOHA. nor-NOHA is a better Arg1 inhibitor (Kd = 0.52 μM) than NOHA (Kd = 

3.6 μM). An X-ray crystal structure (Figure 95) shows that nor-NOHA maintains the same 

favorable amino acid interactions at the active site entrance as NOHA, but does not create 

perturbations at the dinuclear metal center.895 nor-NOHA still binds the metal site with a 

hydroxyl displacing the native bridging hydroxyl group, but the nor-NOHA hydroxyl is only 

0.8 Å deeper into the active site than the native hydroxyl, keeping the nor-NOHA hydroxyl 

in a ‘sweet spot’ not too far from where the native hydroxyl would reside. Furthermore, in 

the nor-NOHA Arg1 structure, the Mn2+ ions are only displaced from 3.3 Å to 3.5 Å, and 

Asp232 remains within coordination distance of MnA in the nor-NOHA structure. While 

nor-NOHA is considered one of the best Arg1 inhibitors, the PK of nor-NOHA severely 

limits the potential for clinical development. nor-NOHA has extremely rapid elimination in 

rats with a half-life of 15–30 minutes after intravenous or intraperitoneal injection.896 While 

many other derivatives of the NOHA scaffold have been explored, none of these compounds 

are nearly as active as NOHA and nor-NOHA (Figure 94, Table 13).895,897,898

Since 1945, boric acid has been known to inhibit Arg1, and was considered one of the best 

Arg1 inhibitor for decades. In aqueous solution, boric acid exists in both the borate and boric 

acid forms, with both forms acting as noncompetitive, irreversible Arg1 inhibitors. Inhibition 

studies of borate with L-ornithine lead to the discovery of 2(S)-amino-6-boronohexanoic 

acid (ABH, Figure 94) as powerful and novel new class of Arg1 inhbitors.910 ABH is a slow 

binding irreversible inhibitor that operates by mimicking the Arg1 transition state. Once 

ABH enters the active site and the boronic acid moiety is positioned across the Mn2+ ions, 

the metal-bound hydroxyl group inserts into the boronic acid.908 This creates an uncleavable 

tetrahedral transition state mimic that remains trapped in the active site, rendering Arg1 

unable to hydrolyze its L-arginine substrate (Figure 95). It should be noted that at pH values 

>9.0 the boronic acid warhead of ABH takes on the borate form with a different mechanism 

of action. The borate is instead a competitive inhibitor that binds Arg1 by displacing the 

metal coordinated hydroxyl. At pH values <9.0, derivatized boronic acid inhibitors maintain 

the hydroxyl insertion mechanism. Other attempts have been made to mimic this transition 

state analog by varying the terminal functional group into other ‘suicide’ substrates, but no 

studies have yielded active compounds.903,909

Recent trends in developing new Arg1 inhibitors has shifted towards further exploration and 

elaboration of the core ABH scaffold, with efforts on exploration of alternate warheads, 
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different linkers, and further elaboration of the amino acid terminus. Early efforts focused on 

attempts to replace the boronic acid warhead of ABH with bioisosteres capable of 

mimicking the tetrahedral transition state while maintaining metal coordination. As such, 

ABH analogues with isostere warheads including a terminal sulfonamide (Arg1i-9, Kd = 52 

μM; Arg1i-10, Kd = 52 μM),900 2-aminoimidazole (Arg1i-11, Ki = 4.0 μM),901 and a nitro 

group (Arg1i-12, Kd = 60 μM),902 were tested, but all compounds showed no improvement 

compared to ABH (Table 13). Other warheads designed to mimic the electrophilic nature of 

ABH include aldehyde (Arg1i-13, Kd = 60 μM),903 and epoxide moieties (Arg1i-14).904 

Once again, while these warheads were shown to bind to the active site Mn2+, none of them 

were more active than the initial ABH lead (Table 13). Modifications to the chain length of 

ABH resulted in the discovery of S-(2-boronoethyl)-L-cysteine (BEC, Figure 94) that has 

poorer activity (Kd = 270 nM), likely because the shorter chain places the boronic acid 

warhead further away from the Mn2+ cluster.908 Finally, a large body of work on 

derivatization of the amino acid terminus of ABH has been reported. Building from the 

amino acid terminus increases binding affinity, this was first accomplished in Arg1i-15 and 

Arg1i-16 (IC50 = 0.38 – 34 μM).905 Later work focused on building further off the amino 

acid terminus, and resulted in Argli-17 with an IC50 value of 223 nM.906 This good binding 

is attributed to a decrease in entropy, from the inclusion of more hydrophobic functional 

groups. Shifting from the piperidine in Argli-17 to the tropane in Argli-18 further improved 

the activity (IC50 = 17 nM), making it among the most potent Arg1 inhibitors reported to 

date.907

In addition to these reported compounds, Calithera Biosciences and Incyte Corporation 

currently have an ABH-based boronic acid inhibitor in Phase I and II clinical trials. This 

ongoing study is focusing on co-administrating lead compound INCB001158911 with known 

cancer drugs oxaliplatin, leucovorin, 5-fluorouracil, gemcitabine, cisplatin, and pacilitaxel, 

as well as the antibody pembrolizumab to look for a synergistic effect in treating tumors. 

Finally, other studies have described a host of miscellaneous inhibitors of non-human Arg1, 

including flavonoids, purines, retrovirus inhibitors (e.g., raltegravir, dolutegravir, Figure 45), 

but none of these have had the same level of success against Arg1 as the boronic acid based 

inhibitors.896,912

Current and Future Prospects.—Human Arg1 completes the last step of the urea cycle 

in the liver, and plays a myriad of roles in maintaining homeostasis throughout the rest of the 

body. Misregulation of Arg1 is linked to numerous diseases, including but not limited to 

cancer, where the overexpression of Arg1 allows the cancer tumor to evade the immune 

system. Inhibition of Arg1 is predicted to restore native immune activity against cancer 

tumors and has implications for combination therapies. Indeed, there is currently one 

compound (INCB001158) in Phase I and II clinical trials being co-administered with a 

variety of known anticancer drugs. While the boronic acid warhead has seen great success 

against Arg1, little work has been done on exploring other MBPs. The use of novel MBPs 

remains an untapped area and would likely lead to other novel inhibitors against Arg1.
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7.3 Histone Deacetylase (HDAC, EC 3.5.1.98)

Function in Biology and Disease.—Histone deacetylases (HDACs, a.k.a., lysine 

deacetylases, KDACs) are a class of regulatory enzymes that function to deacetylate histone 

Lys residues as a part of DNA transcriptional regulation.913 This deacetylation action results 

in a positive charge on the terminal amine of the Lys at physiological pH, so that the histone 

binds more tightly to the negatively charged DNA phosphate backbone through electrostatic 

interactions.914 In turn, the more tightly bound histone represses DNA transcription, 

allowing for regulation of gene expression.

This mechanism of gene silencing through HDAC activity is utilized by cancer tumors to 

downregulate factors that suppress tumor growth. Thus, inhibition of HDACs has been 

determined a viable route to reverse the abnormal epigenetic state within the cancer tumor 

environment.913 Currently the biology behind the effect of HDAC inhibition on cancer is not 

fully understood.915 However, it is known that HDAC inhibition typically induces 

morphological changes resulting in the selective apoptosis of cancer tumors over healthy 

cells.916 HDAC inhibition is a validated method of cancer treatment, as there are currently 

four HDAC inhibitors with FDA approval for the treatment of cancer, with several additional 

compounds in clinical trials.

Protein and Active Site Structure.—There are currently 18 known human HDAC 

isoforms, broken into four distinct classes. Class I HDACs 1, 2, 3, and 8; class IV contains 

only HDAC 11; and class II is broken into two subgroups, where class IIa contains HDACs 

4, 5, and 7, and class IIb contains HDACs 6 and 10.917 These different classes were 

developed based on structural homology to other known classes of yeast HDAC. Finally, 

class III HDACs are the sirtuins 1–7, which depend on NAD+ as a cofactor, and unlike the 

other classes are not metal dependent proteins.918

Overall, the HDAC family bears a characteristic α/β fold that is shared with the arginase 

family of enzymes (Section 7.2).919 HDACs are typically monomeric, with the exception of 

HDAC6, which is heterodimeric with two catalytic domains, CD1 and CD2. The active site 

is partially conserved across all HDACs with a substrate binding channel ~10 Å deep, but 

there is variation in the entrance to the active site across the isoforms. This variation is the 

source of the different isoform selectivity, and many inhibitors attempt to exploit these 

differences for selective inhibitors. At the bottom of the substrate binding channel is the 

catalytic region containing the Zn2+ ion necessary for substrate lysis. This Zn2+ binding 

region is conserved across the HDAC isoforms, with the catalytic Zn2+ ion coordinated by 

Glu705, Glu612, His614, and a nucleophilic water in a distorted tetrahedral geometry 

(Figure 96). The mechanism of HDACs involves the acetylated lysine entering the active 

site, coordination to the Zn2+ ion through the carbonyl of the acetyl group, then attack of the 

nucleophilic water Zn2+-bound water on the carbonyl, creating a gem-diol intermediate. A 

series of proton transfers, largely mediated by two adjacent His and a Tyr, ultimately result 

in the deprotection of the lysine substrate, and release of the acetyl group as acetic acid.920

Inhibitor Development.—As HDACs have been a highly sought after cancer target for 

~30 years, there has been a substantial amount of inhibitor development against these 
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enzymes. As described above, because the catalytic Zn2+ ion is essential for HDAC activity, 

virtually all inhibition campaigns have incorporated some form of MBP as the basis for 

inhibitor activity through coordination to the catalytic Zn2+ within the active site. This 

inhibitor design approach has meet great success, with four HDAC inhibitors approved for 

treatments of various cancers, and many more in clinical trials. (Figure 97, Table 14).

Suberoylanilide hydroxamic acid (Vorinostat, SAHA, Figure 97) has enjoyed a place of 

prominence in the field of HDAC inhibitors. SAHA was among the earliest reported HDAC 

inhibitors, and its general structure has remained the basis of inhibitor development for 

countless drug development campaigns. The path to SAHA was unusual, especially 

considering that SAHA was developed through phenotypic screening, before HDACs were 

known to be the in vivo target of the compound.228 The discovery of SAHA began with the 

simple observation that dimethyl sulfoxide (DMSO) turned erythroleukemia cells red, which 

suggested the presence of hemoglobin,938 and eventually led to the realization that polar 

small molecules could induce cellular growth arrest and differentiation in already 

transformed cells.939 Follow-up work led to diamide alkyl compounds with optimization of 

a six-carbon linker between amide groups.228 Subsequent observations implicated metal 

coordination, which prompted coversion of the diamides into bis(hydroxamic acid) 

compounds.228 Finally, replacement of one of the hydroxamic acids with a phenyl group 

produced SAHA.940 The target of SAHA was identified to be HDACs two years later in 

1998,941 and SAHA became the first-in-class FDA approved HDAC inhibitor in 2007.942 

Interestingly, the natural product trichostatin A (Figure 97) has a striking structural 

resemblance to SAHA and was independently identified as an inhibitor of HDACs.943

The majority of inhibitor development against HDACs has since been based on the SAHA 

scaffold, and has resulted in the development of Belinostat, and Pabinostat. SAHA and these 

other hydroxamic acid inhibitors have been crystallographically confirmed to bind to the 

HDAC active site with the hydroxamic acid coordinating to the catalytic Zn2+ as a 

monoanionic ligand through the carbonyl and hydroxyl donor atoms. The Zn2+-bound water 

is displaced by the inhibitor leaving the metal center in a trigonal bipyramidal geometry, 

with the phenyl ring of SAHA acting as a capping group to block off the entrance of the 

HDAC active site (Figure 98).920 Overall, the majority of hydroxamate HDAC inhibitors 

consist of the same structure of the hydroxamate MBP, a flexible linker, and a capping group 

designed to impart isoform selectivity. Extensive efforts have gone into developing HDAC 

isoform selective inhibitors through modification of the capping group.944–947

The macrocyclic depsipeptide romidepsin (Figure 97) was first reported as an HDAC 

inhibitor in 1998.948 The disulfide bond undergoes reduction within the cellular environment 

to free the thiol MBP for metal binding.949 Indeed, the disulfide can be viewed a sort of 

natural protecting group or prodrug. While romidepsin has not been crystallized with an 

HDAC, the structural analogue largazole, has been crystallized with HDAC8.950 Largazole 

binds HDAC8 through the terminal thiol coordinating to the catalytic Zn2+ in tetrahedral 

geometry,950 and it can be assumed through structural similarity that romidepsin binds in a 

similar fashion (Figure 98).

Chen et al. Page 91

Chem Rev. Author manuscript; available in PMC 2019 April 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Apart from FDA approved compounds, there are currently eight HDAC inhibitors in clinical 

trials. As shown in Figure 97, the majority of these HDAC inhibitors are hydroxamic acid 

based, with large amounts of variation within the “capping group”, which is designed to 

impart selectivity between the HDAC isoforms. The majority of these compounds are 

hydroxamate based, so they likely inhibit and bind HDACs in a similar manner to SAHA. 

That stated, at least one hydroxamate inhibitor is reported to have a mode of metal binding 

differing from the other hydroxamic acids, namely N-hydroxy-4-(2-[(2-hydroxyethyl)

(phenyl)amino]-2-oxoethyl)benzamide (HPOB, Figure 97). HPOB has been reported to be 

selective for HDAC6 with an IC50 value of 56 nM.931 Crystallographically, HPOB has been 

found to bind in an unusual manner that does not result in displacing the native Zn2+-bound 

water. HPOB coordinates to the Zn2+ ion solely through the hydroxyl donor atom, with the 

hydroxamic carbonyl instead making H-bond contacts with the Zn2+-bound water (Figure 

98).951 It has been hypothesized that the shorter linker length of HPOB combined with this 

unusual metal binding mode may be the source of HDAC selectivity for HPOB.

In contrast to the plethora of hydroxamic acid based HDAC inhibitors, there are several 

HDAC inhibitors that have been developed with other MBPs. The structures of several of 

these inhibitors bound to HDACs have been determined (Figure 98). The inhibitor entinostat 

(IC50 = 250 nM against HDAC2) has never been co-crystallized, but its analogue, HDACi-1 

has been with HDAC2.921 HDACi-1 binds to the catalytic Zn2+ through an anilinic nitrogen 

atom and the carbonyl oxygen atom generating a trigonal bipyramidal geometry. Within this 

structure, the phenyl ring of the amide extends into a seldom-explored region of the HDAC 

active site called the ‘foot pocket’. It is assumed that entinostat binds in a similar fashion 

with trigonal bipyramidal geometry. Interesting another nitrogen donor atom based inhibitor, 

HDACi-2 (IC50 = 90 nM), instead binds through a singular sp3 amine donor atom placing 

the Zn2+ ion in a tetrahedral geometry.922

Among the other unusual MBPs reported for the HDAC scaffold is the 

trifluoromethyloxadiazolyl group of HDACi-3.923 This compound does not coordinate to the 

Zn2+ through traditional donor atoms, but rather is reported to display a cation-π interaction 

with the Zn2+ ion, which produces a compound has an IC50 value of 36 nM against HDAC7. 

The ‘coordinating’ ring is 3.2 Å away from the Zn2+, which is a typical distance seen in 

aromatic ring and cation-π interactions, and the fluorine atom is 3.0 Å away from the Zn2+ 

(Figure 98).952 The structure shows that the related HDACi-4 has weak, if any, interactions 

with the Zn2+ ion, suggesting that this unorthodox mode of active site interaction is not 

representative of true metal coordination.

Other inhibitors bearing carbonyl moieties, such as Trapoxin A (IC50 = 0.82 nM against 

HDAC2),953 have been shown to undergo nucleophilic attack by the Zn2+-bound catalytic 

water. This generates a gem-diolate MBP that coordinates to the Zn2+, which acts as a mimic 

of the tetrahedral reaction intermediate. In particular, because Trapoxin A is such a superb 

inhibitor, it was initially believed to be a covalent HDAC inhibitor that utilized the epoxide 

moiety to bind to the HDAC active site.935,936 Crystallography with HDAC8 revealed that 

Trapoxin A does not covalently modify the HDAC active site, and that the epoxide remains 

intact (Figure 98).953 Additional studies using mass spectrometry as well as isothermal 
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titration calorimetry further confirmed the crystallographic evidence that Trapoxin A does 

not covalently modify HDAC.953

Finally, there are several compounds that contain known MBPs that are highly likely to 

inhibit through coordination to the active site Zn2+, but have not been crystallographically 

confirmed to have a metal-binding mechanism of action. The sulfonamide HDACi-5 (Figure 

97) was used as a mimic of the general structure of SAHA, but replaces the hydroxamic acid 

with a terminal sulfonamide group as the MBP.925 Other reports utilized the 

hydroxypyridinethione scaffold,926 specifically a 2-hydroxy-pyridiene-3-thione was selected 

over other hydroxy pyridienthiones scaffolds based on computational docking, which 

predicted the heterocyclic nitrogen to be favorably positioned for further derivatization. The 

2-hydroxy-pyridiene-3-thione MBP (HDACi-6, Figure 97) has an IC50 value of 680 nM, and 

further elaboration resulted in HDACi-7 with a slightly improved IC50 value of 306 nM.927 

Alternatively, a 1-hydroxy-pyridine-2-thione MBP (HDACi-9, Figure 97) showed an IC50 

value of 150 nM.928 Unfortunately, the carboxylic acid in HDACi-9 was likely very 

important for interactions within the active site, as amide derivatization off the carboxylic 

acid resulted in a drastic loss of activity in HDACi-10 and HDACi-11 with IC50 values of 

4,200 nM and IC50 = 8,800 nM, respectively.

Current and Future Prospects.—HDACs are a class of epigenetic regulatory enzymes 

that function to deacetylate lysine residues. This act of deacetylation results in electrostatic 

interactions causing histones to coil more tightly around DNA, effectively silencing certain 

regions. Cancer tumors take advantage of this HDAC action to down regulate factors that 

signal apoptosis in malignant cells. Thus, HDACs have been a target of interest in anti-

cancer programs to restore these apoptosis pathways. This strategy of HDAC inhibition has 

been meet with substantial success, with four FDA approved HDAC inhibitors used in 

cancer treatment. In particular, SAHA is noteworthy story as this first-in-class therapeutic 

was not developed through traditional rational SAR, but by phenotypic analysis. 

Additionally, all of these FDA approved HDAC inhibitors contain MBPs that take advantage 

of the binding to the catalytic Zn2+ ion, which further affirms the strategy of metalloenzyme 

inhibition through metal-coordination.

Outside of the relation to anticancer therapeutics, HDACs have been shown to capable of 

deacetyling substrates outside of histones, indicating that HDAC inhibition can be of benefit 

in diseases beyond cancer. Indeed, studies have shown that HDACs are involved in 

regulating inflammation, and can potentially be explored as treatment for autoimmune 

disorders.954 Additionally, HDACs play a role in neurodegenerative conditions and HDAC 

inhibition may provide a route to treat these disorders.955 Interestingly, the ability of HDAC 

inhibitors to modulate DNA activation is also being explored against HIV in order to re-

activate and clear latent pools of the retrovirus.956,957 Due to the multifaceted roles of 

HDACs, they remain an important target class in metalloenzyme inhibition. Recent trends in 

the field of HDAC inhibition have focused on improving isoform selectivity, for example by 

variation of the capping group, which is believed to be important for future advancement and 

greater clinical adoption of this class of therapeutics.
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7.4 UDP-3-O-Acyl-N-acetylglucosamine Deacetylase (LpxC, EC 3.5.1.108)

Function in Biology and Disease.—The “ESKAPE” pathogens (Enterococcus 
faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, 
Pseudomonas aeruginosa, and Enterobacter species) are the leading cause of nosocomial 

infections worldwide and have developed various drug-resistant mechanisms, including drug 

inactivation, modification of drug binding sites, and changes in cell permeability.958 The 

Gram-negative bacteria cell envelope comprises of an outer membrane (OM) in addition to 

the cell membrane and a peptidoglycan layer. The OM is composed of lipopolysaccharides 

(LPSs), proteins, and phospholipids, with the LPS acting as a selective barrier to prevent the 

entrance of antibiotics and other exogenous material.959 Lipid A (also known as endotoxin) 

is a glucosamine-based saccharolipid and the hydrophobic membrane anchor motif of LPS.
960,961 Lipid A is vital to the growth and survival of the vast majority of Gram-negative 

pathogens, and disruption of lipid A biosynthesis has shown to increase antibiotic 

susceptibility.960–962 The mammalian immune system has picomolar sensitivity for the 

detection of lipid A that can lead to fatal inflammatory responses associated with septic 

shock (such as hyper-production of inflammation mediators and tissue factor production).
963–967 Hence, the development of lipid A biosynthesis inhibitors is an attractive and 

promising target for tackling antibiotic resistant Gram-negative pathogens, as well as 

reducing the complications of septic shock.

Lipid A biosynthesis, also known as the Raetz pathway, consists of a series of nine enzymes 

for the biosynthesis of lipid A and is conserved in most Gram-negative pathogens.960,968 

UDP-3-O-acyl-N-acetylglucosamine deacetylase (LpxC) catalyzes the first committed step 

in the Raetz pathway, and is a Zn2+-dependent metalloenzyme responsible for the 

deacetylation of UDP-3-O-[(3R)-3-hydroxymyristoyl]-N-acetyl-alpha-D-glucosamine (myr-

UDP-GlcNAc) to produce UDP-3-O-[(3R)-3-hydroxymyristoyl]-alpha-D-glucosamine (myr-

UDP-GlcN, Figure 99).960,969,970 LpxC is one of the two most conserved enzymes of the 

Raetz pathway and bears no human homology,968 making it an attractive target for the 

development of new antibiotics.971 Efforts both in academia and the pharmaceutical industry 

have been undertaken to develop potent and clinically useful inhibitors of LpxC; to date, 

none have successfully entered the drug market.

Protein and Active Site Structure.—E. coli LpxC is the most divergent orthologue 

amongst the known LpxCs, sharing 34% sequence homology with A. aeolicus LpxC, 57% 

sequence homology with P. aeruginosa LpxC, and >92% sequence homology with S. 
typhimurium and Y. pestis LpxC.972 Alignment of the backbone α-carbons of LpxC from 

various species yield a RMS deviation of ~0.8 to 1.4 Å,973 revealing a conserved tertiary 

structure. Despite the conserved tertiary structures amongst the LpxC from various species, 

the development of broad-spectrum inhibitors of LpxC has proved challenging.

The X-ray crystal structure of E. coli LpxC bound to reaction product myr-UDP-GlcN and a 

phosphate ion (from the crystallization medium) revels a 305-residue protein (~34 kDa) in 

two tightly packed “β-α-α-β sandwich” domains (Figure 100).973 Domain I contains Insert I 

(a small three-stranded β-sheet) while Domain II contains Insert II (β–α–β structure). The 

catalytic site is situated in a cleft between the interface of the two inserts and contains two 
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pockets: a hydrophobic tunnel (defined by Insert II and the focus for inhibitor development) 

and a UDP-binding pocket. The active site of LpxC contains a Zn2+ ion coordinated to the 

residues His79, His238, Asp242, and a phosphate ion (from the crystallization buffer) in a 

tetrahedral coordination geometry. In addition to the phosphate anion being stabilized by the 

side chains of Thr191, His265, and Glu78 in the active site, it further interacts with the 2-

amino and myristoyl 3-hydroxyl groups of myr-UDP-GlcN residing in the UDP-binding 

pocket.973

Inhibitor Development.—Several decades of research have led to the discovery of 

various LpxC inhibitors. Inhibitor development has primarily focused on identifying 

compounds that can effectively target a wide range of Gram-negative pathogens with good 

cell permeability. While a variety of inhibitor backbones have been investigated to probe the 

hydrophobic tunnel, very few MBPs have been explored. Many LpxC inhibitors bearing a 

hydroxamic acid MBP are reported in literature972,974–985 and disclosed in patents,986–989 

and representative inhibitors are discussed below. Often inhibitors are screened against a 

variety of pathogens, making it difficult for a direct comparison of their efficacy.

A library of over 200 phenyloxazoline inhibitors bearing a hydroxamic acid MBP were 

synthesized and screened against E. coli LpxC.990,991 L-161,240 (Figure 101), was 

identified as a potent inhibitor of E. coli LpxC (Ki = 50 nM), showed antibacterial activity 

against E. coli (MIC = 1 – 3 μg/mL), and rescued mice from fatal E. coli infections (EC50 = 

15 mg/kg).990 However, L-161,240 showed no activity against P. aeruginosa (MIC >100 

μg/mL) and other clinically relevant pathogens.971,990 The resistance from P. aeruginosa 
stems from variance in the intrinsic enzyme active site pocket rather than differences 

between membrane structure or efflux pumps, and encouraged further development of a 

broad-spectrum LpxC inhibitor. TU-514 (Figure 101), a substrate analogue, was later 

reported as a modest inhibitor of E. coli and A. aeolicus LpxC (IC50 = 7.2 and 7.0 μM).992 

A. aeolicus LpxC shares the least sequence homology with E. coli LpxC (~34%) and was 

resistant to the inhibition by L-161,204, hence TU-514 validated the concept of developing 

broad-spectrum LpxC inhibitors. However, the limited cell permeability of TU-514 

prohibited antibacterial activity and usefulness for clinical development.

Further development of inhibitors of LpxC utilize a variety of backbones to expand the 

efficiency of the antibiotic to reach a broader spectrum of Gram-negative pathogens and 

increase cell permeability while maintaining the hydroxamic acid MBP. Representative 

inhibitors include sulfonamide inhibitor BB-78485 and the threonine-based inhibitors 

CHIR-090 and LPC-009 (Figure 101)972,993–997 BB-78485 was a potent inhibitor of E. coli 
LpxC (IC50 = 160 nM, MIC = 1 μg/mL) and inhibited a broader spectrum of Gram-negative 

pathogens compared to that of L-161,240. BB-78485 was effective against pathogens 

Burkholderia cepacia, Serratia marcescens (MIC = 1 μg/mL), and others.993 Unfortunately, 

no activity was observed for P. aeruginosa (MIC >32 μg/mL), and BB-78485 was not 

effective enough to be of clinical relevance. CHIR-090, a slow, tight-binding inhibitor of 

LpxC from various Gram-negative species (Ki = 1–4 nM, for E. coli, P. aeruginosa, and A. 
aeolicus), exhibited antibacterial activity against both E. coli and P. aeruginosa that was as 

effective as the antibiotic ciprofloxacin and tobramycin.986,994–996 The X-ray crystal 

structure of CHIR-090 bound to P. aeruginosa shows the hydroxamic acid MBP binding in a 
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bidentate manner to the Zn2+ ion, which is further ligated by the residues His78, His237, and 

Asp241 (P. aeruginosa residue numbering) in a trigonal bipyramid coordination geometry 

(Figure 102).998 A comparison of CHIR-090 bound to P. aeruginosa with CHIR-090 bound 

to A. aeolicus995 and Y. enterocolitica999 LpxC reveal identical MBP binding. 

Unfortunately, CHIR-090 was not as effective in inhibiting Rhizobium leguminosarum 
LpxC (Ki = 340 nM) compared to E. coli LpxC (Ki = 4 nM) as a result of a Gly-to-Ser point 

mutation present in the Insert II of R. leguminosarum.995,996 This mutation resulted in a 

narrower hydrophobic tunnel, causing van der Waal clashes of the tunnel with the distal 

phenyl ring of CHIR-090, and is the source of CHIR-090 resistance by R. leguminosarum 
(Figure 102).995 The resistance of R. leguminosarum LpxC highlights concerns of possible 

resistance against LpxC inhibitors by a single point mutation.

To design inhibitors that could fit into the hydrophobic tunnel and expand their spectrum of 

antibiotic activity, linear diacetylene motifs were investigated.972,997 LPC-009 was found to 

be a potent inhibitor of R. leguminosarum LpxC knock in-strain of E. coli (W3110RL), 

reducing the MIC difference between W3110RL and wild-type E. coli (W3110) to 126-fold 

(compared to the 600-fold difference exhibited by CHIR-090) and successfully overcame the 

resistance mechanism of R. leguminosarum LpxC. Additionally, LPC-009 does not display 

time-dependent inhibition (Ki = 0.18 nM against E. coli LpxC), shows 4-fold enhanced 

antibacterial activity against E. coli (MIC = 0.05 μg/mL) when compared to CHIR-090, and 

shows a 2- to 64-fold enhancement in antibacterial activity against the growth of eight 

additional Gram-negative pathogens compared to that of CHIR-090.972 X-ray 

crystallographic analysis of LPC-009 bound to P. aeruginosa LpxC revealed the hydroxamic 

acid of LPC-009 binding in a similar fashion of that CHIR-090 with the hydroxamic acid 

MBP binding bidentate fashion to the Zn2+ ion in a trigonal bipyramid coordination 

geometry (Figure 102). The linear diphenyl-acetylene group of LPC-009 is able to penetrate 

through the hydrophobic passage of R. leguminosarum and reduce the steric clash induced 

by the Gly-to-Ser point mutation. Unfortunately, LPC-009 did not display inhibitor activity 

against A. baumannii, a pathogen associated with nosocomial infections, and was replaced 

by other broader-spectrum diacetylene derivatives.1000 Lastly, hydroxamic acids bearing a 

pyridone methylsulfone motif have also been reported by Pfizer, such as PF 05081090 

(Figure 101).976 PF 05081090 was a potent inhibitor of P. aeruginosa LpxC (IC50 = 1.1 nM) 

and displayed an MIC value of 0.008 μg/mL against P. aeruginosa.978 Additionally, PF 

05081090 displayed an MIC90 values of 0.25 – 1.0 μg/mL against P. aeruginosa, E. coli, K. 
pneumoniae, and others. Unfortunately, PF 05081090 was not active against A. baumannii 
(MIC90 >64 μg/mL), hindering development into a clinically useful drug.989

The first and only inhibitor of LpxC to enter clinical trials was ACHN-975 (Figure 101). 

ACHN-975 was reported by Achaogen Inc. as potent inhibitor of P. aeruginosa LpxC (IC50 = 

0.02 nM).1001 ACHN-975 successfully inhibited the growth of 98.6% of 998 P. aeruginosa 
isolates (including isolates that were antibiotic resistant, MIC ≤1 μg/mL), showed 

antibacterial activity against 98.3% of an additional 120 Gram-negative isolates, including 

LpxC from that of E. coli, K. pneumoniae and Y. enterocolitica (MIC ≤ 4 μg/mL), and 

yielded synergistic effects when administered with vancomycin in infected mice.989,1001 

Unfortunately, despite promising pre-clinical results, Phase I clinical trials of ACHN-975 

was terminated after one year due to inflammation at the infusion site of some subjects. This 
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side effect is not believed to be target related, and details regarding the pre-clinical and 

Phase I clinical studies of ACHN-975 is described elsewhere.989

Non-hydroxamate LpxC inhibitors include hydantoin,1000 phosphinic acid, and mercapto 

MBPs.1002 While these inhibitors generally exhibit moderate activity against E. coli LpxC 

(IC50 ≥4 μM), they lacked detailed SAR analysis and their potential for as a broad-spectrum 

antibiotic is not determined. Recently, an inhibitor of LpxC that uses a hydroxypyrone MBP, 

LpxCi-1 (Figure 101),1003,1004 displayed an IC50 <0.10 μM against E. coli LpxC. 

Unfortunately, LpxCi-1 showed modest antibacterial activity when screened against E. coli, 
S. aureus, and P. aeruginosa (MIC >32 μg/mL).1003 Other disclosed hydroxypyrone 

inhibitors of LpxC showed inhibition against K. pneumonia (IC50 ≥10 nM) in vitro, but were 

ineffective when evaluated against E. coli LpxC and P. aeruginosa LpxC (MIC >32 μg/mL). 

Although no structural data is presently available, the hydroxypyrone MBP is expected to 

bind in a bidentate manner (through the phenolic and carbonyl oxygens) to the Zn2+ ion, 

similar to that of the previously presented hydroxamate inhibitors.

Current and Future Prospects.—Due to the rapid emergence of multidrug resistant 

Gram-negative bacteria, development of antibiotics with novel mechanisms of action is of 

urgent need. LpxC inhibitors have been developed in both academic and pharmaceutical 

labs; however, pre-clinical advancement of most inhibitors has stalled due to a lack of broad 

spectrum activity. The only inhibitor to successfully enter clinical trials was ACHN-975, but 

the program was terminated due to inflammation at the infusion site of the patents, and there 

are currently no inhibitors of LpxC in clinical development. The desire to design a broad-

spectrum inhibitor has led to extensive investigation of various backbones that can target the 

hydrophobic tunnel of LpxC. In contrast, optimization of the hydroxamic acid MBP has 

received far less attention. The majority of inhibitors reported to date utilize a hydroxamic 

acid MBP, therefore the development of inhibitors with new MBPs is warranted. Further 

research should not only investigate in new MBPs but also inhibitors that can bind to the 

UPD-binding pocket, as current inhibitors leave the UPD-binding pocket unoccupied. 

Development of non-hydroxamic acid MBP inhibitors that can bind both sites (the UDP-

binding pocket and the hydrophobic passage) may provide added binding interactions 

needed for more potent and broad spectrum inhibition.

7.5 Metallo-β-Lactamase (MBL, E.C. 3.5.2.6)

Function in Biology and Disease.—Since their accidental discovery by Fleming in 

1928, β-lactam drugs have become the most successful and commonly prescribed class of 

antibiotics. Their powerful anti-bacterial activity stems from their ability to block 

peptidoglycan synthesis through inhibition of the unique bacterial transpeptidase enzyme, 

which disrupts and weakens the cell wall, eventually leading to cellular lysis and death 

(Figure 103).1005

Unfortunately, the overuse of these antibiotics has created a natural selection pressure for 

bacteria to adapt and develop resistance mechanisms to ß-lactam drugs.1006 Some of these 

resistance mechanisms include efflux pumps, mutations of target proteins, and most 

problematic, the emergence of ß-lactamase enzymes.1007 ß-lactamases confer bacterial 
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resistance through hydrolysis of the ß-lactam bond that is crucial for the activity of these 

drugs.1007 There are several classes of ß-lactamases, where classes A, C, and D rely on an 

active site serine residue to accomplish their hydrolytic activity.1006 Class A is selective for 

penicillins, C for cephalosporins, and D for oxacillins.1006 Class B is unique among the ß-

lactamases in that these consist of metallo-ß-lactamases (MBLs) that rely on one or more 

active site Zn2+ ions to achieve ß-lactam cleavage. Of the MBLs, New Delhi Metallo-ß-

Lactamase-1 (NDM-1), Verona Integrase Metallo-ß-Lactamase-2 (VIM-2), and 

Imipenemase-1 (IMP-1), and have been the most prevalent in terms of posing a threat to 

human health.1008 Of these, NDM-1 is generally regarded as the MBL of greatest concern as 

it is the most easily communicable and has been shown to be capable of hydrolyzing all 

clinically relevant ß-lactams,1009 including the carbapenems, which are used as a last resort 

against resistant infections. Therefore, this Section will focus on NDM-1 as a representative 

of the MBL family (unless otherwise noted).

NDM-1 is thought to have originated within the Xanthomonas/Psuedoxanthomonas species 

of rice plant pathogenic bacteria,1010 but it has since been documented in multiple members 

of the Enterobacteriaceae family, the Acinetobacter family, and as well as the Pseudomonas 
family.1011 NDM-1 was first reported in 2008 in a Swedish patient visiting New Delhi,1012 

and has since been documented worldwide, with most NDM-1 infections predominately 

located in India.1013 NDM-1 is easily communicable between different bacteria populations 

as it is carried on blaNDM-1,1012 a plasmid capable of horizontal gene transfer. In addition to 

conferring ß-lactam resistance, the blaNDM-1 plasmid is also known to encode resistance to 

many other common antibiotics, including aminoglycosides, fluoroquinolones, macrolides, 

and sulfonamides, so that NDM-1 bearing infections are often difficult to treat as they 

display pan-antibiotic resistance.1014,1015 In light of rapid transmission and widespread 

resistance to conventional antibiotic treatments, NDM-1 harboring pathogens have been 

labeled as “superbugs” and are widely considered to be of grave concern towards human 

health.1016

Protein and Active Site Structure.—Typical of other MBLs, NDM-1 relies on two 

active site Zn2+ ions to achieve ß-lactam hydrolysis (Figure 104). Within the active site, 

ZnA
2+ is bound by His122, His120, and His189 in a tetrahedral geometry, while ZnB

2+ is 

bound by a Cys208, His250, and Asp124 in a distorted tetrahedral geometry. The two metal 

ions are bridged by a hydroxyl anion.1017 ZnA
2+ is tightly bound, but ZnB

2+ is weakly 

coordinated with a Kd value of 2 μM.1018 The active site of NDM-1 surrounding the 

dinuclear center consists of a long, shallow, solvent-exposed groove1019 with a large β-

hairpin loop that is closed during substrate binding and catalysis; this loop is largest in 

NDM-1 compared to other MBLs, such as VIM-2 and IMP-1.1020 In addition, the active site 

of NDM-1 structure is more flexible than other MBLs, which allows NDM-1 to 

accommodate such a broad range of substrates, including the carbapenems.1021 The 

mechanism of ß-lactam cleavage involves coordination of the ß-lactam substrate to the Zn2+ 

ions, which polarizes the ß-lactam, making it more electrophilic and susceptible to 

nucleophilic attack. The intrinsic Lewis acidity of the active site Zn2+ ions lowers the pKa of 

the bridging hydroxyl,1022 making it more nucleophilic and effectively catalyzing insertion 

of the hydroxyl into the carbonyl, thus cleaving the ß-lactam bond.
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Inhibitor Development.—Currently there are no FDA approved drugs that target NDM-1 

or any other MBL. NDM-1 bearing infections have been historically been treated through 

the administration of nitrofurantoin1023 or by antibiotics of last resort (e.g., colistin) in the 

hopes of exploiting any antibiotic resistance not covered by the powerful blaNDM-1 cassette.
1024 These treatments are not expected to be viable long-term solutions as growing 

resistance these therapeutics has already been reported; in particular with the recent 

development of MCR-1 (Section 4.3).353

Unfortunately, NDM-1 has been a difficult target for inhibitor development; mainly due to 

the aforementioned flexibility of the active site.1008 The vast majority of the inhibitor 

development against NDM-1 has focused on the incorporation of some form of MBP in an 

effort to directly target the Zn2+ ions that are responsible for the catalytic activity of this 

metalloenzyme (Figure 105, Table 15).1008

Thiol MBP inhibitors are most widely explored class of compounds against NDM-1. Many 

of these thiol-based inhibitors include a carboxylic acid (or carboxylate bioisostere) to 

mimic the transition state of the native hydrolyzed substrate, such as MBLi-1, MBLi-2, and 

MBLi-3, which displayed IC50 values ranging from 90–400 nM against various MBLs.
1025–1027 Compound MBLi-4 was tested against the MBL Bla2 with a reported IC50 value of 

290 μM.1028 The rhodanine containing MBLi-5 was discovered through X-ray 

crystallography to have an interesting mechanism of inhibition through decomposition into 

MBLi-6 as the active inhibitor.1029 MBLi-6 binds with the thiol bridging between the Zn2+ 

ions, and the carboxylic acid also coordinated to ZnB
2+, so that ZnA

2+ is in a tetrahedral 

geometry, and ZnB
2+ is in a trigonal bipyramidal geometry (Figure 106).1029 Similarly, the 

bisthizolidine MBLi-7 was found to primarily bind by bridging through the terminal thiol.
1030 Although it contains a thiol ligand, MBLi-8 (IC50 = 232 μM) coordinates both Zn2+ 

ions, but with a nitrogen of the triazole ring coordinated to ZnA
+ and the sulfur atom 

coordinated to ZnB
2+ in a non-bridging fashion (Figure 106).1031 A derivative of MBLi-8, 

MBLi-9, was reported to have an IC50 value of 12 μM against NDM-1.1032

Other studies have focused on the repurposing of approved drugs as MBL inhibitors. L-

Captopril, which is approved as an ACE inhibitor (Section 6.1) has been one of the most 

commonly studied MBL inhibitors, with an IC50 value of 157 μM against NDM-1.1050 

Interestingly, the enantiomer D-captopril has been found to be much more active against 

NDM-1 with an IC50 value of 20 μM against NDM-1.1050 While D-captopril has never been 

crystallized in NDM-1, it has been crystallized in VIM-2, and this structure reveals that the 

inhibitor binds with the terminal thiol bridging between the two Zn2+ ions (Figure 106).1050 

The remainder of the inhibitor is oriented to point towards ZnB
2+ so that the carboxylic acid 

on D-captopril is optimally placed to make interactions with a nearby Arg residue.1050 For 

the structure of L-captopril bound to NDM-1, Zn2+ binding is maintained, but the carboxylic 

acid is positioned away from a cationic residue, thus resulting in the lower activity of L-

captopril compared to D-captopril.1053 Additionally, epi-L-captopril and epi-D-captopril 

were found to follow the same trend with epi-D-captopril being more active compared to 

epi-L-captopril.1050
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Another study examining FDA-approved drugs containing thiol moieties (Figure 105),1051 

included thiomandelic acid, D,L-captopril, D,L-thiorphan, N-acetylcysteine, meso-2,3-

dimercaptosuccinic acid, 2,3-dimercaprol, D-(-)-penicillamine, glutathione, L-cysteine, 

zofenoprilat, and tiopronin, showed that D,L-thiorphan and 2,3-dimercaprol were the most 

active with IC50 values of 1.8 μM and 1.3 μM against NDM-1, respectively. While neither of 

these inhibitors were crystallized within the NDM-1 active site, tiopronin has been. 

Tiopronin has a unique binding mode for a terminal thiol against NDM-1 in that while most 

of the other thiol based inhibitors (MBLi-6, MBLi-7, MBLi-15, MBLi-16, L-captopril, and 

D-captopril) adopt a bridging coordination mode, tiopronin only coordinates to ZnB
2+ 

through the thiol and amide nitrogen atom generating a trigonal bipyramidal geometry 

(Figure 106).1051

MBLi-10 and MBLi-11 were prepared as carboxylic acid bioisosteres of the earlier reported 

MBLi-1 (Figure 105), but both were far less active than MBLi-1.1033 While neither of these 

compounds were structurally characterized in the active site of NDM-1, a thio-acetylated 

version of MBLi-10 was crystallized in the active site of VIM-2, and it was found that the 

sulfur still preferentially adopts a bridged coordination mode between the Zn2+ ions.1033 

Other thiol based inhibitors of MBLs include compounds published as inhibitors of VanX 

(Section 6.9) and HDACs (Section 7.3), namely MBLi-12, MBLi,-13 and MBLi-14.1034 

None of these compounds showed particularly notable activity as MBL inhibitors (Table 15).

Other MBL inhibitors include MBLi-15, which was discovered through in silico screening 

and has an IC50 value of 0.42 μM against NDM-1.1035 Crystal structure analysis of an 

analogue of MBLi-15 in VIM-2 shows that the thiol-based inhibitor also adopts a bridged 

mode of coordination with the sulfur binding mu between the two Zn2+ ions.1035 Finally, the 

most recently reported thiol-based inhibitor, MBLi-16 was designed based on L-captopril, 

and has an IC50 = 3.57 against NDM-1.1036 Crystallographic analysis of MBLi-16 in VIM-2 

shows that MBLi-16 also shares the typical binding mode of bridging coordination through 

the thiol between the Zn2+ ions.1036

Beyond the thiol MBP, the vast majority of MBL inhibitors have utilized a carboxylic acid 

(or carboxylic acid bioisosteres) as the MBP, so that the carboxylate serves to both 

coordinate the metal and function as a transition state mimic of the native ß-lactam substrate. 

One of the earliest of these transition state mimics, MBLi-17, contains the core of a 

carbapenem antibiotic, but lacks the nitrogen of the ß-lactam, rendering the inhibitor 

unhydrolyzable.1037 MBLi-17 is a relatively weak inhibitor (IC50 = 122 μM against IMP-1),
1037 and has been shown to bind the São Paulo Metallo-ß-lactamase (SPM) through ZnB

2+.
1054 A related approach to generating ß-lactam mimics resulted in MBLi-18, which replaces 

the ß-lactam carbonyl with a phosphate group, but activity against NDM-1 was modest (IC50 

~100 μM).1038 Another simple carboxylic acid inhibitor described was MBLi-19 with a Ki 

value of 24 μM.1039 A complex polyketide inhibitor, MBLi-20, is a natural product isolated 

from Penicillium sp. also had relatively modest (IC50 = 88 μM against NDM-1).1040

Other work examined a series of carboxylic acids and tetrazoles appended to a thiophene 

core, and found compounds with a wide range of activities (e.g., MBLi-21, IC50 = 280 μM 

against NDM-1; MBLi-22, IC50 = 270 nM against IMP-1; MBLi-23, IC50 = 14 μM against 
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VIM-2).1041,1042 Both a derivative of MBLi-22 and MBLi-23 have been structurally 

characterized bound to MBLs, which show both carboxylate groups engaged in Zn2+ 

coordination.1031 Other inhibitors, such as MBLi-24 (IC50 = 20 μM against VIM-2) have 

been shown to adopt a binding pose similar to MBLi-8, but with the triazole binding 

between the Zn2+ ions, and the carboxylic acid coordinated to Zn2
2+.1043 Later work 

replaced the carboxylic acid that is important for ZnB
2+ coordination with an aldehyde, 

resulting in the covalent inhibitor MBLi-25, with an IC50 ~2 μM against NDM-1.1044 While 

there is no crystal structure of MBLi-25, this inhibitor is thought to act by undergoing 

nucleophilic attack at the aldehyde by a nearby Lys residue to form an imine that locks the 

compound in place.

Recently, there has been an interest in the use of boronic acid based inhibitors against 

MBLs. In particular, the cyclic boronate MBLi-26 was originally developed and patented by 

Novartis,1055 and was later reported to have an impressive IC50 value of 4 nM against 

NDM-1,1045 making MBLi-26 the most active reported NDM-1 inhibitor to date. Crystal 

structure analysis of MBLi-27, which is an analog of MBLi-26, in VIM-2 shows that the 

cyclic boronate binds in a pose reminiscent of the native substrate, with the carboxylic acid 

coordinated to ZnB
2+ in trigonal bipyramidal geometry, and the boronate moiety coordinated 

to ZnA
2+ also in trigonal bipyramidal geometry.1045 The terminal amine group then flexes to 

make favorable contacts with a Glu residue in the back wall of the MBL active site.

Outside of a metal-binding mode of action, a few metal-stripping MBL inhibitors have been 

explored. In particular, the fungal natural product Aspergillomarasmine A (AMA) was 

reported to have an IC50 value of 4 μM against NDM-1, and was demonstrated to reverse 

carbapenem resistance in mice.1049 However, AMA is structurally similar to EDTA and has 

been shown inhibit NDM-1 via metal stripping rather than formation of a stable complex 

with NDM-1.1049,1056 This is not an ideal mechanism of inhibition as it is difficult to 

develop selective or targeted metal stripping agents, resulting in an inhibition mechanism 

that is prone to off-target effects. Other reported metal-stripping compounds include 

MBLi-28, which has an IC50 value of 6.6 μM against NDM-1.1047

Finally, in a FBDD program, it was demonstrated that a metal-stripping agent could be 

transformed into a selective inhibitor that forms a ternary complex with NDM-1.1052 This 

work took the known metal-stripping compound dipicolinic acid (DPA, IC50 = 400 nM 

against NDM-1), and appended an aniline group to develop MBLi-29 with an IC50 value of 

80 nM against NDM-1.1052 Evaluation of MBLi-29 using1H NMR, EPR, equilibrium 

dialysis, intrinsic tryptophan fluorescence, and UV-vis spectroscopy, confirmed this 

MBLi-29 forms a ternary complex with NDM-1.1052 No structure of the DPA-derived 

MBLi-29 with a MBL is presently available, but the structure and activity of a DPA 

derivative was recently reported (MBLi-30, Figure 106).1048

Current and Future Prospects.—The efficacy of the current generation of antibiotics is 

rapidly waning due to the rise of antibiotic resistant bacteria; and it is predicted that these 

resistant bacteria will cause more human deaths than cancer by the year 2050. To that end, it 

is vital to develop either new antibiotic drugs, or develop methodologies to extend the 

usefulness of currently existing antibiotic compounds. One such example of the latter is 
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clavulanic acid, a ß-lactam based covalent inhibitor that acts by binding to the active site of 

serine-ß-lactamases, thereby preventing the premature hydrolysis of ß-lactams. Clavulanic 

acid (under the name Augmentin) has been FDA approved since 1984, demonstrating that 

serine ß-lactamase inhibition has long been a viable route for maintaining efficacy of ß-

lactam antibiotics.1057 This well-established methodology of serine ß-lactamase inhbition 

provides highly compeling evidence that MBL inhibitors will have similar effects, and 

suggests that the development of MBL inhibtors will be of great importance in combating 

the rise of antibiotic resistant bacteria.

Despite the significant body of work examining MBL inhibitors, no compounds have 

succeeded in attaining FDA approval to combat MBL resistance. The most widely explored 

class of MBL inhibitor use a terminal thiol MBP, but these compounds have a relatively flat 

SAR. Increased exploration in the diversity of MBPs could be a potential source of new, 

more active inhibitors, as evidenced by recent work with cyclic boronate compounds. It is 

likely that exploration of other classes of MBPs, especially those capable of bidentate (or 

even tridentate) metal coordination, will lead to more active MBL inhibitors. It is worth 

noting that the most active reported class of MBL inhibitors, the cyclic boronates, has been 

shown to be capable of inhibiting both serine- and metallo-ß-lactamases, with MBLi-27 as a 

particularly promising compound.1058 Historically, broad-spectrum MBL inhibition has been 

a challenging feat, so that this recent development represents a welcome turn in the tide of 

the battle against antibiotic resistant bacteria.

7.6 Peptide Deformylase (PDF, EC 3.5.1.88)

Function in Disease and Biology.—Emerging resistance to currently approved 

antibiotics is an area of growing global concern. Therefore, an emphasis on developing 

novel classes of antibiotics that target new mechanisms of action has become an important 

strategy to counter the growing antibiotic resistance of approved therapeutics. A biochemical 

process that has potential to be targeted with a novel class of antibiotics is bacterial protein 

post-translational modification.1059 The process of protein translation in bacterial and 

mammalian cells is highly conserved, with a key difference being the general utilization of 

N-formylmethionine by bacterial cells as the initiating residue.1060 Mammalian cells 

generally utilize a non-formylated methionyl residue as the initiating residue. The removal 

of this formyl group in the bacterial protein maturation process is necessary for N-terminal 

methionyl excision,1061 which affects protein folding and further N-terminal modification.
701 Targeting the metalloenzyme responsible for this transformation (Figure 107), peptide 

deformylase (PDF), could lead to a novel class of antibiotics.1059 This is validated by the 

deletion of genes responsible for PDF expression resulting in static bacterial growth or cell 

death.1061,1062 More recently, PDF has been found in the mitochondria of humans and been 

proposed to be a potential target in cancer.1063 However the majority of focus on PDF has 

been as an antibacterial target.

Protein and Active Site Structure.—PDF is highly conserved across bacteria, generally 

being found as a monomeric protein (Figure 108) with a relative size of ~200 AA. Sequence 

homology between isolated PDFs from various organisms varies greatly, although the active 

site sequence and structure is largely conserved.1064 Three conserved active site motifs are 
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found in PDFs: motif 1 (Gly-Hyd-Gly-Hyd-Ala-Ala-XXX-Gln), motif 2 (Glu-Gly-Cys-Lys-

Ser), and motif 3 (His-Glu-Hyd-Asp-His), where Hyd is any hydrophobic residue and XXX 

is any residue. In the active site, the catalytic metal ion possesses a tetrahedral geometry 

being coordinated two His residues from motif 3, the Cys residue from motif 2, and a water 

molecule (Figure 108).1065 PDFs were initially thought to be Zn2+-dependent enzymes,1066 

but upon isolating Fe2+ reconstituted PDF and determining that the iron metalloform had 

significantly higher activity than zinc form,1067 PDF is now generally regarded as an Fe2+-

dependent metalloenzyme.1059 Other first row transition metal metalloforms of PDF have 

been shown to be catalytically active, including those with Co2+ and Ni2+.1068–1070 The 

structures of Fe-PDF (Figure 108), Ni-PDF, and Zn-PDF are all nearly identical.1065,1071 

From crystal structures complexed with N-terminal methionine tripeptides, a hydrophobic 

pocket for substrate recognition (Met side chain) was observed.1065 The active site around 

the metal ion is quite small, preventing any substrate other than a formylated, terminal 

residue from binding.1072 A significant number of structural and inhibition studies utilize 

Ni-PDF as a surrogate for Fe-PDF, due to its similar activity and structure, but lack of 

oxidative sensitivity found with Fe-PDF.1068

Inhibitor Development.—Due to the function of the PDFs, peptide based inhibitors have 

been a logical place for PDF inhibitor development to begin. An early PDF inhibitor was 

designed from a peptidyl high affinity substrate.1073 The inhibitor utilized a tetrahedral 

phosphonate transition state analog (PDFi-1, Figure 109) and possessed modest activity (Ki 

= 37 μM). Crystallographic studies of Co2+ and Zn2+ reconstituted E. coli PDF (Co-EcPDF 

and Zn-EcPDF) with PDFi-1 both showed the phosphonate MBP binding to the active site 

metal in a monodentate manner via a H-phosphonate oxygen atom (Figure 110).1074 The 

binding mode of PDFi-1 inspired a variety of other potential MBPs to be tested. Increased 

activity was found with a thiol MBP,1075 with certain thiol-peptidyl derivatives possessing 

very good activity in vitro against Fe2+ reconstituted E. coli PDF (Fe-EcPDF) (PDFi-2, Ki = 

19 nM).1076 Other MBPs on a peptidyl scaffold included an aldehyde (PDFi-3) which 

exhibited modest activity against Co-EcPDF (IC50 = 10 μM).1077 Hydroxamic acid MBPs 

attached to peptidyl scaffolds were determined to possess very good activity, based on the 

identification of actinonin (Figure 109) as a potent inhibitor of different metalloforms of 

EcPDF (Zn-, Ni-, and Fe-EcPDF, IC50 = 90, 3, and 0.8 nM, respectively).1078–1080 The 

structure of actinonin bound to Ni-EcPDF was determined, which showed the hydroxamic 

acid MBP coordinated the active site Ni2+ in bidentate manner (Figure 110).1081 Since the 

discovery of the hydroxamic acid motif being a potent scaffold for PDFs, the landscape for 

PDF inhibitors has shifted greatly toward the use of this MBP.

An area of significant interest has been attachment of the hydroxamic acid MBP to peptidyl 

derivatives similar to actinonin.1082,1083 Other inhibitor development efforts have been 

focused on non-peptidic hydroxamic acid (and ‘reverse’ hydroxamic acid) derivatives, which 

have resulted in inhibitors with good activity (PDFi-4, Fe-EcPDF IC50 = 16 nM, Figure 

109).1084 A reverse hydroxamic acid inhibitor, BB-3497 (Ni-EcPDF IC50 = 7 nM, Figure 

109),1081 possessed better PK properties than actinonin and displayed potent antimicrobial 

in vivo activity. Structural characterization of BB-3497 bound to Ni-EcPDF showed the 

reverse hydroximic acid MBP coordinating in a similar bidentate motif as to hydroxamic 
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acid inhibitors (Figure 110). A related MBP, which uses a hydrazide in place of 

hydroxylamine in the hydroxamate group (PDFi-5), resulted in poor activity against Co-

EcPDF (Ki = 200 μM), but still coordinates the active site metal ion based on spectroscopic 

evidence.1085 Finally, a N-hydroxy urea inhibitor (PDFi-6) was found to exhibit modest 

inhibitory activity against S. aureus PDF (IC50 = 2.2 μM).1086

Non-hydroxamate MBPs, such as carboxylic acids, have been used in PDF inhibitors, albeit 

to a more limited extent. A novel scaffold containing a carboxylic acid (PDFi-7, Figure 109) 

was identified by screening Ni-EcPDF showing good activity (IC50 = 0.94 μM) but no in 

vivo activity.1087 Attempts to modify the carboxylate with an amide or ester resulted in at 

least a 100-fold loss in activity, indicating the carboxylate was important for activity likely 

via metal coordination. Biaryl scaffolds containing acidic moieties such as, carboxylic acids 

(PDFi-8), tetrazoles (PDFi-9), and acyl sulfonamides (PDFi-10) (Figure 109) were analyzed 

against Zn-EcPDF and possessed some inhibitory activity (IC50 = 22.8, 3.9, and 10 μM 

respectively).1088 It is unknown if the acidic moieties of these inhibitors interact with the 

active site metal ion or if they inhibit PDF by binding elsewhere; no in vivo activity was 

reported for these inhibitors. Another potential metal binding inhibitor identified was 5,5’-

disulfanediylbis(1,3,4-thiadiazol-2-amine) (PDFi-11, Figure 109), which possessed 

moderate inhibitory activity against Ni-EcPDF (Ki = 3.7 μM).1089 The inhibitor was 

predicted to coordinate to the active site metal via an exocyclic amine and an endocyclic 

nitrogen based on modeling studies.

Current and Future Prospects.—PDF inhibitors represent a novel class of potential 

antibiotics with validated cellular biology. An earlier review provides promising in vivo and 

PK analysis of hydroxamate based PDF inhibitors, as well as inhibitors that entered Phase I 

clinical trials.1082 Recently, a hydroxamate based inhibitor, GSK 1322322, similar to 

BB-3497 has completed Phase I clinical trials.1090 The compound then went on to 

demonstrate efficacy in Phase II trials for bacterial skin infections.1091 Unfortunately, there 

are no reports of PDF inhibitors moving beyond Phase II clinical trials; this may be due, in 

part, to concerns over the development of bacterial resistance to PDF inhibitors.1092 Also, 

the identification of a human version of PDF in the mitochondria may complicate the 

development of antibiotic PDF inhibitors. Despite some shortcomings, PDF remains a 

promising target for the development of antibiotics with promising clinical data and 

validated cellular biology.

8. Lyases (EC 4.X)

8.1 Class II Fructose-1,6-bisphosphate aldolase (FBP-aldolase) (EC 4.1.2.13)

Function in Biology and Disease.—Tuberculosis (TB) is ranked the ninth leading 

cause of death worldwide.1093 In 2016, the World Health Organization (WHO) estimated 

that 10.4 million people were infected with tuberculosis (TB) and that there were 1.3 million 

TB related deaths.1093 Additionally, it is estimated that one-third of the world’s population 

carries latent M. tuberculosis.1094 There are currently ten FDA approved drugs for the 

treatment of TB, and the first-line treatment of drugs include isoniazid, rifampin, 

ethambutol, and pyrazinamide; however, the overall effectiveness of the current treatment of 
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TB, Directly Observed Therapy, Short Course (DOTS), has declined from 95 to 85% due to 

the emergence of multidrug resistant TB (MDR-TB) and extensively drug-resistant TB 

(XDR-TB).1093 Hence, a novel drug for treating TB is of urgent need. One attractive target 

for the treatment of M. tuberculosis includes the inhibition of fructose 1,6-bisphosphate 

aldolase (FBA). FBA catalyzes the reversible aldol condensation of dihydroxyacetone 

phosphate (DHAP) with glyceraldehyde 3-phosphate (G3P) to produce fructose 1,6-

bisphosphate (FBP) in glycolysis, gluconeogenesis, the Calvin cycle, and is crucial for 

cellular metabolism (Figure 111).1095,1096 There are two distinct enzyme classes of FBAs, 

depending on their mechanism of catalysis and prevalence among species. The class I FBAs 

utilize an active site lysine residue to generate a covalent Schiff base with DHAP during 

catalysis, and is found in higher order organisms such as humans. Class II FBAs are 

metalloenzymes which utilize a Zn2+ ion to polarize and stabilize the keto carbonyl group of 

DHAP for catalysis and is found in pathogenic microbes (i.e., protozoa, bacteria, and fungi). 

The detailed mechanism of class II FBA is described elsewhere.1097 It is important to note 

that while M. tuberculosis, E. coli, S. galbus, and other autotrophic prokaryotes can express 

both classes of FBAs, knockout studies of the class II FBA gene has resulted in nonviable 

bacteria.1098,1099 Class I and class II FBAs share no significant sequence homology (~15%),
1096,1100 making inhibition of class II FBA an attractive target for the treatment of M. 
tuberculosis and other protozoan infections.

Protein and Active Site Structure.—Class II FBAs can be further classified into two 

families (a and b), according to their sequence homology and their oligomeric state. There is 

a ~40% sequence similarity between members of each family, and ~25% – 30% sequence 

similarity across all class II FBAs.1097,1101 Class IIa FBAs include those extracted from M. 
tuberculosis and E. coli, while class IIb FBAs include B. anthracis. Class IIa FBAs generally 

function as homodimers, with a total molecular weight of ~78 kDa.1096 The protein has a 

(α/β)8 TIM barrel fold with an inner lining of eight β-sheets surrounded by eight α-helixes, 

and an active site at the C-terminal end of the barrels.1102 The X-ray crystal structure of 

DHAP and G3P bound to M. tuberculosis FBA (MtFBA) reveals a narrow and hydrophilic 

binding pocket, bearing a catalytic Zn2+ ion and a Na+ ion (Figure 112). The oxygen atoms 

of the β-hydroxyl ketone of DHAP bind in a bidentate manner to the Zn2+ ion, which is 

further ligated by His110, His226, and His264, resulting in a trigonal bipyramid geometry.
1097 Additionally, the terminal phosphate group of DHAP branches into the hydrophilic 

binding pocket, forming H-bond interactions with the Na+.

Inhibitor Development.—In 1973, the first-in-class inhibitor of class II FBAs, 

phosphoglycolohydroxymate (PHG, Figure 113) was reported.1103,1104 PGH is a DHAP 

substrate analogue and a potent competitive inhibitor of class II FBAs with a Ki value of 10 

nM.1103,1105,1106 An X-ray crystal structure reveals that the hydroxamic acid MBP of PGH 

binds the FBA active site Zn2+ ion in a bidentate binding mode resulting in a trigonal 

bipyramidal geometry similar to DHAP,1102,1107 while the terminal phosphate group of PGH 

also branches into the active site hydrophilic pocket. Although PGH is a potent inhibitor of 

FBA, its instability in water, which is not uncommon among hydroxamic acids that can 

hydrolyze to release toxic hydroxylamines, hindered further development.1107,1108 

Subsequent development of class II FBA inhibitors include substrate (DHAP) analogues or 

Chen et al. Page 105

Chem Rev. Author manuscript; available in PMC 2019 April 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



transition state mimics, but have largely maintained the use of a hydroxamic acid MBP with 

a phosphoglycolate skeleton.1105,1107–1113 Inhibitors in this class include N-sulfonyl 

hydroxamate, hydrazine, hexitol bis-phosphate, and hydroxamate based derivatives (e.g., 

FBAi-1, FBAi-2, Figure 113), with the most potent inhibitors achieving Ki value as low as 4 

nM against FBA from various sources.1105,1107,1108,1110–1112 In addition to the 

disadvantages of a hydroxamic acid MBP, the use of a polar phosphate group has also 

hindered the development of these inhibitors. Due to the limited ability of polar phosphate 

groups to cross biological membranes, these inhibitors showed no inhibition against the 

growth of cultivated pathogens (at concentrations as high as 1 mM).1098,1107,1112 Lastly, the 

structural similarity of these compounds to DHAP have led to a lack of specificity for class 

II FBA over class I FBA.1097

Through structure-based drug design and virtual screening, inhibitors which do not contain 

the hydroxamic acid MBP or phosphoglycolate skeleton have been discovered. This includes 

the use of MBPs such as dipicolinic acid,1109 8-hydroxyquinoline,1098 and hydrazine 

(FBAi-3, FBAi-4, FBAi-5, FBAi-6, Figure 113).1114 2-Carboxy-8-hydroxyquinoline is a 

non-completive inhibitor (FBAi-4, IC50 = 10 μM) against MtFBA and showed effectively no 

inhibition against class I FBA.1098 X-ray crystallography, biochemical, and biophysical 

studies show FBAi-4 binds in a tridentate manner to the active site Zn2+ ion and displaces 

ligating residue His212, resulting in a trigonal bipyramid coordination geometry (Figure 

114). FBAi-4 is not positioned to block the substrate pocket, but instead, displaces residues 

His212 and Val164 to yield a protein conformational change which blocks substrate access.
1098 Beyond these initial findings, no further development of the 8-hydroxyquinoline MBP 

in inhibitors of MtFBA has been investigated. Another set of recently published inhibitors 

include phenylhydrazone compounds (FBAi-5, FBAi-6, Figure 113).1114 Utilizing virtual 

HTS, a hydrazine lead (FBAi-5, IC50 =17 μM) was found to have antifungal effects against 

C. albicans (CaFBA), an isoform bearing an active site highly similar to that of MtFBA. 

Various phenylhydrazone derivatives were developed from this hit, with the most potent 

inhibitor FBAi-6 achieving an IC50 value of 2.7 μM against CaFBA. Through computational 

docking, the hydrazone nitrogen atom is predicted to coordinate to the Zn2+ ion in 

monodentate fashion, resulting in a tetrahedral coordination geometry;1114 however, there is 

no experimental evidence to verify this mode of binding. Phenylhydrazone inhibitors 

exhibited moderate antifungal activities against C. glabrata and synergistic antifungal 

activities in combination antifungal drug fluconazole.

Current and Future Prospects.—Previous research regarding FBA had primarily 

focused on understanding the FBA catalytic mechanism of action, including the various 

intermediates and ternary complexes. This has resulted in a large class of DHAP analogues 

and transition state mimics as inhibitors of FBA. Of these, inhibitors bearing hydroxamic 

acid MBPs and phosphoglycolate motifs claim majority. While these inhibitors achieved 

good activity, they are limited by a lack of selectivity for class II over class I FBAs and 

limited diffusivity across biological membranes.1098,1113 Many of these inhibitors are unable 

to inhibit the growth of cultivated pathogens and efforts on these class II FBA inhibitors 

have stalled. Recent work has diverged away from transition state/DHAP inhibitor mimics, 

and focused on developing compounds with new MBPs.1098,1109,1114 While these inhibitors 
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displayed poorer inhibition against class II FBAs, these compounds may not have the same 

limitations as the transition state/DHAP inhibitor mimics. Additionally, inhibitors such as 

FBAi-4 present a novel, non-covalent mechanism of inhibition, presenting a new therapeutic 

potential. Incorporation of polar side chains in the derivatization of the FBAi-4 MBP may be 

useful for targeting the neighboring hydrophilic pocket, such as making H-bonds with the 

Na2+ ion, and achieve greater inhibitory activity. There is room for new MBPs to be 

explored as inhibitors of class II FBA to achieve compounds that are selective for class II 

FBA, and overcome the other shortcomings of existing inhibitors. Given the value and 

novelty of targeting FBA for the treatment of TB, a well understood catalytic mechanism, 

and a vast repertoire of structural data, more effort toward the development of FBA 

inhibitors is merited.

8.2 Imidazoleglycerol-phosphate dehydratase (IGPD, 4.2.1.19)

Function in Biology and Disease.—Imidazoleglycerol-phosphate dehydratase (IGPD) 

is a dinuclear Mn2+-dependent hydro-lyase that plays an essential role in histidine 

biosynthesis and has been identified as a herbicidal, antifungal, and antibiotic target. It 

catalyzes the dehydration of (2R,3S)-2,3-dihydroxy-3-(1H-imidazol-5-yl)propyl dihydrogen 

phosphate (2R3S IGP) to 3-(1H-imidazol-4-yl)-2-oxopropyl dihydrogen phosphate (IAP). 

This process is the sixth step in histidine biosynthesis in both prokaryotes and eukaryotes, 

with IGPD generally conserved across species and isoforms, particularly at the active site.
1115,1116 This makes IGPD an attractive target for the development of cytostatic agents that 

may have efficacy against both bacterial and fungal microbes, while sparing mammalian 

cells, as mammals do not synthesize histidine, but acquire histidine through their diet. A 

majority of IGPD inhibitor studies have focused on the development of broad-spectrum 

herbicides, particularly because early transition state analogue inhibitors were found to be 

highly effective at inhibiting plant germination and development;1117–1120 however, recent 

research has indicated that IGPD may be a viable bacteriostatic agent.1116

The generation of IAP from IGP proceeds through four discrete steps (Figure 115), each of 

which is catalyzed by IGPD. The first step in catalysis is the deprotonation of the imidazole 

moiety of IGP.1121 The highly basic imidazolate intermediate is stabilized by the active site 

Mn2+ cations, which allows for the subsequent dehydration of the α-hydroxyl group and 

formation of the diazafulvene intermediate. Proton abstraction at the β-carbon generates the 

Δ2-enol intermediate, which can then tautomerize to form IAP.

Protein and Active Site Structure.—IGPD exists as a 24-mer, with two Mn2+ cations 

in each active site. The active site is found at the interface of three different monomers, 

referred to as A, A′, and C. Both Mn2+ ions are bound in an octahedral geometry in the 

absence of substrate, with each ion coordinated by three His residues, an Asp residue, and 

two water molecules. The metal active site possesses an inter-subunit 2-fold rotational 

pseudosymmetry in which both the A and A′ chains provide two histidine residues and an 

aspartate to one Mn2+ ion, and one histidine to the other Mn2+ ion (Figure 116).1122 Each 

monomer also possess an intra-subunit 2-fold rotational pseudosymmetry axis, which allows 

for the formation of the unusual bioactive 24-mer complex.
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The phosphate binding site is surrounded by a cluster of highly conserved basic residues that 

hydrogen bond to the phosphate moiety of the substrate, and originate from the A and C 

chains (Figure 116). The residues involved in phosphate binding are dynamic, and multiple 

conformational changes are observed in this pocket as the substrate moves towards the metal 

ions during catalysis. Unlike some other Mn2+-dependent metalloenzymes, where the 

divalent cation(s) may be exchanged with metals such as Zn2+ and Mg2+ and still maintain 

activity, IGPD has a mechanistic requirement for Mn2+;7,1115,1123 however, Co2+ and Cd2+ 

metalloforms have been reported to support some reduced enzymatic activity.1124

Inhibitor Development.—There are two main pockets that comprise a majority of the 

IGPD active site: the metal binding pocket and the phosphate binding pocket. The phosphate 

binding pocket is flanked by dynamic basic residues, which makes drugging this pocket with 

large or non-acidic moieties difficult. Indeed, nearly every reported inhibitor of IGPD 

employs a phosphate, phosphonate, or carboxylate to interact with this pocket (Figure 117). 

The metal binding pocket is designed to accommodate a bridging imidazole/imidazolate 

moiety, and most reported inhibitors coordinate both active site Mn2+ anions with a diazole 

or triazole ring. Many inhibitors include a Lewis-basic moiety (e.g., hydroxyl, amine, or 

amide group) proximal to the azole ring which may also coordinate to the Mn2+; however, 

little exploration of different MBPs has been reported.

The majority of reported inhibitors are structural mimics of diazafulvene or proposed 

diazafulvene transition state intermediates. These inhibitors typically contain three essential 

functional groups: an azole ring, a Lewis-basic hydrogen bond donor/acceptor, and a 

phosphate or phosphonate group (Figure 117).1117,1118,1120,1125–1129 The most active 

reported inhibitor, Zeneca 1, inhibits IGPD with an IC50 value of 0.6 nM. A structure of 

Zeneca 1 with IGPD shows the compound uses two triazole nitrogen atoms and a β-

hydroxyl group to form coordinate bonds with the active site metal centers, and the 

phosphonate group making key hydrogen bonding interactions with Arg99 (Figure 118).1117 

There are ample reports of substitutions of these three primary functional groups; however, 

major modifications or deletions of one or more of these groups greatly reduces activity 

(Table 16). Replacing the imidazole moiety with a pyridine or pyrimidine ring1117 or 

replacing the phosphate group with a malonate moiety1125 both result in a substantial loss in 

activity as seen with IGPDi-4. Expansion or contraction of the linker length between the 

central hydrogen bond donor/acceptor moiety and the phosphate causes a >100-fold loss of 

activity as illustrated by compound IGPDi-2 (IC50 >1 μM).1125 Likewise, removal of the 

hydrogen bond donor/acceptor moiety is not tolerated (IGPDi-3). However, the absolute 

position of this moiety may be varied between the α- and β-carbons without substantial 

changes in activity.1117,1118,1120 Simple modifications of the central hydrogen bond donor/

acceptor moiety to amines, amides, or esters is also tolerated (IGPDi-5, IGPDi-6), but 

associated with a loss of 10- to 50-fold activity relative to Zeneca 1.1117,1128 Nevertheless, 

modification of this moiety allows for further synthetic exploration of new active site 

pockets and provides a handle for the modification of physiochemical properties for this 

class of inhibitor.1128 It remains unclear if compounds containing an amine or amide group 

are able to coordinate to the Mn2+ ion in the same manner as diazafulvene, as structural 

characterization of theses inhibitors has not been reported. However, it is likely that 
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hydroxyl, amine, amide, and ester groups at this position are able to engage in hydrogen 

bonding interactions with the proximal A’ Glu21 residue. This may explain why 

modifications of this kind are far more tolerated than modifications at either the azole or 

phosphate functional groups.

There are few reports of IGPD inhibitors that are not transition state mimics, and none of 

these inhibitors have been structurally characterized with IGPD. The majority of these 

studies identified new inhibitors via computational approaches. In one report,1129 a 

representative pharmacophore model was generated from a structural ensemble of previously 

published inhibitors. This model, which was unfortunately biased by the overwhelming 

number of transition state mimics present in the literature, was used as a query structure to 

search several commercial 3-D chemical databases. Compounds sharing this pharmacophore 

were purchased and screened against IGPD, which revealed a novel pyrrole aldehyde 

chemotype (IGPDi-9, Figure 117) with moderate inhibitory activity. A more recent and 

extensive computational screen identified several novel inhibitors of IGPD through a virtual 

fragment screening of the ZINC database, employing previously published crystal structures 

of bacterial IGPD.1116 Docking and subsequent MD simulations identified compounds that 

likely bound to a long, somewhat hydrophobic channel adjacent to the metal-binding pocket 

of the active site. Several of these compounds were predicted to coordinate to at least one 

metal ion via a carboxylate or similar moiety, although docking and MD simulations 

involving metal coordination were acknowledged to be difficult and often not predictive.1116 

Several identified inhibitors were screened against both wild-type and multi-resistant strains 

of E. coli and S. aureus grown on minimal media. Both IGPDi-11 and IGPDi-12 were found 

to inhibit bacterial growth, and were particularly effective against S. aureus.

Current and Future Prospects.—IGPD has been well established as a viable broad-

spectrum herbicidal target, and more recent studies have demonstrated its potential as a 

novel bacteriostatic target. A majority of reported inhibitors mimic transition state 

intermediates with great success; however, there is ample room for expansion to more drug-

like, non-transition state mimic inhibitors. The poor physiochemical properties associated 

with current transition state mimics has limited the application of IGPD inhibitors beyond 

topical herbicidal indications, although recent reports have sought to remedy this. 

Repurposing existing inhibitors from related targets with dinuclear Mn2+ or Mg2+ active 

sites (Sections 5.1, 5.2) may be beneficial in the field of IGPD inhibitor development. 

Despite the somewhat unique coordination environment of the IGPD metal centers, the lack 

of chemical diversity among reported inhibitors may be remedied by this adoptive approach 

and may allow for exciting new developments in the field. This might also allow for the 

exploration of the novel active site binding pockets that have been identified in recent 

computational screening. Excellent work in IGPD structural biology has recently been 

published that will serve as a boon for further inhibitor development,1115 as until recently no 

crystal structures were available and nearly all inhibitor development was driven solely by 

chemical SAR. As both herbicide resistance and antimicrobial resistance continue to 

increase worldwide, IGPD inhibitor development will likely prove to be a valuable field of 

study.
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8.3 Human Glyoxalase I (Glo1, EC 4.4.1.5)

Function in Biology and Disease.—The metalloenzyme human glyoxalase I (Glo1) 

has been linked to tumor viability, growth, and drug resistance in various forms of cancer.
1130,1131 Glo1 is the first of two enzymes in the glyoxalase system, along with the coenzyme 

glutathione. This system is primarily responsible for the detoxification of the endogenous 

reactive metabolite class 2-oxoaldehydes, the most prevalent being methylglyoxal (MG), 

which derives from degradation of triosephosphates (glycolysis), ketone body metabolism, 

threonine degradation, and glycated protein fragmentation.1132 The detoxification begins 

with MG reacting with glutathione creating the hemithioacetal, which is isomerized by Glo1 

to the S-D-lactoylglutathione, and is finally hydrolyzed by glyoxalase II, releasing D-lactate 

and glutathione (Figure 119).1133 The rapid rate of growth and glycolysis in many tumor 

lines, leads to increased MG production; therefore, increased Glo1 activity is associated with 

increased tumor survival and growth rates. Additionally, multi-drug resistant leukemias are 

known to exhibit increased Glo1 expression,1134 with multi-drug resistance being reversible 

upon cotreatment with a Glo1 inhibitor. In addition to its potential value as an anticancer 

target, Glo1 has potential as a target for Plasmodium falciparum (the parasite responsible for 

malaria),1135 as well as a treatment for neurological conditions such as anxiety.1136–1138

Protein and Active Site Structure.—The functional form of the metalloenzyme Glo1 is 

a dimer with two identical subunits A and B (Figure 120).1139 Glo1 possesses 2-fold internal 

symmetry and subsequently two active sites. Based on metal analysis of Glo1 purified from 

human erythrocytes, it has been determined that Glo1 is a Zn2+-dependent metalloenzyme, 

with a Zn2+ ion at both active sites.1140,1141 Each active site Zn2+ ion is coordinated by 

Gln33 and Glu99 from one monomer and His126 and Glu172 from the other monomer 

(Figure 120) placing the Zn2+ ion in an octahedral coordination geometry, with two open 

coordination sites occupied by exchangeable water molecules, which are displaced upon 

substrate binding.1142–1145 Upon substrate binding, the glutathione portion of the substrate 

makes significant contacts with a glutathione binding site (Figure 120).1139 The γ-glutamyl 

residue of glutathione engages in polar interactions with protein residues, specifically a salt 

bridge with Arg37 and hydrogen bonding with Asn103 and Arg122. The active site of Glo1 

also possesses a hydrophobic pocket proximal to the active site metal with a volume of ~70 

Å3, where the hydrophobic moiety of glutathione conjugates are situated (Figure 120).1139 

Based on structural studies with transition state intermediate mimetics bound to the active 

site metal, it is thought that Glu172 is displaced form the coordination sphere of the Zn2+ 

ion upon substrate binding, although this displacement mechanism is not supported by 

computational studies.1146,1147 The yeast isoform of Glo1 was used as a surrogate for the 

human isoform in many earlier inhibition studies,1148,1149 but human Glo1 is now utilized in 

most current inhibition and structural studies.

Inhibitor Development.—Some of the earliest inhibitors of Glo1 were focused on a 

glutathione scaffold, with the addition of undecorated alkyl substituents on the thiol group 

(Figure 121, Table 17).1149,1150 It was found that as the alkyl substituent was increased in 

length, a significant gain in activity was observed with the most active being S-octyl-

glutathione (Glo1i-1) with an IC50 value of 20 μM against yeast Glo1. Quickly after the 

importance of hydrophobic substituents in glutathione derivatives was discovered, a series of 
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Aryl-glutathione derivatives were reported with the most potent being S-(p-

bromobenzyl)glutathione (Glo1i-2) with an IC50 value of 9 μM against yeast Glo1.1151 

Unfortunately, these compounds were not active in vivo, but upon esterification of the 

carboxylic acids groups in vivo activity was observed.1152,1153 It took >25 years from the 

development of glutathione derivatives as Glo1 inhibitors before the first crystal structure of 

human Glo1 with a glutathione derivative to be reported, which confirmed the importance of 

the hydrophobic interactions with the hydrophobic pocket near the Zn2+ active site.1139 

Additionally, the glutathione portion of the inhibitor was shown to make considerable polar 

interactions with the enzyme. Subsequent studies of glutathione derivatives included 

attempts to modify the glutathione moiety to decrease metabolic susceptibility and further 

modification of the aryl substituent, with both attempts yielding inhibitors with poorer 

activity.1154,1155 Additional attempts to create product mimetic inhibitors, based on α-

hydroxythiol esters, were unsuccessful.1156

Following the success of substrate mimetics as inhibitors of Glo1, transition state mimicking 

inhibitors were investigated (Figure 121, Table 17). Inspired partly by a study of natural 

product inhibitors,1169,1170 and by the observation that Glo1 utilized an enediol 

intermediate, some proposed transition state mimics were tested against yeast Glo1. More 

active inhibitors included maltol (Glo1i-3, yeast Glo1 Ki = ~400 μM), squaric acid (Glo1i-4, 

human Glo1 IC50 = 120 μM), and 2,3-dihydroxy-benzoic acid (Glo1i-5, IC50 = 280 μM).
1157,1158 An expansion of potential transition state mimetics, including 2,3-

dihydroxypyridine (Glo1i-6, human Glo1 IC50 = 530 μM) and polyphenolic 

benzohydroxamic acids such as 2,3,4-trihydroxybenzohydroxamic acid (Glo1i-7, human 

Glo1 IC50 = 210 μM), were reported.1158 Other transition state mimetic inhibitors include 

coumarins and flavones, with the most active being 7,8-dihydroxy-4-phenylcoumarin 

(Glo1i-8, human Glo1 IC50 = 3.5 μM) and myricetin (human Glo1 IC50 = 5 μM).1159,1167 

Further exploration of transition state mimetics was performed analyzing methylated and 

nonmethylated enediol transition state mimics, which in combination with spectral data 

indicated that the enediol mimicking moiety of many transition state based inhibitors is 

involved in metal coordination.1171 A computational analysis of previously published 

transition state mimics, demonstrated that the most important motif for activity was a α-

hydroxy-α,β-unsaturated carbonyl group attached to a fused ring carbon, such as that 

present in flavones like myricetin.1172 A later study reexamined previous inhibitors of yeast 

Glo1 and reported that some of the inhibitors were significantly less active than previously 

thought against human Glo1, specifically pyrogallol (not shown) and Glo1i-4.1160 This study 

was also the first report of 1,2-naphthalenediol (Glo1i-9, yeast Glo1 IC50 = 34 μM), 

tropolone (Glo1i-10, yeast Glo1 IC50 = 154 μM), and select tropolone derivatives as 

inhibitors of yeast Glo1. After a period of publications focusing on transition state mimetics, 

newer reports shifted focus to applying transition state moieties to a glutathione backbone.

The enediol transition state mimetic, hydroxamic acid, when combined with glutathione, 

resulted in S-(N-hydroxy-N-methylcarbamoy1)glutathione (Glo1i-11, Figure 121), which 

exhibited a Ki value of 1.7 μM against human Glo1.1161,1173 A significant gain in inhibitory 

activity was achieved when hydrophobic derivatives of Glo1i-11 were analyzed against 

human Glo1, the most active being S-[N-Hydroxy-N-(4-iodophenyl)carbamoyl]glutathione 

(Glo1i-12) with a Ki value of 10 nM.1146,1161 The mode of binding of the hydroxamic acid 
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MBP in these glutathione derivatives was characterized shortly afterwards, with the 

hydroxamic acid coordinating the active site Zn2+ ion in a bidentate manner, the 

hydrophobic substituent situated in the hydrophobic pocket, and the glutathione making 

significant polar contacts with the protein (Figure 122).1146 Interestingly upon the reaction 

state intermediate mimic binding the active site metal, the coordinating residue Glu172 no 

longer coordinates the active site metal, which provided some insight into the reaction 

mechanism. In vivo testing of esterified derivatives of these inhibitors exhibited activity 

using in vivo mouse tumor models.1174 Further work on these derivatives included 

successful modification of the peptide portion of the glutathione moiety to decrease its 

metabolic susceptibility to γ-glutamyltransferase, while maintaining similar inhibitory 

activity against yeast Glo1.1175 To improve the activity of this class of inhibitors, a dimer of 

Glo1i-12 connected via various polymeric linkers at the γ-glutamyl-NH3, provided 

increased inhibitory activity.1176,1177 A fairly recent development to this class of inhibitor 

was the replacement of the para-halogenated phenyl on Glo1i-12 for a meta-ethynyl phenyl 

(Glo1i-13) as well as the replacement of the thioether sulfur for an alkyl carbon increased 

the activity yielding a Ki value of 1.0 nM against human Glo1.1162 Attempts have been 

made to use alternative MBPs with non-sulfur containing glutathione analogs, such as β-

ketoesters and reverse hydroxamic acids, but these compounds possess lower activity than 

the analogous hydroxamic acid containing inhibitors.1178,1179

Natural products have been a longstanding source of inhibitors for Glo1 including, but not 

limited to, curcumins,1180 anthocyanidins,1181 flavonoids,1182 and phenolic trans-stillbenes.
1183 Computational analysis of natural products, such as myricetin, has also led to the 

determination of novel scaffolds with lower in vitro activity that show inhibition of cancer 

cell proliferation.1184,1185 One of the more potent natural product inhibitors of Glo1, is 

methyl gerfelin, with a Ki of ~230 nM against mouse Glo1 (Figure 121).1166 A crystal 

structure of mouse Glo1 with methyl gerfelin is shown in Figure 122. The structure shows 

that the inhibitor coordinates the active site Zn2+ ion via a catechol MBP in a bidentate 

manner. Another crystal structure of mouse Glo1 has also been reported with the flavonoid 

baicalein (human Glo1 Ki = 183 nM, Figure 121) coordinated to the active site Zn2+ ion via 

a related pyrogallol MBP (Figure 122).1164

HTS was applied to the development of human Glo1 inhibitors, which yielded the molecule 

4,6-diphenyl-N-hydroxypyridinone (Glo1i-14), which utilizes the 1,2-hydroxypyridinone 

MBP, with an IC50 value of 1.19 μM (Figure 121).1163 Substitution of the 4-position phenyl 

resulted in poorer activity, while replacement of the 6-position phenyl yielded improved 

activity especially with an azaindole, and upon addition of a N-propyl-methoxy resulted in 

the most active inhibitor Glo1i-15 with an IC50 value of 11 nM. A crystal structure of 

Glo1i-15 bound to Glo1 shows the 4-phenyl substituent situated in the hydrophobic pocket, 

the N-hydroxypyridinone MBP bound in a bidentate manner to the Zn2+ ion, and the 6-

position azaindole interacting with the glutathione binding residues and solvent (Figure 

122).

Additional efforts to inhibit human Glo1 have reported the repurposing of already approved 

pharmaceuticals (Figure 121). Such studies have included examining indomethacin (mouse 

Glo1 Ki = 18 uM) and zopolrestat (human Glo1 Ki = 1.2 uM).1165,1168 Crystal structures of 
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both molecules bound to the active site of mouse Glo1 have been obtained showing that 

neither inhibitor binds to the active site Zn2+ ion (Figure 122).1168 In the structure with 

zopolrestat bound, the inhibitor binds at the opening of the active site and interacts with the 

glutathione binding pocket. The structure with indomethacin bound shows the inhibitor 

binding deeper in the active site relative to zopolrestat, but does not bind in the hydrophobic 

pocket.

Current and Future Prospects.—Significant efforts have been put into the development 

of Glo1 inhibitors, but despite >50 years of investigation no compounds have entered the 

clinic. Esterified glutathione derivatives including those containing hydroxamic acid MBPs 

have shown efficacy in vivo. However, they also have significant metabolic liabilities as 

glutathione derivatives and use of the hydroxamic acid MBP, with some attempts to mitigate 

these liabilities.1155,1179 The development of potent inhibitors using a hydroxypyridinone 

MBP suggests significant progress, but no follow up in vivo studies have been reported. The 

validity of Glo1 as a cancer target has been recently discussed along with some of the 

challenges for an inhibitor to enter the clinic.1131 The main challenges presented included 

the limited activity and fast clearance of esterified glutathione derivatives, potential 

metabolic resistance to increased levels of MG, and the lack of tumor sensitivity markers for 

Glo1 inhibitors. Nonetheless, Glo1 remains a target for cancer with validated cell biology 

and pharmacology,1131,1186 although a deviation from previously utilized scaffolds such as 

glutathione may prove necessary to have an inhibitor reach the clinic.

9. C-N Ligases (EC 6.3)

9.1 D-Alanine:D-Alanine Ligase (Ddl, EC 6.3.2.4)

Function in Biology and Disease.—The integrity of the peptidoglycan membrane is 

vital to the survival of both Gram-positive and Gram-negative bacteria, and consists of 

alternating N-acetylglucosamine (GlcNAc) and N-acetylmuramic acid (MurNAc) units. 

Interruption of the peptidoglycan biosynthesis leads to compromised cell integrity, an 

inability to resist high internal osmotic pressure, and cell lysis.1187 Antibiotics that target 

various stages of the peptidoglycan synthesis mechanisms (such as β-lactams and 

vancomycin) have been extensively studied. While β-lactams bind to the penicillin binding 

protein and inhibit transpeptidase, vancomycin binds to the D-ala-D-ala termini of 

peptidoglycan chains and blocks transpeptidase. Both antibiotics are used clinically for 

treatment of bacterial infections; however, their efficacy is challenged by β-lactamase 

(Section 7.5) and vancomycin resistance (Section 6.9). Another viable target in 

peptidoglycan biosynthesis includes the ATP-dependent dinuclear Mg2+-dependent 

metalloenzyme D-ala:D-ala ligase (Ddl). Ddl is responsible for the assembly of the D-ala-D-

ala precursor required for the biosynthesis of the MurNAc peptide chain. Ddl has no human 

counterpart, making it an attractive candidate for antibiotics; in fact, Ddl is currently targeted 

by D-cycloserine (DCS) for the treatment of tuberculosis.1188 The catalytic mechanism of 

Ddl includes ATP cofactor binding to the free enzyme, followed by the first D-ala substrate. 

Phosphorylation of the D-ala carboxylate by the γ-phosphate of the ATP generates an acyl 

phosphate intermediate and an ADP byproduct. The acetyl phosphate is then attacked by a 

second D-ala substrate to yield the dipeptide D-ala-D-ala product (Figure 123).1189–1192 The 
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intermediate steps of acyl phosphate and tetrahedral adduct are the basis of which most Ddl 

inhibitors are designed.

In addition to Ddl itself being an antibiotic target, the Ddl variants D-ala-D-lac ligase (VanA, 

VanB) and D-ala-D-ala dipepeptidase (VanX, Section 6.9), are also attractive targets for 

broad-spectrum inhibition.1193–1197 In D-Ala-D-lac ligase, a D-lactate is substituted for the 

D-alanine as the second precursor and produces D-ala-D-lac instead of D-ala-D-ala. This 

reduces the binding affinity of vancomycin to the dipeptide by ~1000-fold and renders 

resistance to vancomycin.1198 In D-ala-D-ala dipepeptidase, vanmyocin resistance is 

achieved by hydrolysis of D-ala-D-ala, thereby reducing the pool of dipeptide precursor 

available for peptidoglycan synthesis.1197 Hence, the development of broad spectrum 

inhibitors for Ddl and Van are an attractive method for targeting antibiotic-resistant bacterial 

infections. Currently, D-cycloserine (DCS) is used as second-line therapeutic treatment for 

multidrug-resistant (MDR) and extensively drug-resistant (XDR) strains of M. tuberculosis.
1188

Protein and Active Site Structure.—Ddl from both Gram-negative and -positive 

bacteria have been characterized, with EcDdlB (one of the two Ddl isoforms from E. Coli) 
being the most extensively studied.1199 EcDdlB consists of 306-residues (~34 kDa) in three 

α+β domains, with the ATP binding site located between the β-sheets of the central and C-

terminal domains, and the acylphosphate binding site between the central and N-terminal 

domains (Figure 124).1192 A crystal structure of EcDdlB complexed with products ADP, D-

ala-D-ala, and a putative carbonate ion reveals two Mg2+ ions (MgA and MgB) in the active 

site.1196 The Mg2+ ions are 3.6 Å apart and coordinate with the oxygen atoms of the α- and 

β-phosphates of ADP. MgA is ligated by the side chains of Glu270 and Asn272, the 

carbonate ion, a water molecule, and the α-phosphate of ADP in an octahedral coordination 

geometry. MgB is ligated by the side chains of Asp257 and Glu270 (bridging MgA and 

MgB), the carbonate ion, a water molecule, and the α- and β-phosphates of ADP in an 

octahedral coordination geometry.

Inhibitor Development.—Based on structural characteristics, inhibitors of Ddl can be 

classified into three main categories, including: D-ala substrate analogues, transition state 

analogues, and others. D-Cycloserine (DCS, Ki = 22 μM, IC50 = 300 μM, Figure 125) is a 

D-ala substrate analogue reported in 1962 as the first potent inhibitor of Ddl and is the most 

clinically advanced to date.1200–1203 DCS is currently used as second-line drug for patients 

with MDR and XDR strains of M. tuberculosis.1188 Although DCS exhibits broad-spectrum 

antibiotic activity (also targeting alanine racemase, another enzyme utilized for synthesis of 

MurNAc),1202,1204,1205 its use in the clinical setting has been almost eliminated due to a 

short shelf life (~24 months), high dosages required, and undesired side effects such as drug-

induced psychosis.1188,1206,1207 The description of an unpublished structure revealed DCS 

binding in the D-ala substrate pocket as a noncompetitive inhibitor of ATP;1204 however, 

recent studies have shown that phosphorylation of DCS by Ddl to Ddli-1 (a transition state 

analogue, Figure 125) to be the actual active inhibitor.1196 Other D-ala substrate analogues 

have been investigated and are described in detail elsewhere.1202
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DCS is phosphorylated by Ddl in situ to yield active inhibitor Ddli-1.1196 Ddli-1 resembles 

acetyl phosphate intermediate of the native mechanism (Figure 124) and inhibits via a metal 

binding interaction. The structure of Ddli-1 and ADP bound to EcDdlB reveals Ddli-1 

situated in the D-ala binding pocket, with two oxygens of the phosphate MBP coordinating 

to the two Mg2+ ions (Figure 126). MgA is ligated by the side chains of residues of Glu270 

and Asn272, a putative water molecule (not resolved in the crystal structure), the phosphate 

MBP of Ddli-1, and the α-phosphate of ADP in an octahedral coordination geometry. MgB 

is ligated by the side chains of Asp257 and Glu270, a water molecule, the phosphate MBP 

of Ddli-1, and both α- and β-phosphates of ADP also in an octahedral coordination 

geometry.

Similar to the mechanism in which DCS undergoes phosphorylation to yield inhibitor 

Ddli-1, another class of Ddl compounds bearing a phosphate or phosphinate motif that also 

undergo phosphorylation to yield transition state analogue inhibitors are known.
1203,1208–1213 These inhibitors (Ddli-2 and Ddli-4) are ATP-dependent and phosphorylated 

by Ddl in situ to give the acyl phosphate or tetrahedral adduct intermediate analogue (Ddli-3 

and Ddli-5, Figure 125), where the resulting phosphate MBP can tightly bind to the Mg2+ 

ions in the active site.1211,1214 Through the design and synthesis of phosphinic acid 

dipeptide analogous, precursors Ddli-2 (IC50 = 4 μM) and Ddli-4 (IC50 = 35 μM, Ki = 3 nM) 

were reported as ATP-dependent irreversible inhibitors of Ddl.1203,1208 Although these 

inhibitors were more potent than Ddli-1 against EcDdl, they showed modest antibacterial 

activity in vitro (MIC = 4–128 μg/mL) against a panel of Gram-positive and Gram-negative 

bacteria. The lack of antibacterial activity was attributed the limited cell permeability of the 

polar phosphate and phosphinate motifs and has preclude their development in the clinical 

setting. Interestingly, co-administration of Ddli-4 with fluoro-D-alanine (a D-ala racemase 

inhibitor that is inactive when used alone) against P. aeruginosa led to a potentiation of the 

fluoro-D-alanine drug.1203 The structure of Ddli-5 and ADP bound to EcDdlB (Figure 126) 

reveals the phosphate MBP of Ddli-5 and the α- and β-phosphate groups of ADP ligating 

the active site Mg2+ ions. MgA is ligated by the side chains of Glu270 and Asn272, a water 

molecule, the phosphate MBP of Ddli-5, and the α-phosphate of ADP in a distorted 

octahedral coordination geometry. MgB is ligated by the side chains of Asp257 and Glu270, 

a water molecule, the phosphate MBP of Ddli-5, and both α- and β-phosphates of ADP in 

an octahedral coordination geometry.1192 This binding motif is the same as that of Ddli-1 

and other transition state analogue inhibitors.

Other inhibitors that do not fit in the two aforementioned categories have been discovered 

via virtual screening or HTS methods. Among these other inhibitors, those that do not 

include a MBP, with an ambiguous mechanism of action,1215–1220 or which allosterically 

inhibit Ddl1221 will not be discussed. Utilizing computer aided drug discovery, a 

cycloproply-based amino acid inhibitor Ddli-6 (Ki of 12.5 μM) was identified (Figure 125).
1222 The carboxylic acid MBP of Ddli-6 is proposed to bind bidentate the Mg1 ion, while 

forming strong H-bonding interactions with side chains of Glu15, Arg255, and Gly276; 

however, no structural data is presently available to validate the mode of inhibition.

A small library of semicarbazides, aminocarbonyldiazenecarboxylates, 

hydrazinedicarboxamides, and diazenedicarboxamides have been designed, synthesized, and 
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screened for inhibitor activity against EcDdlB.1223 Diazenedicarboxamides, Ddli-7 and 

Ddli-8 (IC50 = 15 and 111 μM, respectively, Figure 125) were found to be potent inhibitors 

of Ddl with moderate antimicrobial activity against E. coli and S. aureus (MIC = 64–256 μg/

mL). Computational docking revealed the carbonyl groups of Ddli-8 interacting with Mg2+ 

ions; however, no structural data is available to verify this. Due to poor SAR between the 

observed IC50 values and MICs, diazenedicarboxamides were not further pursued as 

inhibitors of Ddl.

Current and Future Prospects.—Since the discovery of penicillin, targeting Gram-

negative and Gram-positive bacterial infections by disruption the peptidoglycan synthesis 

pathway has been a validated mode of action for many antibiotics. Antibiotics which target 

the extracellular stages of peptidoglycan synthesis (β-lactams, vancomycin) have been 

extensively studied; however, overuse of such antibiotics has led to the production of β-

lactamase and vancomycin resistance. Antibiotics which target the intracellular stages of 

peptidoglycan synthesis have been less well studied. Ddl is responsible for the assembly of 

D-ala-D-ala dipeptide precursor for MurNAc synthesis and represents another possible 

target for inhibiting this pathway. The Ddl inhibitor DCS is a current antibiotic for the 

treatment of tuberculosis; however, its limitations have almost eliminated its use in the 

clinical setting, and an effective alternatives are still needed. The majority of Ddl inhibitors 

date back more than 30 years and heavily focused on transition state analogue and D-ala 

analogue inhibitors. These inhibitors undergo phosphorylation in situ to yield a phosphate 

MBP, which coordinates to the active site Mg2+ ions. However, due to poor cellular uptake, 

these inhibitors lack antibacterial activity in vitro and were not pursued as a clinical drug. 

Recently, novel Ddl inhibitors have been discovered via virtual or HTS screening. The 

mechanism of action of these inhibitors is often not validated, and commonly neglect to 

address the presence and importance of the Mg2+ ions in the active site. The development of 

inhibitors for Ddl, specifically identifying other MBPs capable of binding to a dinuclear 

Mg2+ active site, is an untapped area. Design and synthesis of inhibitors bearing new MBPs 

could produce more active inhibitors of Ddl, overcome issues with poor cell permeability 

and uptake, and yield a broad-spectrum inhibitor for Ddl.

10. Heme-dependent Metalloenzymes

Heme-dependent proteins encompass an enormous number of important enzymes, many of 

which are potential therapeutic targets. There are many possible targets, with many of the 

most prominent heme targets involving the development of small molecule inhibitors as 

antifungals. These antifungals are in wide clinical use and exhaustive reviews can be found 

elsewhere.1224,1225 Herein, the full scope of potential heme targets will not be covered; 

however, two related enzymes indoleamine 2,3-dioxygenase (IDO) and tryptophan 2,3-

dioxygenase (TDO) will be described as a topical case study. Both of these enzymes are 

currently of high interest in the field of immunomodulation therapy and can serve as 

representative examples of the importance of heme targets in metalloenzyme inhibition.
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10.1 Indoleamine 2,3-dioxygenase (IDO, EC 1.13.11.52) and tryptophan 2,3-dioxygenase 
(TDO, EC 1.13.11.11)

Function in Biology and Disease.—Indoleamine 2,3-dioxygenase (IDO) and 

tryptophan 2,3-dioxygenase (TDO) are heme dioxygenases that catalyze the initial and rate-

determining step in the catabolism of tryptophan into N-formylkynurenine and other 

metabolites, including kynurenine, kynurenic acid, 3-hydroxy-kynurenine, and 3-hydroxy 

anthralinic acid (Figure 127).1226 Both enzymes are cytosolic and share a similar active site 

structure. The mechanism of these enzymes has been thoroughly investigated, whereby the 

enzymes utilize dioxygen (IDO can also utilize the superoxide anion) to oxidatively cleave 

the pyrrole ring of tryptophan between the C2 and C3 carbon atoms. Despite active site and 

mechanistic similarities, IDO has a wider substrate scope (including serotonin, tryptamine, 

melatonin) than TDO. In addition, IDO is widely expressed in many tissues types, while 

TDO is largely confined to the liver.1226 Most important to disease relevance, IDO and TDO 

are immunosuppressive with respect to T-lymphocytes, both by depriving these cells of 

tryptophan, but also via the aforementioned metabolites of tryptophan catabolism that are 

also known to suppress T-cell function.1227 Hence, in recent years, IDO (both isoforms 

IDO1 and IDO2), and to a lesser extent TDO, have become increasingly attractive targets for 

immunotherapy intervention primarily for cancer.

Protein and Active Site Structure.—Despite their common mechanism and the 

reaction they catalyze, the structure of IDO and TDO vary substantially. IDO is a 

monomeric glycoprotein of ~45kDa, while TDO is a ~191kDa tetramer and the two 

enzymes share only ~10% sequence homology. IDO is largely α-helical in structure with a 

C-terminal domain that contains the active site and a smaller N-terminal domain. As shown 

in Figure 128,1228 the Trp substrate binds in the distal heme pocket, with the indole ring 

roughly perpendicular to the heme face and surrounded by several, neighboring hydrophobic 

residues, including F226, L234, F163, V130, and Y126. The proximal face of the heme 

center is occupied by an axial His346 ligand that is coordinated to the iron center. The 

ferrous form is the active form of the enzyme1226 and proximal axial coordination site is 

open for dioxygen binding (in Figure 128 this is occupied by a cyanide ligand).

Inhibitor Development.—Since the role of IDO and TDO in cancer immune evasion has 

become apparent, inhibitor development has gained increasing attention. Indeed, there are 

several IDO inhibitors in Phase I and II clinical trials, and at least one other in Phase III 

trials, often in combination with other therapeutics, including biologics.1229 For brevity, only 

a discussion of a few of the most clinically advanced inhibitors will be provided here.

Three of the most advanced inhibitors are shown in Figure 129: Epacadostat (Phase I, II, 

III), Indoximod (Phase I, II), and NLG919 (a.k.a., GDC-0919, Phase I combination therapy).
1230 Docking studies suggest that Indoximod does not utilize heme binding to inhibit IDO, 

but rather occupies the Trp binding site (Figure 128); however, no crystallographic data for 

Indoximod bound to IDO is present available. In contrast, both Epacadostat and NLG919 

bind to the heme center using different MBPs. For Epacadostat, the X-ray structure with 

human IDO reveals that oxygen atom of the hydroxyamidine group binds to the axial 

coordination site on the distal side of the heme (Figure 130) and is stabilized by several 
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interamolecular hydrogen bonds and a hydrogen bond with Ala264.1228 The halogenated 

benzene ring of Epacadostat occupies the same binding pocket as the indole ring of the 

native Trp substrate, while the furazan and sulfonamide groups occupy the site where the 

aminocarboxylate portion of Trp reside (Figure 130). Like Epacadostat, NLG919 binds to 

the distal axial site of the heme in IDO1, but uses the nitrogen atom from the 

imidazoleisoindole fused ring system (Figure 130).1231 Note that NLG919 has two chiral 

centers, and all four possible diastereomers (collective IC50 = 38 nM) were used for co-

crystallization, but only two diastereomers (the R,S- and S,S-stereoisomers) could be 

modeled with the electron density obtained (bound in similar conformations).1231 The 

imidazoleisoindole ring and 1-cyclohexylethanol group occupy the indole ring and 

aminocarboxylate groups of the native substrate Trp substrate, respectively. Although both 

Epacadostat and NLG919 bind to the distal axial coordination site of IDO, structural 

evidence has been found for other inhibitors that bind to alternative sites on the proximal 

face of the heme.1228 Detailed reviews on these and other inhibitors, as well as their clinical 

progress, can be found elsewhere.1232

Current and Future Prospects.—Interest in IDO and TDO inhibitors is likely to 

increase in the immediate future, with the growing enthusiasm over immunotherapeutic 

approaches to cancer treatment. Previous inhibitor development has focused on mimicking 

the tryptophan substrate or targeting the heme-cofactor. Many investigations are examining 

IDO and TDO inhibitors in combination with other chemotherapeutic agents. Unfortunately, 

the recent setback of nine phase 3 IDO trails (which combine epacadostate with other 

agents, such as Opdivo by Bristol-Myer Squibb and Keytruda by Merck) has led to 

substantial questioning of the robustness of this target space. Recently, an alternative class of 

IDO inhibitors with a novel mode of inhibition has been proposed.1233 These inhibitors 

displace the heme-cofactor and bind to the apo-form of IDO and provide a new direction of 

IDO inhibitor development. Inhibitors that use different MBPs to bind the heme center, as 

well as inhibitors that do not bind to the heme center at all (in the proximal site), are both 

likely to be the focus of future studies. Vigorous activity in the biotechnology sector, with 

substantial acquisitions of IDO inhibitor assets suggest a continuing robust interest in this 

target space.

Conclusions and Outlook

The opportunity for having a significant impact on human health via the development of 

small molecule metalloenzyme inhibitors remains a fertile landscape. Herein, we have 

described over three dozen different metalloenzyme targets, highlighting the biological and 

pathogenic role of each metalloenzyme, drug discovery efforts, structural characterization of 

inhibitor-metalloenzyme complexes, and the current developmental/clinical status of each 

target. Even having covered a wide range of targets involved in every disease arena, 

including antibiotics, antivirals, anticancer drugs, and others, the scope of our efforts here 

are not complete. There are dozens of other targets that were not included in this review, 

including prolyl 4-hydroxylases (PHDs), collagen prolyl 4-hydroxylase (CP4H), RNA 

polymerase, DNA gyrase, antifungal heme targets, and numerous others, which bodes well 

for the many opportunities that remain untapped for this field. There also may be many 
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opportunities to interfere with metal ion trafficking to metalloenzymes, or to target the metal 

ion centers in non-catalytic metalloproteins. By applying the methods of modern medicinal 

chemistry, including structure-, fragment-, and computation-based drug discovery and 

design, HTS,1234 and others, more of these targets should become increasingly tractable and 

druggable. Greater augmentation of these methods with tools from the field of bioinorganic 

chemistry (e.g., spectroscopic methods such as electron paramagnetic resonance 

spectroscopy, X-ray absorption spectroscopy, etc.) is merited, as use of these tools can 

greatly aid in understanding the binding, mechanism of inhibition, and design of inhibitors. 

Challenges remain in the field, which if addressed, would further accelerate these efforts. 

For example, computational methods (including docking methods) still struggle with 

accurately predicting metal-inhibitor interactions in a robust and time-effective manner, but 

ongoing efforts are rapidly advancing this field as well.1235 Also, despite the tremendous 

clinical success of some metalloenzyme inhibitors, further studies on the effect of these 

compounds on metal ion trafficking and distributions (e.g., the so-called ‘metallome’) are 

needed to ease concerns around the safety and selectivity of these therapeutics. Indeed, 

consideration of other approaches, such as allosteric inhibitors that do not bind the active 

site metal ion offer additional options for metalloenzyme drug development. Finally, by 

applying the knowledge and knowhow of bioinorganic chemistry to the development of 

metalloenzyme inhibitors, as our laboratory has done for >15 years,32 the productivity of 

this field can be further accelerated and discoveries to improve the human condition can be 

uncovered.
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Figure 1. 
FDA-approved inhibitors of metalloenzyme between 2013 and 2017. Metal-binding 

pharmacophores (MBPs) are shown in red.
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Figure 2. 
Stucture of hCAII (PDB 1CA2). The protein backbone is shown in a ribbon style, with 

coordinating residues and the hydrogen-bonding Thr199 shown in sticks and colored by 

element (carbons in gray). The Zn2+ ion is shown as an orange sphere and the coordinated 

water molecule is shown as a red sphere. Metal-ligand coordination bonds are shown as 

dashed yellow lines and hydrogen bonds as dashed magenta lines. The stylistic features of 

this figure are used throughout this review. All protein images were generated using PyMOL 

(The PyMOL Molecular Graphics System, Version 2.0 Schrödinger, LLC).
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Figure 3. 
Inhibitors of CA. Structures in the boxes show the mode of binding to the catalytic Zn2+ ion 

for a sulfonamide (left) and acetohydroxamic acid (right) with MBPs highlighted in red and 

hydrogen bonds in magenta.
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Figure 4. 
Left: Stucture of acetazolamide bound to hCAII (PDB 3HS4). Right: Stucture of 

acetohydroxamic acid bound to hCAII (PDB 1AM6). Inhibitors are shown as sticks and 

colored by element (carbons in green). The protein backbones are shown in a ribbon style, 

with coordinating residues shown as sticks and colored by element (carbons in gray). The 

Zn2+ ions are shown as orange spheres. Metal-ligand coordination bonds are shown as 

dashed yellow lines and hydrogen bonds as dashed magenta lines. The stylistic features of 

this figure are used throughout this review.
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Figure 5. 
Top: Structure of MMP-12 (PDB 2OXU). Bottom: Structure of proMMP-9 with the 

prodomain shown in cyan (PDB 5UE3). Ca2+ and Zn2+ are shown as green and orange 

spheres, respectively.
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Figure 6. 
Inhibitors of MMPs. The generic structure of a hydroxamic acid inhibitor (in box) is shown 

bound to a schematic of the MMP active site Zn2+ ion. MBPs are highlighted in red.
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Figure 7. 
Left: Structure of batimastat bound to MMP-12 (PDB 1JK3). Center and Right: Structure of 

MMP-3 complexed with TIMP-1 (cyan) (PDB 1GXD). In addition to the active site Zn2+ 

ion, a structural Zn2+ ion (orange) and structural Ca2+ ions (green) are shown.
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Figure 8. 
Structure of human ADH with NAD+ cofactor bound (yellow), highlighting both structural 

and catalytic Zn2+ sites (ß1 isoform, PDB 1HDX). The water bound to the catalytic Zn2+ ion 

was not observed crystallographically.
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Figure 9. 
Inhibitors of ADH.
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Figure 10. 
Left: Structure of 4-iodopyrazole bound to human ααADH (PDB 1DEH). Right: Structure 

of ADHi-16 bound to human ß2ß2ADH (PDB 1U3V).
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Figure 11. 
The non-mevalonate pathway (NMP) for isoprenoid biosynthesis.
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Figure 12. 
Structure of PfDXR with NADPH cofactor (yellow) (PDB 3AU8).
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Figure 13. 
Inhibitors of DXR.
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Figure 14. 
Structure of fosmidomycin (PDB 3AU9), DXRi-2 (PDB 4GAE), and DXRi-3 (PDB 4KP7) 

bound to PfDXR with NADPH cofactor (yellow).
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Figure 15. 
Reactions catalyzed by KARI, a central enzyme in the branched chain amino acid 

biosynthetic pathways. 2,3-Dihydroxyisovalerate (R = CH3) is utilized in the biosynthesis of 

valine and leucine, while 2,3-dihydroxy-3-mathylvalerate (R = CH2CH3) is utilized as a 

precursor for isoleucine.
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Figure 16. 
Structure of M. tuberculosis class I KARI (PDB 4YPO).
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Figure 17. 
Inhibitors of KARI.
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Figure 18. 
Left: Structure of IpOHA bound to S. aureus KARI (PDB 6AQJ). Right: Structure of CPD 

bound to S. aureus KARI (PDB 5W3K).
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Figure 19. 
Structure of HPPD from Psuedomonas fluorescens (PDB 1CJX). A molecule of acetate 

(green, from the crystallization buffer) is coordinated to the active site Fe2+ ion.
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Figure 20. 
Inhibitors of HPPD.

Chen et al. Page 210

Chem Rev. Author manuscript; available in PMC 2019 April 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 21. 
Structure of NTBC (Nitisinone) bound to S. avermitilis HPPD (PDB 1T47).
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Figure 22. 
The 5-lipoxygenase pathway. Beginning from AA, 5-LO catalyzes the sequential synthesis 

of 5-HPETE and leukotriene A4. Leukotriene A4 is then further elaborated to generate 

leukotrienes B4 and Cys-leukotrienes, which are signaling molecules in the innate immune 

response.
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Figure 23. 
Structure of 5-LO (PDB 3V99).
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Figure 24. 
Inhibitors of 5-LO.
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Figure 25. 
JmjC KDMs are Fe2+-dependent metalloenzymes that utilizes α-ketoglutaric acid (2OG) 

and oxygen as cofactors to catalyze the demethylation of mono-, di-, and tri-methylated 

lysine residues of histones.
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Figure 26. 
Structure of KDM4D (Ni2+ in active site) with 2OG bound (magenta, PDB 4HON).
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Figure 27. 
Inhibitors of JmjC KDMs.
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Figure 28. 
Structure of: KDMi-1 bound to KDM4A (Ni2+ in active site, PDB 2WWJ); 2,6-PDCA 

bound to KDM4A (Ni2+ in active site, PDB 2VD7); KDMi-4 bound to KDM6B (Ni2+ in 

active site, PDB 2XXZ); and GSK-J1 bound to KDM6B (Co2+ in active site, PDB 4ASK).
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Figure 29. 
TYR converts L-tyrosine to L-DOPA using oxygen, which it then oxidizes to L-

DOPAquinone.
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Figure 30. 
Structure of AbTYR (PDB 2Y9W), with lectin-like fold subunit not shown.
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Figure 31. 
Inhibitors of TYR.
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Figure 32. 
Structure of kojic acid bound to BmTYR (PDB 5I38). Kojic acid is hydrogen bonded 

(dashed magenta line) to a bridging water molecule and is not coordinated to the active site 

metal ions.
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Figure 33. 
Reaction catalyzed by COMT. The O-methylation of dopamine by COMT with co-substrate 

SAM leads to 3-methoxytyramine, which inactivates dopamine as a treatment for PD.
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Figure 34. 
Structure of DNC (green) and SAM (yellow) bound to COMT (PDB 3BWM).
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Figure 35. 
Inhibitors of COMT.
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Figure 36. 
Left: Structure of COMTi-1 bound to COMT (PDB 1JR4). Right: Structure of COMTi-3 

bound to COMT with SAM (yellow) (PDB 4XUC).
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Figure 37. 
Reaction catalyzed by FTase.
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Figure 38. 
Structure of FTase with farsenyl diphosphate (yellow) and peptide substrate magenta bound 

(PDB 1TN6). The α-subunit is shown in cyan and the β-subunit in gray.
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Figure 39. 
Inhibitors of FTase. Only L-744,832 and tipifarnib have been confirmed to inhibit via metal 

coordination.
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Figure 40. 
Left: Crystal structure of L-744,832 (green) and farsenyl diphosphate (yellow) bound to 

FTase (PDB 1JCQ). Right: Crystal structure of tipifarnib (green) and farsenyl diphosphate 

(yellow) bound to FTase (PDB 1SA4).
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Figure 41. 
Left: Structure of colistin with the amines necessary for electrostatic binding circled in cyan, 

and the hydrophobic tail for lipid intercalation colored in red. Colistin disrupts the structure 

of bacterial cell membranes. Right: Reaction catalyzed by MCR-1 to generate resistance 

against colistin. The transferred phosphoethanol amine is highlighted in red. R1 and R2 are 

fatty acids.
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Figure 42. 
Top: Structure of the mononuclear form of MCR-1 (PDB 5LRN). Bottom: Structure of the 

dinuclear form of MCR-1 (PDB 5LRM). Glu300 that completes the coordination of the 

second Zn2+ is highlighted in magenta.
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Figure 43. 
Schematic representation of the 3′-processing and strand transfer reactions catalyzed by 

HIV IN. After 3′-processing the activated IN-cDNA (cyan ribbons) complex is translocated 

to the nucleus where the 3′-hydroxyl moieties (blue dots) insert into the host genome (red 

and blue ribbons) through the process known as strand transfer. The nicked reaction complex 

is subsequently ligated by the host cell in the last step.
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Figure 44. 
Structure of PFV (PDB 2L3R), a structural homologue of HIV IN. Viral cDNA bound is 

shown as beige and purple tubes.
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Figure 45. 
Inhibitors of HIV IN. Compounds shown boxed are FDA-approved inhibitors or in Phase III 

clinical trials.
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Figure 46. 
Structure of Raltegravir (PDB 3OYA), Dolutegravir (PDB 3S3N), Elvitegravir (PDB 3L2U), 

and L-870,810 (PDB 3OYF) bound to human PFV as a surrogate HIV IN. Bound nucleic 

acids are shown as faded beige and purple tubes.
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Figure 47. 
Structure of HIV RT p66 (gray) and p51 (cyan) heterodimer bound to DNA (shown as beige 

and purple tubes, PDB 3KJV).

Chen et al. Page 237

Chem Rev. Author manuscript; available in PMC 2019 April 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 48. 
Inhibitors of HIV RNase H.
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Figure 49. 
Structure of β-Thujaplicinol (PDB 3K2P), RNaseHi-5 (PDB 3HYF), RNaseHi-7 (PDB 

5UV5), RNaseHi-15 (PDB 3LP0), and RNaseHi-20 (PDB 4QAG) bound to RNase H.
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Figure 50. 
Cap-snatching mechanism employed by the influenza RNA polymerase. The PB1 subunit 

(green) binds the viral RNA genome (green ribbon), while the PB2 subunit (blue) binds to 

the 5′-cap of host mRNA (blue ribbon). The host mRNA is cleaved by the PAN 

endonuclease subunit (gray) to generate a primer for vRNA translation.
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Figure 51. 
Left: Structure of the influenza A RNA-dependent RNA polymerase heterotrimer complex. 

The PA subunit is colored gray, the PB1 and PB2 subunits are colored cyan (PDB 4WSB). 

Right: Structure of the active site of the PA subunit (PDB 5DES).
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Figure 52. 
Inhibitors of PAN endonuclease.
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Figure 53. 
Structure of EGCG (PDB 4AWM), L-742,001 (PDB 5CGV), PANi-10 (PDB 4E5I), and 

PANi-11 (PDB 4M5U) bound to PAN.
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Figure 54. 
Reaction catalyzed by PDE4.
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Figure 55. 
Structure of the catalytic domain of PDE4B with AMP (magenta) bound (PDB 1ROR).
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Figure 56. 
Inhibitors of PDE4.
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Figure 57. 
Structure of PDE4i-2 bound to PDE4 (PDB 3O0J). The FDA-approved inhibitor crisaborole 

is proposed to bind in an identical fashion to the metal centers. Zn2+ and Mn2+ are shown as 

orange and purple spheres, respectively.

Chen et al. Page 247

Chem Rev. Author manuscript; available in PMC 2019 April 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 58. 
Reaction catalyzed by ACE in the regulation of the Renin-angiotensin system (RAS) and 

kallikrein-kinin system.
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Figure 59. 
Structure of native tACE with the active site buried in the central groove (PDB 1O8A). An 

acetate ion (green) is bound to the Zn2+ ion.
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Figure 60. 
Inhibitors of ACE. All but teprotide and ACEi-1 are FDA approved for the treatment of 

cardiovascular and renal diseases.
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Figure 61. 
Structures of tACE with: captopril (PDB 1UZF), lisinopril (PDB 1O86), and ACEi-1 (PDB 

2XY9).
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Figure 62. 
Reaction catalyzed by ADAMs. ADAMs are activated by cleavage of the prodomain. The 

activated ADAM then behaves as a sheddase by cleaving the extracellular domain of 

transmembrane proteins. The resulting cleaved ectodomains are involved in processes such 

as signaling.
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Figure 63. 
Structure of the ADAM metalloproteinase domain from ADAM-33 (PDB 1R55).
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Figure 64. 
Inhibitors of TACE and ADAM-10.
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Figure 65. 
Structures of TACE with: IK682 (PDB 2FV5), ADAMi-4 (PDB 3LE9), ADAMi-6 (PDB 

3B92), ADAMi-8 (PDB 3EWJ), ADAMi-9 (PDB 3LGP), and ADAMi-11 (PDB 3E8R).
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Figure 66. 
Structure of LF. Left: Composite image depicting the full structure of LF with the peptide 

substrate in magenta (composite of PDB 1JKY and 1J7N). Right: Active site of LF, with 

hydrogen bonding (dashed magenta lines) from neighboring residues shown (PDB 1J7N).
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Figure 67. 
Inhibitors of LF. The binding orientation of benzothiazole inhibitors (LFi-24, LFi-25, 

LFi-26) are shown as originally published and as proposed based on a more likely 

coordination mode.
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Figure 68. 
Structure of LFi-3 bound to LF (PDB 1YQY).
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Figure 69. 
Crystal structure of BoNTA depicting the light chain in gray and the heavy chain in cyan 

(PDB 3BTA).
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Figure 70. 
Inhibitors of BoNT.
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Figure 71. 
Structure of: BoNTi-1 bound to BoNTB (note, the coordinating Glu is displaced from the 

catalytic Zn2+) (PDB 1G9D), BoNTi-9 bound to BoNTA (PDB 2IMA), and BoNTi-21 

bound to BoNTA (PDB 5V8P).
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Figure 72. 
Structure of LasB (PDB 1EZM).
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Figure 73. 
Inhibitors of LasB.
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Figure 74. 
Left: Structure of LasBi-7 bound to LasB (PDB 1U4G). Right: Structure of LasBi-8 bound 

to LasB (PDB 3DBK).
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Figure 75. 
The reaction catalyzed by MetAPs is the N-terminal Met excision of translated proteins.
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Figure 76. 
Structure of Co2+ reconstituted EcMetAP (PDB 2MAT).
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Figure 77. 
Inhibitors of MetAP.
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Figure 78. 
Structures of hMetAP2 with: LAF153 (PDB 1QZY), A311263 (PDB 1R5G), MetAPi-2 

(PDB 2ADU), MetAPi-4 (PDB 2OAZ), MetAPi-8 (PDB 5JI6), and MetAPi-10 (PDB 

5LYX). Crystal structures of EcMetAP with: MetAPi-16 (PDB 1XNZ), MetAPi-18 (PDB 

4A6W), MetAPi-20 (PDB 3D27). Co2+ ions shown as blue spheres and Mn2+ ions shown as 

magenta spheres.
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Figure 79. 
Structure of rabbit NEP with phosphate ion bound (PDB 4XBH).
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Figure 80. 
Inhibitors of NEP.
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Figure 81. 
Structure of NEP with: phosphoramidon (PDB 1DMT), NEPi-1 (PDB 1Y8J), NEPi-2 (PDB 

1R1J), and LBQ657 (PDB 5JMY).
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Figure 82. 
Reaction performed by Rpn11. Rpn11 removes the polyubiquitinated chain from tagged 

substrates prior to entry into the 20S CP for degradation.

Chen et al. Page 272

Chem Rev. Author manuscript; available in PMC 2019 April 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 83. 
Structure of AfJAMM (PDB 1R5X).
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Figure 84. 
Inhibitors of Rpn11.
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Figure 85. 
Mechanism of resistance to vancomycin. Left: Schematic of vancomycin binding to D-Ala-

D-Ala. The hydrogen bond eliminated in resistant bacteria is colored red. Right: Schematic 

of vancomycin binding to D-Ala-D-Lactate. The site of the mutation is highlighted in cyan.
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Figure 86. 
Structure of VanX (PDB 1R44). An additional unbound water molecule (red sphere) is 

shown near the metal center.
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Figure 87. 
Inhibitors of VanX.
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Figure 88. 
Deaminase reaction catalyzed by ADA.
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Figure 89. 
Structure of ADA (PDB 1VFL).

Chen et al. Page 279

Chem Rev. Author manuscript; available in PMC 2019 April 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 90. 
Left: Structure of 1-deazaadenosine (1-DAA) bound to the closed conformation of ADA 

(PDB 1ADD). In closed conformation, the inhibitor directly interacts with Glu217 and the 

water-trigger site is unoccupied by the inhibitor. Right: Structure of EHNA bound to the 

open conformation of ADA (PDB 2Z7G). In open conformation, the inhibitor and Glu217 

interact via hydrogen bonds with bridging water molecules, and the water-trigger site is 

occupied.
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Figure 91. 
Inhibitors of ADA.
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Figure 92. 
Structure of pentostatin bound to ADA (PDB 2PGR).
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Figure 93. 
Structure of human Arg1 (PDB 1HQG). Images of the active site are shown with (center) 
and without (right) bound L-ornithine and urea (yellow).
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Figure 94. 
Inhibitors of Arg1.
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Figure 95. 
Structures of Arg1 with: NOHA (PDB 1HQF), nor-NOHA (PDB 1HQH), ABH (PDB 

2AEB), Arg1i-9 (PDB 1R1O), Argli-12 (PDB 3F80), and Argli-13 (PDB 1TF5). Hydrogen 

bonding (dashed magenta lines) with amino carboxylate groups is shown for select 

inhibitors.
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Figure 96. 
Left and Middle: Structure of HDAC6 (PDB 5EEM). Right: Acetylated substrate (magenta, 

prior to lysis) bound to HDAC8 (PDB 3EWF).
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Figure 97. 
Inhibitors of HDACs.
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Figure 98. 
Structures of: SAHA bound to HDAC6 (PDB 5EEI); HDACi-1 bound to HDAC2 (PDB 

3MAX); HDACi-2 bound to HDAC8 (PDB 3SFH); HDACi-3 bound to HDAC7 (PDB 

3ZNR); Trapoxin A bound to HDAC1 (PDB 5VI6); Largazole bound to HDAC8 (PDB 

3RQD); HDACi-4 bound to HDAC4 (PDB 2VQJ); HPOB bound to HDAC6 (PDB 5EF7). 

Hydrogen bonding (dashed magenta lines) are shown for select inhibitors.
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Figure 99. 
LpxC is responsible for the deacetylation of myr-UDP-GlcNAc to produce myr-UDP-GlcN.
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Figure 100. 
Structure of myr-UDP-GlcN product (yellow) and phosphate ion bound to E. coli LpxC 

(PDB 4MDT).
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Figure 101. 
Inhibitors of LpxC.
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Figure 102. 
Left: Structure of CHIR-090 bound to P. aeruginosa LpxC (PDB 5U39). Right: Structure of 

LPC-009 bound to P. aeruginosa LpxC (PDB 3P3E).
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Figure 103. 
The mechanism of β-lactam inhibition of transpeptidase enzyme. The right portion displays 

the normal action of transpeptidase crosslinking, whereas the left pathway displays the 

mechanism of covalent inhibition by a generic β-lactam.
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Figure 104. 
Structure of NDM-1 (PDB 3SPU).
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Figure 105. 
Inhibitors of MBLs (NDM-1).
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Figure 106. 
Structures of: D-captopril bound to VIM-2 (PDB 4C1E), MBLi-7 bound to NDM-1 (PDB 

4U4L), MBLi-17 bound to SPM (PDB 5NDB), MBLi-23 bound to VIM-2 (PDB 5ACX), 

MBLi-27 bound to VIM-2 (PDB 5FQC), and MBLi-30 bound to IMP-1 (PDB 5HH4).
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Figure 107. 
PDF catalyzes the removal of the N-formyl group from translated bacterial proteins.
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Figure 108. 
Structure of E. coli PDF reconstituted with Fe2+ (PDB 1BSZ).
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Figure 109. 
Inhibitors of PDF.
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Figure 110. 
Structure of: PDFi-1 bound to Zn-EcPDF (PDB 1BSK), Actinonin bound to Ni-EcPDF 

(PDB 1G2A), and BB-3497 bound to Ni-EcPDF (PDB 1G27).
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Figure 111. 
FBA catalyzes the reversible aldol condensation of dihyroxyacetone phosphate (DHAP) with 

glyceraldehyde 3-phosphate (G3P) to produce fructose 1,6-bisphosphate (FBP).
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Figure 112. 
Structure of DHAP (substrate, magenta) and G3P (yellow) bound to MtFBA (PDB 3EKZ). 

A Na+ ion is shown in purple.
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Figure 113. 
Inhibitors of FBA.
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Figure 114. 
Structure of FBAi-4 bound to MtFBA (PDB 4LV4). The loop that includes the displaced 

His212 residue is not resolved in the structure.
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Figure 115. 
IGPD catalyzes the dehydration of IGP to IAP as part of histidine biosynthesis. Upon 

binding of IGP and deprotonation of the imidazole ring, the active site Mn2+ cations 

stabilize the negatively charged imidazolate intermediate and facilitate the dehydration of 

IGP to diazafulvene. Proton-abstraction at the β-carbon of diazafulvene generates the Δ2-

enol which can tautomerize to form IAP.
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Figure 116. 
Structure of IGPD 24-mer (PDB 4QNK). In the 24-mer, each individual subunit is colored 

differently for clarity. In the active site, the A, A′, and C chains are depicted in grey, cyan, 

and yellow, respectively.
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Figure 117. 
Inhibitors of IGPD.
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Figure 118. 
Structure of (R)-Zeneca 1 bound to IGPD (PDB 5NDX). The A, A′, and C chains are 

depicted in grey, cyan, and yellow, respectively.
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Figure 119. 
Catalytic mechanism of Glo1, which isomerizes the hemithioacetal, formed by glutathione 

reacting with methylglyoxal and other 2-oxoaldehydes.
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Figure 120. 
Structure of human Glo1 with a glutathione derivative (yellow) bound (PDB 1FRO).
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Figure 121. 
Inhibitors of Glo1.
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Figure 122. 
Structure of: Glo1i-12 bound to human Glo1 (PDB 1QIN); methyl-gerfelin bound to mouse 

Glo1 (PDB 2ZA0); baicalein bound to mouse Glo1 (PDB 4X2A); Glo1i-15 bound to human 

Glo1 (PDB 3VW9); indomethacin bound to mouse Glo1 (PDB 4KYK); zopolrestat bound to 

mouse Glo1 (PDB 4KYH).
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Figure 123. 
Reaction catalyzed by D-Ala-D-ala ligase (Ddl). Ddl generates a D-ala-D-Ala dipeptide 

precursor from D-alanine and ATP.
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Figure 124. 
Structure of EcDdl bound to D-ala-D-ala product (cyan), ADP (magenta), and putative 

carbonate ion (yellow) (PDB 4C5B).
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Figure 125. 
Inhibitors of Ddl.
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Figure 126. 
Left: Structure of Ddli-1 (green) and ADP (magenta) bound to EcDdl (PDB 4C5A). Right: 
Structure of Ddli-5 (green) and ADP (magenta) bound to EcDdlB (PDB 1IOW).
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Figure 127. 
Reaction catalyzed by IDO and TDO.
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Figure 128. 
Structure of human IDO1 with tryptophan substrate (yellow) and cyanide ligand bound 

(PDB 5WMU).
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Figure 129. 
Inhibitors of IDO.
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Figure 130. 
Left: Structure of Epacadostat bound to human IDO1 (PDB 5WN8). Right: Structure of 

NLG919 bound to human IDO1 (PDB 5EK3).
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Table 1

FDA-Approved Drugs by Year.

Year
Number of FDA-Approved Drugs NMEs for Metalloenzyme Targets

Ref.
NME BLA Total Not Metal-Binding Metal-Binding Total

2013 25 2 27 1 2 3 11,12

2014 30 11 41 2 3 5 13,14

2015 33 12 45 0 3 3 15,16

2016 15 7 22 0 1 1 17,18

2017 34 12 46 1 0 1 19,20

2013–2017 137 44 181 4 9 13 This work

All ~1565 N/A N/A N/A ~64 N/A 3
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Table 2

FDA-Approved Metal Binding Metalloenzyme Inhibitors. Adapted and updated from Liao et al.3

EC number Metalloenzyme Target FDA-Approved, Metal-Binding Metalloenzyme Inhibitors (~64 
Total)

Number of 
Inhibitors (%)

1.1 Lanosterol 14α-demethylase

Albaconazole, Bifonazole, Butoconazole, Clotrimazole, Econazole, 
Efinaconazole, Fenticonazole, Fluconazole, Isavuconazole, 

Isoconazole, Itraconazole, Ketoconazole, Luliconazole, Miconazole, 
Omoconazole, Oxiconazole, Posaconazole, Ravuconazole, 

Sertaconazole, Sulconazole, Terconazole, Tioconazole, Voriconazole

23 (~37%)

1.14
Cytochrome P4503A4 Ritonavir 1 (~1.5%)

Tyrosinase Hydroquinone 1 (~1.5%)

3.1
HIV-1 integrase Elvitegravir, Dolutegravir, Raltegravir 3 (~5%)

Phosphodiesterase 4 Crisaborole 1 (~1.5%)

3.4
Angiotensin converting enzyme

a Benazepril, Captopril, Enalapril, Fosinopril, Lisinopril, Moexipril, 
Perindopril, Quinapril, Ramipril, Trandolapril 10 (~16%)

Matrix metalloproteinase Periostat 1 (~1.5%)

3.5
Histone deacetylase Belinostat, Panobinostat, Romidepsin, Vorinost 4 (~6%)

Lipoxygenase Zileuton 1 (~1.5%)

4.2 Carbonic anhydrase

Acetazolamide, Bendroflumethiazide, Benzthiazide, Brinzolamide, 
Chlorothiazide, Cyclothiazide, Diazoxide, Diclofenamide, 

Dorzolamide, Ethoxzolamide, Furosemide, Hydrochlorothiazide, 
Hydroflumethiazide, Methazolamide, Methyclothiazide, 

Quinethazone, Topiramate, Trichlormethiazide, Zonisamide

19 (~30%)

a
In the review by Liao, Imidapril and Cilazapril are also listed as ACE inhibitors. We removed them from our table because they are not FDA-

approved; however, they are approved in other countries.
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Table 3

Activity (Ki values) of ADH inhibitors. All compounds tested against horse liver ADH, unless otherwise 

indicated.67,68

Compound Inhibition (μM)

ADHi-1 280

ADHi-2 290

ADHi-3 250

ADHi-4 14000

ADHi-5 69000

ADHi-6 17000

ADHi-7 125

ADHi-8 7100

ADHi-9 N.A.

ADHi-10 20

ADHi-11 20

ADHi-12 30

ADHi-13 10

ADHi-14 14

4-Bromopyrazole 0.020, 0.290
a

Imidazole 7600

4-Iodopyrazole 0.020, 0.120
a

4-Methylpyrazole (Fomepizole) 0.080, 0.210
a

Pyrazole 0.2, 2.6
a

Pyridine 2100

1,2,4,5-Tetrazole 3100

1,2,4-Triazole 410

a
Ki value against human ADH
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Table 4

Activity (IC50 values in μM) of isoenzyme-selective ADH inhibitors.73

Compound α α β 2 β 2 γ 2 γ 2 π π σ σ

ADHi-15 31 0.33 4.9 110 11

ADHi-16 3.6 0.33 12 11 0.74

ADHi-17 7.0 1.7 0.41 40 100

ADHi-18 0.36 10000 47 360 1100
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Table 5

Activity (IC50 values) of HIV IN inhibitors.

Compound Inhibition (μM) Ref.

HIV-INi-1 0.03 386,387

HIV-INi-2 0.2 365

HIV-INi-3 0.01 390

HIV-INi-4 0.042 391

HIV-INi-5 0.11 392

HIV-INi-6 0.1
a 394

HIV-INi-7 0.02 400

Chicoric Acid 0.5 382

5-CITEP 2.2 379

Elvitegravir 0.007 393

Globoidnan A 0.64 381

L-731,988 0.17 402

L-870,810 <0.015 388

Quercetin 11 383

RCD-1 1 401

RCD-5 0.55 401

a
EC50 value.
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Table 6

Activity (IC50 values) of RNase-H inhibitors.

Compound Inhibition (μM) Ref.

RNaseHi-1 15 426

RNaseHi-2 1 403

RNaseHi-3 50 403

RNaseHi-4 3.5 432

RNaseHi-5 1.2 437

RNaseHi-6 2.7 438

RNaseHi-7 0.65 441

RNaseHi-8 0.43 439,440

RNaseHi-9 >50 439,440

RNaseHi-10 >50 439,440

RNaseHi-11 >50 439,440

RNaseHi-12 >50 439

RNaseHi-13 0.061 421

RNaseHi-14 0.15 444

RNaseHi-15 0.11 444

RNaseHi-16 0.045 444

RNaseHi-17 10 445

RNaseHi-18 11 445

RNaseHi-19 0.05 446

RNaseHi-20 >10 446

RNaseHi-21 0.2 446

AZT-MP 50 431

BTDBA 3.2 436

GSK5750 0.33 445

Manicol 1.5 427

RDS 1643 13 447

β-Thujaplicinol 0.2 427
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Table 7

Activity (IC50 values) of PAN endonuclease inhibitors.

Compound Inhibition (μM) Ref.

PANi-1 26
a 474

PANi-2 14 475

PANi-3 0.7 475

PANi-4 8.7 476

PANi-5 ~1 479,480

PANi-6 12.7 485

PANi-7 15 434

PANi-8 0.5 481

PANi-9 0.15 470

PANi-10 >50 468

PANi-11 0.011 482

PANi-12 0.940 483

PANi-13 0.036 483

PANi-14 0.014 483

Baloxavir Marboxil 0.0005–0.0065
a 486

BPA 21.3 473,477

EGCG 22–28
a 472

Flutamide 5.1 479,480

L-731,988 0.8 477

L-742,001 0.43 478

RO-7 0.005–0.015
a 484

Thalidomide >100
a 474

a
EC50 value.
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Table 8

Activity of TACE and ADAM-10 inhibitors.

Compound Target Inhibition (nM) Ref.

ADAMi-1 TACE Ki = 2.8 573

ADAMi-2 TACE Ki = 1.4 574

ADAMi-3 TACE IC50 = 9 575

ADAMi-4 TACE IC50 = 0.5 576

ADAMi-5 TACE IC50 = 6.0 577

ADAMi-6 TACE Ki = 10 578

ADAMi-7 TACE IC50 = 80 579

ADAMi-8 TACE Ki = 143 580

ADAMi-9 TACE Ki = 0.86 581

ADAMi-10 TACE Ki = 5 582

ADAMi-11 TACE Ki = 8 583

ADAMi-12 ADAM-10, TACE Ki = 12 (TACE) 583

ADAMi-13 ADAM-10 IC50 = 97 584

ADAMi-14 ADAM-10 IC50 = 26 585

DPC-333 TACE IC50 = 133 586

GI254023X ADAM-10 IC50 = 5.3 587,588

GW280264X ADAM-10, TACE IC50 = 11.5 (ADAM-10), 8.0 (TACE) 587,588

IK682 TACE Ki = 0.56 589

INCB3619 ADAM-10, TACE IC50 = 22 (ADAM-10), 14 (TACE) 584

INCB7839 ADAM-10, TACE IC50 = 320 590

TMI-005 (apratastat) TACE EC50 = 87 591

TMI-2 TACE IC50 = 2 592,593
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Table 9

Activity of LF inhibitors.

Compound Inhibition (μM) Ref.

LFi-1 Ki = 0.001 616

LFi-2 Ki = 2.1 617

LFi-3 Ki = 0.024 618

LFi-4 Ki = 0.00031 620

LFi-5 Ki = 0.00027 620

LFi-6 IC50 = 1.6 622

LFi-7 IC50 = 5.6 622

LFi-8 IC50 = 4.4 622

LFi-9 IC50 = 1.4 619

LFi-10 Ki = 0.0014 626

LFi-11 Ki = 0.0064 626

LFi-12 Ki = 3 627

LFi-13 Ki > 100 627

LFi-14 Ki > 100 627

LFi-15 Ki = 1.7 627

LFi-16 IC50 = 70 627

LFi-17 Ki = 6.0 627

LFi-18 IC50 ~2 628

LFi-19 IC50 = 50 628

LFi-20 IC50 = 260 629

LFi-21 IC50 >6000 629

LFi-22 IC50 = 13.9 629

LFi-23 IC50 = 5.0 630

LFi-24 IC50 = 15 621

LFi-25 IC50 = 21 621

LFi-26 IC50 > 100 621

EGCG IC50 = 0.097 631
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Table 10

Activity of BoNTA inhibitors. Unless otherwise noted, all values are against BoNTA.

Compound Inhibition (μM) Ref.

BoNTi-1 IC50 = 5–10 643

BoNTi-2 IC50 > 12000
a 644

BoNTi-3 IC50 > 12000
a 644

BoNTi-4 IC50 = 8100
a 644

BoNTi-5 N.A. 645

BoNTi-6 Ki = 12 646

BoNTi-7 IC50 = 15 647

BoNTi-8 IC50 = 3.1 647

BoNTi-9 IC50 = 0.400, Ki = 0.300 647

BoNTi-10 75% inhibition at 50 μM 648

BoNTi-11 IC50 = 1, Ki = 0.460 649

BoNTi-12 IC50 = 0.030, Ki = 0.027 650

BoNTi-13 Ki = 0.760 651

BoNTi-14 Ki = 0.160 652

BoNTi-15 Ki = 4.6 653

BoNTi-16 Ki = 6.1 653

BoNTi-17 Ki = 6.3 653

BoNTi-18 Ki = 1.8 654

BoNTi-19 Ki = 0.330 655

BoNTi-20 IC50 = 4.8 656

BoNTi-21 IC50 = 13.7 657

BoNTi-22 52% inhibition at 20 μM 658

BoNTi-23 IC50 = 3.3 659

EDTA EC50 >160 660

DTPA EC50 = 20–40 660

8HQ IC50 >500 661

L-captopril N.A. 645

Lomofungin Ki = 6.7 661

Phosphoramidon IC50 = 14700
a 644,645

TPEN EC50 = 20–40 660

a
Inhibition against BoNTB.

b
Inhibition against BoNTF.

Chem Rev. Author manuscript; available in PMC 2019 April 17.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Chen et al. Page 331

Table 11

Activity of MetAP inhibitors.

Compound Inhibition (nM) Ref.

MetAPi-1 Ki = 15, Co-hMetAP2; Ki = 4400, Mn-hMetAP2 727

MetAPi-2 Ki = 18, Co-hMetAP2 727

MetAPi-3 Ki = 0.5, Co-hMetAP2 728

MetAPi-4 Ki = 2, Co-hMetAP2 728

MetAPi-5 IC50 = 9100, Mn-hMetAP2 729

MetAPi-6 IC50 = 19, Mn-hMetAP2 730

MetAPi-7 IC50 = 1100, Mn-hMetAP2 731

MetAPi-8 IC50 = 11, Mn-hMetAP2 731

MetAPi-9 IC50 = 230, Mn-hMetAP2 732

MetAPi-10 IC50 = 38, Mn-hMetAP2 732

MetAPi-11 IC50 = 700, Mn-hMetAP2 732

MetAPi-12 IC50 = 800, Co-hMetAP2 733

MetAPi-13 IC50 = 110, Co-EcMetAP 734

MetAPi-14 IC50 = 78, Co-EcMetAP 735

MetAPi-15 IC50 = 184, Ni-EcMetAP; IC50 = 137, Co-EcMetAP 736

MetAPi-16 IC50 = 240, Mn-EcMetAP; IC50 = 116000, Fe-EcMetAP 737,738

MetAPi-17 IC50 = 790, Fe-EcMetAP 738

MetAPi-18 IC50 = 950, Fe-EcMetAP 739

MetAPi-19 IC50 = 13000, Fe-EcMetAP 740

MetAPi-20 IC50 = 12900, Fe-EcMetAP 740

MetAPi-21 IC50 = 5000, Co-EcMetAP 741

MetAPi-22 IC50 = 110, Co-EcMetAP 742

MetAPi-23 IC50 = 67, Co-EcMetAP 737

A311263 IC50 = 30, Mn-hMetAP2 724

A320282 IC50 =180, Mn-hMetAP2 724

A357300 IC50 = 110, Mn-hMetAP2 724

LAF389 IC50 = 800, Co-hMetAP2 721

Nitroxoline IC50 = 55, Mn-hMetAP2; IC50 = 60, Co-BpMetAP 743,744

TNP-470 IC50 =1.3, Co-hMetAP2 717
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Table 12

Activity (Ki values) of VanX inhibitors.

Compound Inhibition (μM) Ref.

VanXi-1 300 847

VanXi-2 0.47 847

VanXi-3 0.35
a 850

VanXi-4 1.7
a 850

VanXi-5 0.81
a 850

VanXi-6 36 851

VanXi-7 N.A. 851

VanXi-8 30
b 852

VanXi-9 10.7
b 853,854

VanXi-10 113
b 853,854

VanXi-11 N.A.
b 853,854

VanXi-12 79 855

VanXi-13 13 855

VanXi-14 430 855

VanXi-15 1.8 855

VanXi-16 0.32 855

VanXi-17 0.19 855

VanXi-18 17 855

VanXi-19 0.73 855

VanXi-20 122 855

VanXi-21 6.84 856

VanXi-22 2.74 856

a
Compounds isolated and tested as racemic mixtures.

b
Kirr value.
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Table 13

Activity of Arg1 inhibitors. All values are against human Arg1 unless otherwise noted.

Compound Inhibition (μM) Ref.

Arg1i-1 IC50 = 1000 895

Arg1i-2 IC50 = 300 895

Arg1i-3 IC50 = 5000 895

Arg1i-4 IC50 (pH 7.4) = 40, IC50 (pH 9.0) = 400
a 899

Arg1i-5 IC50 = 5
a 897

Arg1i-6 IC50 = 2
a 897

Arg1i-7 IC50 = 230
b 898

Arg1i-8 IC50 = 11
b 898

Arg1i-9 Ki = 90
b 900

Arg1i-10 Kd = 52
b 900

Arg1i-11 Ki = 4 901

Arg1i-12 Kd = 60 902

Arg1i-13 Ki = 6
a 903

Arg1i-14 N.A. 904

Arg1i-15 Kd = 0.88 905

Arg1i-16 Kd = 34 905

Arg1i-17 IC50 = 0.223 906

Arg1i-18 IC50 = 0.017 907

ABH Kd = 0.005, IC50 = 1.45 906,908

BEC Kd = 0.270 908

NOHA Kd (pH 8.5) = 3.6, IC50 = 20 895,909

Nor-NOHA Kd (pH 8.5) = 0.517, IC50 = 1 895,909

a
Rat liver Argl;

b
Bovine liver Argl.
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Table 14

Activity of HDAC inhibitors.

Compound Inhibition (nM) Ref.

HDACi-1 IC50 = 900, HDAC2 921

HDACi-2 IC50 = 90, HDAC8 922

HDACi-3 IC50 = 36, HDAC7 923

HDACi-4 IC50 = 367, HDAC4 924

HDACi-5 IC50 = 60, HDAC6 925

HDACi-6 IC50 = 680, HDAC6 926

HDACi-7 IC50 = 306, HDAC6 926

HDACi-8 IC50 = 356, HDAC6 927

HDACi-9 IC50 = 150, HDAC6 928

HDACi-10 IC50 = 4,200, HDAC6 928

HDACi-11 IC50 = 8,800, HDAC6 928

Belinostat IC50 = 40–125, HDAC 1, 2, 3, 6 929

Entinostat IC50 = 250, HDAC2 930

HPOB IC50 = 56, HDAC6 931

Panobinostat IC50 = 3–60, HDAC 1, 2, 3, 6 929

Romidepsin EC50 = 0.02–0.2 932

SAHA IC50 = 10–50, HDAC 1, 2, 3, 6 933,934

Trapoxin A IC50 = 0.82, HDAC1 935,936

Trichostatin A IC50 = 1, HDAC6 937
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Table 15

Activity of MBL inhibitors. Values are against NDM-1 unless otherwise noted.

Compound Inhibition (μM) Ref.

MBLi-1 IC50 = 0.09
a 1025

MBLi-2 Ki = 0.22
b 1026

MBLi-3 Ki = 0.4
c 1027

MBLi-4 IC50 = 290
d 1028

MBLi-5 IC50 = 9.44 1029

MBLi-6 IC50 = 1.05 1029

MBLi-7 IC50 = 23 1030

MBLi-8 IC50 = 232 1031

MBLi-9 IC50 = 12 1032

MBLi-10 IC50 = 7.1 1033

MBLi-11 IC50 = 12 1033

MBLi-12 IC50 = 0.27
a 1034

MBLi-13 18% inhibition at 50 μM
a 1034

MBLi-14 IC50 = 68
a 1034

MBLi-15 IC50 = 0.42 1035

MBLi-16 IC50 = 3.57 1036

MBLi-17 IC50 = 122
a 1037

MBLi-18 IC50 ~ 100 1038

MBLi-19 Ki = 24 1039

MBLi-20 IC50 = 87.9 1040

MBLi-21 IC50 = 280 1041

MBLi-22 IC50 = 0.27
a 1042

MBLi-23 IC50 = 14
b 1031

MBLi-24 IC50 = 20
b 1043

MBLi-25 IC50 ~ 2 1044

MBLi-26 IC50 = 0.004 1045

MBLi-27 IC50 = 0.029 1045

MBLi-28 IC50 = 32.4 1046

MBLi-29 IC50 = 6.6 1047

MBLI-30 IC50 = 0.374 1048

AMA IC50 = 4 1049
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Compound Inhibition (μM) Ref.

D-captopril IC50 = 20.1 1050

L-captopril IC50 = 157.4 1050

epi-D-captopril IC50 = 64.6 1050

epi-L-captopril IC50 > 500 1050

2,3-dimercaprol IC50 = 1.3 1051

DPA IC50 = 0.41 1052

DL-thiorphan IC50 = 1.8 1051

a
Inhibition activity against IMP-1.

b
Inhibition activity against VIM-2.

c
Inhibition activity against the L1 MBL.

d
Inhibition activity against the B1a2 MBL.
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Table 16

Activity for IGPD inhibitors.

Compound Inhibition (μM) Ref.

IGPDi-1 IC50 = 0.13, Ki = 0.04 1118

IGPDi-2 IC50 <1 1125

IGPDi-3 IC50 = 5 1125

IGPDi-4 IC50 = 6 1125

IGPDi-5 Ki = 0.015 1117

IGPDi-6 Ki = 0.08 1117

IGPDi-7 EC50 = 130 1128

IGPDi-8 EC50 = 100 1128

IGPDi-9 Kd = 8.9 1129

IGPDi-10 Ki = 8.3 1129

Zeneca 1 Ki = 0.6 1117
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Table 17

Activity of Glol inhibitors. All values shown are against human Glol, unless otherwise noted.

Compound Inhibition (μM) Ref.

Glo1i-1 IC50 = 20
a 1150

Glo1i-2 IC50 = 9
a 1151

Glo1i-3 Ki = ~400
a 1157

Glo1i-4 IC50 = 120 1158

Glo1i-5 IC50 = 280 1158

Glo1i-6 IC50 = 530 1158

Glo1i-7 IC50 = 210 1158

Glo1i-8 IC50 = 3.5 1159

Glo1i-9 IC50 = 34
a 1160

Glo1i-10 IC50= 154
a 1160

Glo1i-11 Ki = l.7 1161

Glo1i-12 Ki = 0.01 1146

Glo1i-13 Ki = 0.001 1162

Glo1i-14 IC50 = 1.19 1163

Glo1i-15 IC50 = 0.011 1163

Baicalein Ki = 0.183 1164

Indomethacin Ki = 18.1
b 1165

Methyl-gerfelin Ki = 0.23
b 1166

Myricetin IC50 = 5.0 1167

Zopolrestat Ki = 1.2 1168

a
Value reported against yeast Glo1.

b
Value reported against mouse Glo1.
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