
 

 

i

v 

 

 

Design of Antibacterial Prochelators to Target Drug-Resistant Bacteria 

by 

David M. Besse 

Department of Chemistry 

Duke University 

 

Date: March 24, 2016 

Approved: 

 

___________________________ 

Katherine J. Franz, Supervisor 

 

___________________________ 

Jiyong Hong 

 

___________________________ 

Michael Therien 

 

___________________________ 

Tuan Vo-Dinh 

 

 

 

 

 

 

Dissertation submitted in partial fulfillment of 

the requirements for the degree of Doctor 

of Philosophy in the Department of 

Chemistry in the Graduate School 

of Duke University 

 

2016 

 



 

 

 

 

ABSTRACT 

Design of Antibacterial Prochelators to Target Drug-Resistant Bacteria 

by 

David M. Besse 

Department of Chemistry 

Duke University 

 

Date: March 24, 2016 

Approved: 

 

___________________________ 

Katherine J. Franz, Supervisor 

 

___________________________ 

Jiyong Hong 

 

___________________________ 

Michael Therien 

 

___________________________ 

Tuan Vo-Dinh 

 

 

An abstract of a dissertation submitted in partial 

fulfillment of the requirements for the degree of 

Doctor of Philosophy in the Department of Chemistry 

in the Graduate School of Duke University 

 

2016 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Copyright by 

David M. Besse 

2016 

 



 

 

iv 

Abstract 

Transition metals such as iron and copper are valued in biology for their redox 

activities because they are able to access various oxidation states. However, these 

transition metals are also implicated in a number of human disease states and play a role 

in bacterial infections. The ability to manipulate and monitor metal ions has vast 

implications on the fields of biology and human health. As such, the research described 

here covers two related goals: to manipulate metals in specific biological circumstances 

and to visualize this disturbance in cellular metal homeostasis. 

Antibiotic resistance necessitates the development of drugs that exploit new 

mechanisms of action such as the disruption of metal homeostasis. In order to 

manipulate metals at the site of bacterial infection, two prochelators were developed 

around a β-lactam core such that the active chelator is released in the presence of 

bacteria that produce the resistance-causing β-lactamase enzyme. Both prochelators 

display enhanced activity toward resistant bacteria compared to clinical antibiotics. 

Fluorescent sensors are a powerful tool for detecting small concentrations of 

biological analytes. Two analogs of a ratiometric fluorescent sensor were designed and 

synthesized to monitor cellular concentrations of copper and iron. These sensors were 

found to operate as designed in vitro; however the fluorescence intensity necessary for 

quantification of cellular metal pools has not yet been achieved.  
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GSH - glutathione 

GTSM - glyoxal‑bis(4-methylthiosemicarbazone) 

HAPI - N’-[1-(2-hydroxyphenyl)ethyliden]isonicotinoylhydrazide 
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Klebs - Klebsiella pneumoniae 

LB - lysogeny broth 

MarR - multiple antibiotic resistance regulator 

MBL - metallo-β-lactamase 

MEM - modified Eagle’s medium 

MIC - minimum inhibitory concentration 

MOC - 7-methoxycoumarin-3-carboxylic acid 

MRSA - methicillin-resistant Staphylococcus aureus 

PBP - penicillin-binding protein 

PBS - phosphate buffered saline 

PT - 2-mercaptopyridine N-oxide, pyrithione 

RNA - ribonucleic acid 

ROS - reactive oxygen species 

S. cerevisiae - Saccharomyces cerevisiae 

SIH - salicylaldehyde isonicotinoyl hydrazone 

SOD - Cu,Zn superoxide dismutase 

TAT - 3-hydroxy-4-methyl-2(3H)-thiazolethione 

TM - 3-hydroxy-2-methyl-4H-pyran-4-thione, thiomaltol 

ZPT - zinc pyrithione 
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1. Metals as a drug target  

1.1 Biological roles of metals in bacterial and mammalian cells 

Transition metals such as iron, copper, and zinc fulfill biological functions that 

cannot be achieved by organic molecules. These metals are therefore essential to the 

survival of organisms ranging from mammals down to bacteria and archaea. Indeed, it 

is estimated that 25‒50% of all proteins contain a metal cofactor that is responsible for 

the protein’s structure and participation in biochemical processes.1,2 A major task for 

bioinorganic chemists (those who study the interactions between inorganic and 

biological molecules) is to understand the dependence of life processes on metals. 

 Enzymes containing transition metals often use their metal cofactor as part of 

their catalytic function. These transition metals are essential for catalytic enzyme activity 

due to their ability either to access multiple valence states under physiological 

conditions or perturb acid-base chemistry. For example, the transition metal copper (Cu) 

primarily exists in either the reduced cuprous oxidation state (Cu+) or the oxidized 

cupric form (Cu2+) under physiological conditions. The ability to exist in multiple 

valence states allows transition metals to participate in single electron transfer reactions 

which are essential to aerobic organisms.  

In biological systems, the uptake, intracellular transportation, protein loading, 

and storage of metal ions are all strictly maintained in order to ensure normal cellular 

function.3 This metal homeostasis relies on a network of complex systems designed to 
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maintain the delicate balance between metal deficiency and metal overload. However, 

environmental conditions or genetic mutations that cause either overload or deficiency 

of metals perturb this balance and can cause a variety of symptoms. In fact, metal 

dysregulation has been implicated in a number of human disease states including 

cancer, diabetes, atherosclerosis, cardiovascular disease, Parkinson’s disease, and 

Alzheimer’s disease.4,5,6,7,8,9,10 

 In order to maintain a well-regulated supply of transition metals, biological 

systems have evolved to bind, transport, store, and utilize metal ions. In metalloproteins 

the metal ions are typically bound to oxygen, nitrogen, or sulfur donor atoms belonging 

to amino acids of the protein. These ligands coordinate the metal centers and stabilize 

them for storage or transport. Metalloenzymes, however, typically allow for the metal 

ion to be bound to the protein such that one labile coordination site remains. This is 

known as the protein active site. 

 Metalloproteins can contain various transition metals in their active sites and 

utilize them to carry out numerous biochemical functions. The affinity of the donor 

ligands provide proteins with selectivity for the correct metal needed for proper protein 

structure and function based on the Irving-Williams series.11 However, no ligand is 

exquisitely selective for only one metal and therefore careful control of the metal 

concentrations in the intercellular space is important. When metal homeostasis is 

perturbed, metals at the upper end of the series have the ability to bind proteins that 
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have affinity for less competitive metals.12 This disrupts the normal activity of these 

proteins which are essential for the well-being of the organism. For the sake of this 

introduction we will briefly highlight a few important roles that transition metals play in 

cellular growth and development. 

1.1.1 Selected biological functions of iron 

Iron is considered to be an essential trace element for all living organisms.13 Due 

to its redox-activity, iron is a vital cofactor of enzymes that are responsible for 

respiration, gene regulation, and DNA biosynthesis. Iron-containing enzymes and 

proteins carry out vital cellular functions in bacteria and pathogenic bacteria have 

devised numerous ways of procuring a supply of iron from their hosts. 14 

Iron is a major component of the Earth’s crust, however the fact that it is also the 

most common transition metal in the human body that does not imply that iron uptake 

is poorly regulated in biological systems.15 Environmental iron typically exists in the 

oxidized ferric form (Fe3+) although the reduced ferrous form (Fe2+) is common in 

biological settings.16 In humans, the storage protein transferrin tightly chelates 

intracellular iron until it can be incorporated into iron enzymes such as cytochrome c 

oxidase, catalase, cytochrome P450, and ribonucleotide reductase.17 

Incorporation of iron into protoporphyrin IX yields the heme prosthetic group 

which is required for the survival of all aerobic cells and can be found as a cofactor in 

enzymes like hemoglobin and cytochromes.18 Cytochrome P450 is the terminal oxidase 
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enzyme in the electron transport chain in almost all organisms and catalyzes oxygen 

insertion into aliphatic substrates.19 Hemoglobin also utilizes the redox-activity of iron. 

Iron provides a binding site for oxygen in the heme groups of hemoglobin and facilitates 

oxygen delivery to the tissues of multicellular organisms.20 So common are the heme 

groups that some pathogenic bacteria have dispense with the energy cost of producing 

their own heme groups and prefer instead to steal them from their hosts.21  

1.1.2 Selected biological functions of copper 

Because copper ions are not able to passively diffuse across the cell membrane, 

copper concentrations in human cells are relatively low (1.4‒2.1 mg/kg) in healthy 

individuals.3 Although eukaryotes and bacteria handle the uptake of metals in different 

ways, high-affinity copper transport proteins are responsible for importing copper into 

the cell.22 Inside the cell, copper is tightly bound by chaperone proteins and shuttled to 

the site of cuproprotein assembly.23 Like iron, copper is able to access multiple oxidation 

states under physiological conditions. Due to this activity, copper is an essential cofactor 

in a number of proteins that perform important cellular activities. These cellular 

functions include, but are not limited to oxidative phosphorylation, cross-linking of 

connective tissue, pigment formation, and catecholamine synthesis.24 While not as 

common as iron or zinc, copper is very important in cellular redox reactions in both 

eukaryote and prokaryote cells. 
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Recent proteomic studies found that, on average, 0.3% of bacterial proteins 

contain copper-binding sites.25 Additionally, genomic analysis of 450 bacteria has found 

that 72% of bacteria encode one or more copper-dependent proteins.26 Although bacteria 

possess a requirement for copper, there is no documented need for copper to cross into 

the cytosol except in the case of certain cyanobacteria.27 Escherichia coli (E. coli) express 

copper-dependent proteins such as Cu,Zn superoxide dismutase and amine oxidase in 

the periplasmic space.28,29 Other cuproproteins such as NADH dehydrogenase and 

cytochrome oxidase are located in the cytoplasmic membrane in both gram-negative and 

gram-positive bacteria.30,31   

Cu,Zn superoxide dismutase (SOD) is a critical copper-containing protein that 

functions by breaking down intercellular superoxide anion radicals into oxygen and 

hydrogen peroxide. In doing so, it serves an important role in cellular oxidative 

defense.32 Like other cuproproteins, the most common form of SOD requires copper to 

carry out its activity. However, the intracellular pool of labile copper is exceedingly 

small. Studies in yeast have revealed that a copper chaperone protein directly inserts the 

copper cofactor into the SOD active site.33 Once in place, the active-site copper is 

alternately reduced and oxidized during the dismutation of superoxide which plays a 

role in oxidative defense during normal growth conditions of mammalian cells.  

In prokaryotes, the periplasmic SOD also plays a role in bacterial defense against 

the oxidative burst mechanism in host phagocytes.28,34 Recent studies in E. coli have 
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suggested that oxidative damage to cytoplasmic membrane-bound copper proteins can 

cause an increase in the cytosolic Cu2+ concentration. This copper pool is able to 

catalytically oxidize cysteine residues on the DNA-binding multiple antibiotic resistance 

regulator (MarR) transcription factor dimer.35 Oxidation of the MarR cysteine residues 

forms a MarR tetramer which reduces its ability to bind DNA, derepresses the MarRAB 

operon, and effectively increases bacterial antibiotic resistance. 

The cytochrome oxidase family of proteins is well known for containing heme 

sites which play a role in oxygen reduction. However, one of the most common 

cuproproteins, cytochrome c oxidase, is a large protein complex that contains 2 copper 

centers in addition to heme.36 Due to the ability of these copper atoms to access multiple 

oxidation states, cytochrome c oxidase is vital for electron transport and oxidative 

phosphorylation in the bacterial and mitochondrial membrane.37 The net result of this 

process is the reduction of molecular oxygen to water. Genetic mutations in the genes 

associated with cytochrome oxidase, in addition to copper deficiency can decrease 

cytochrome oxidase activity leading to cardiomyopathy and numerous other 

symptoms.38,39 

1.2 Mechanisms of metal toxicity 

To this point we have discussed the important roles that iron and copper have in 

normal cellular function. Redox-active metals have multiple oxidation states due to their 

ability to accommodate a defined but variable number of valence electrons in their outer 
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atomic orbitals. The thermodynamic parameter that describes the tendency of a metal to 

acquire electrons from a donor and become reduced is known as its reduction potential. 

The reduction potential, in many ways, determines the biological utility of a metal as it 

influences its bioavailability, solubility, and reactivity.40 However, the very properties 

that give transition metals their usefulness are also the source of their toxicity when left 

unregulated. 

1.2.1 Oxidative stress  

It has been reported that toxic doses of metals such as iron and copper increase 

intracellular concentrations of reactive oxygen species (ROS).41,42 In E. coli, dysregulation 

of iron and copper homeostasis causes DNA damage and other effects similar to 

hydrogen peroxide and superoxide poisoning.43 However, recent work suggests that, in 

cases of copper dysregulation, the toxic effects may result from an ROS-independent 

mechanism.44 Interestingly, both bacteria and yeast upregulate genes that control the 

elimination of ROS when they are exposed to toxic levels of copper.45,46 It is widely 

believed, therefore, that the toxicities associated with transition metals are at least 

partially due to ROS-mediated cellular damage of proteins, membranes, and DNA. 

There is a well-studied link between ROS and transition metals. Aerobic 

respiration produces partially reduced forms of molecular oxygen such as hydrogen 

peroxide and superoxide.47 These byproducts can participate in Fenton chemistry with 

redox-active metals such as copper and iron to initiate hydroxyl radical formation in 
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vitro (Scheme 1).48 Copper has been shown to participate in Fenton chemistry to produce 

the hydroxyl radical in vivo.44 In the presence of cellular reductants like glutathione, the 

Fenton reaction becomes catalytic as the oxidized metal is reduced and able to continue 

the production of ROS. 

 

Scheme 1: The Fenton reaction 

Cellular antioxidants (reductants) like the tripeptide glutathione help to maintain 

the cellular redox state and neutralize free radicals. The equilibrium between the 

reduced and oxidized forms of glutathione and other low molecular-weight thiols helps 

to maintain normal protein function in both eukaryotic and prokaryotic cells.49  Indeed, 

these low molecular-weight thiols act as a redox buffer in the bacterial cytoplasm that is 

responsible for protecting the cell from irreparable oxidative damage.  

A number of proteins implicated in thiol-disulfide homeostasis are important 

determinants of E. coli tolerance to toxic doses of metals such as copper, zinc, cobalt, and 

silver.50 The loss of cellular reductants can cause the formation of protein disulfides and 

a depletion of cellular antioxidants that leaves the cell vulnerable to oxidative damage 

and can prevent the repair of oxidized protein thiols.50,51 Additionally, changes in this 

cellular redox balance reduces the transition metal buffering capacity of the cytoplasm 

and has been linked to incorrect protein metalation.52 A correlation can therefore be 

made between the oxidative stress response and cellular metal homeostasis.  
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1.2.2 Protein dysfunction 

Oxidative damage to the amino acid side chains of proteins can cause a loss of 

catalytic activity and can even mark the protein for degradation in vivo.53 This oxidative 

damage typically takes the form of carbonyl derivatives of histidine, arginine, lysine, 

and proline residues adjacent to protein metal-binding sites.54 However, protein 

oxidation can also result in cleavage of polypeptide chains and protein aggregation.55 

Mononuclear metalloenzymes may be particularly sensitive to transition-metal 

catalyzed Fenton chemistry. For example, in conditions of ROS-mediated oxidation E. 

coli increase their uptake of Mn2+ which can displace Fe2+ from its active site in iron-

dependent mononuclear metalloenzymes like peptide deformylase or threonine 

dehydrogenase leading to loss of enzymatic activity.56 

Furthermore, copper, zinc, and other metals have been implicated in the 

inactivation of bacterial Fe-S dehydratases.57 These enzymes contain solvent-exposed 

[4Fe-4S] clusters that are required for the enzymes to perform their role in branched-

chain amino acid biosynthesis. Studies have demonstrated that the addition of barely-

toxic concentrations of transition metals causes the displacement of iron from the iron-

sulfur clusters.58 For example, EPR measurements have confirmed that exposure to Cu+ 

causes the loss of iron from [4Fe-4S] clusters which abolishes the activity of Fe-S 

dehydratases resulting in toxicity.43 In fact, the release of Fenton-active iron from iron-
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sulfur clusters into the cytoplasm may exacerbate the condition by catalyzing ROS 

formation. 

Related to the breakdown of iron-sulfur clusters is the ionic mimicry of toxic 

metals. It has been demonstrated that incubating Saccharomyces cerevisiae with silver 

nitrate results in the insertion of Ag+ in the Cu-binding site of SOD which abolishes the 

activity of this metalloenzyme in vivo.59 Although not specifically toxic, the loss of SOD 

activity likely makes the organism more susceptible to ROS-mediated oxidative stress. 

This is one example of the protein dysfunction that results from when metal homeostasis 

breaks down. 

1.2.3 Impaired membrane function 

The ability of bacteria to modify their membrane composition in response to 

environmental changes is necessary in order for pathogenic bacteria to adapt to the host 

environment. Bacterial membranes are composed of proteins embedded in a lipid matrix 

that closely resembles a phospholipid bilayer. These phospholipids contain 

electronegative groups that serve as the site of adsorption for positively charged metal 

cations.60 Due to this known interaction, it has long been assumed that metals exert 

toxicity at the cell membrane.61 

Indeed, incubation of E. coli with toxic concentrations of silver or aluminum 

causes the cytoplasmic membrane to physically detach from the cell wall.62 Other studies 

suggest that silver as well as other metals can disrupt the bacterial electron transport 
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chain. NADH: quinone oxidoreductase (NQR) is a component of the electron transport 

chain in many bacteria that is responsible for maintaining a redox-driven 

transmembrane Na+ potential.63 This chemiosmotic potential is lost as a result of silver 

toxicity which causes transmembrane proton leakage.64 

Due to their role in the generation of ROS, transition metals have also been 

implicated in the oxidative damage of membrane lipids in both eukaryotes and 

prokaryotes.65,66 When a hydroxyl radical attacks a membrane lipid it abstracts a 

hydrogen atom, leaving behind an unpaired electron on a lipid radical (Scheme 2).67 The 

presence of a double bond in unsaturated fatty acids weakens the C-H bond on the 

carbon adjacent to each double bond. Because eukaryote membranes contain high levels 

of polyunsaturated fatty acids, this lipid peroxidation is a chain reaction transforming 

unsaturated lipids into lipid peroxides. Quantification of lipid peroxidation has been 

used as a diagnostic for disease states.68 Most bacterial membranes contain 

monounsaturated fatty acids which, in vitro, are not able to undergo the same lipid 

peroxide chain reaction.69,65 Thus, while lipid peroxidation is likely to be a factor in the 

antibacterial activity of transition metals, the extent to which it plays a role remains to be 

seen.70 



 

12 

 

Scheme 2: Lipid peroxidation. 

The oxidative degradation of lipids can occur when a free radical abstracts a 

proton from an unsaturated lipid (A) to yield a lipid radical (B) and water. In the 

presence of elemental oxygen and additional unsaturated lipids, the formed lipid 

peroxyl radical (C) can propagate a chain reaction resulting in the formation of the lipid 

peroxide (D). 

1.2.4 Genotoxicity 

Due to their ability to participate in Fenton chemistry and produce ROS, 

transition metals are tightly sequestered from an organism’s sensitive DNA material. In 

E. coli, for example, there are no known copper import proteins in the cytoplasmic 

membrane however numerous efflux pathways have been identified.27,71 Redox-metals 

are similarly controlled in the nucleus of eukaryotic cells.72 The breakdown of these 

regulatory systems can result in lethal DNA damage catalyzed by Fenton chemistry.73,74 

Studies in E. coli have shown that mutations disrupting iron-homeostasis 

increase the concentration of Fenton-active iron in the cell and are linked to an increase 

in DNA damage.75 Additionally, the removal of iron with cell-permeable chelators was 

reported to prevent oxidative DNA damage in E. coli.41 While Mn2+, Cr6+, Co2+, Cd2+, Mo4+, 

Sb3+, and As3+ have all been shown to be mutagenic in bacteria, other metals such as Ni2+, 

Cu2+, Pb2+, Ag+, and Al3+ have not been linked to increased rates of mutation.76,77,78 
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Therefore, the role that some metals may play in the production of DNA lesions remains 

unclear. 

Although copper-catalyzed Fenton chemistry has been observed in the bacterial 

periplasmic space, there has been no evidence to suggest that the resulting ROS are able 

to access the cytoplasm and cause mutagenesis.79,80 Indeed, a recent study has shown 

that copper may even protect E. coli from ROS-mediated DNA damage.44 Additionally, 

Cr6+ is widely considered one of the most mutagenic metals in eukaryotes.81,82 In spite of 

this reputation, mutant S. cerevisiae strains that are unable to repair oxidative damage to 

their DNA show no increased susceptibility to Cr6+ compared to the wild type strains.83 

Based on the presented evidence, the mechanisms by which many metals contribute to 

the DNA damage of cells as well as the degree of severity of this damage seems to vary 

greatly by metal species as well as organism. 

1.3 Introduction to antibiotics 

The biological effects, both beneficial and deleterious, of metals have been briefly 

delineated. Although metals have been used as antimicrobials for thousands of years, 

the practice of using metals to prevent infections became much less common after the 

discovery of modern antibiotics which revolutionized the medical profession in the early 

20th century.84,85 Antibiotics are typically divided into classes based upon their structure 

or mechanism of action. While the primary target for the oldest and most common 
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antibiotics continues to be the penicillin-binding protein, other drug targets have been 

exploited over the years. 

1.3.1 Current antibiotic targets 

Based on the quinolone, nalidixic acid, the discovery of the fluoroquinolone class 

of antibiotics in 1960’s represented a major step forward in prolonging the effectiveness 

of antibiotics against the growing threat of resistance (Figure 1). Fluoroquinolones like 

ciprofloxacin and levofloxacin block bacterial DNA synthesis by inhibiting DNA gyrase, 

an essential prokaryotic enzyme that is responsible for the uncoiling and coiling of 

chromosomal DNA during the process of DNA replication.86 Because bacteria replicate 

extremely quickly, the inhibition of enzymes that facilitate the efficient replication of 

genetic material is catastrophic. When fluoroquinolones bind to the DNA gyrase-DNA 

complex, the broken DNA strands are released into the cell resulting in cell death. 

 

Figure 1: The structures of selected quinolone and fluoroquinolone antibiotics 

that inhibit DNA synthesis. 

 

A number of commonly-prescribed antibiotics interfere with protein synthesis in 

both gram-negative and gram-positive bacteria (Figure 2). Tetracyclines bind to the 30S 



 

15 

subunit of bacterial ribosomes and block the attachment of transfer RNA. Unable to 

continue adding amino acids, protein synthesis is halted.87 Although more commonly 

prescribed against gram-negative bacteria, aminoglycosides like kanamycin and the 

neomycins also bind to the bacterial 30S ribosomal subunit and inhibit protein synthesis 

by the same mechanism.88 In addition to blocking transfer RNA, aminoglycosides also 

operate by an additional mechanism that involves causing the misreading of messenger 

RNA and subsequent insertion of incorrect amino acids into bacterial proteins.89 

 

Figure 2: The structures of antibiotics from the tetracycline and 

aminoglycoside classes that inhibit protein synthesis. 

Depolarization of membrane potential by antibiotics like daptomycin and the 

polymyxins is bactericidal (Figure 3). Able to bind to the lipopolysaccharide in the outer 

membrane of gram-negative bacteria, polymyxins disrupt the outer and cytoplasmic 

membranes.90 Generally consisting of a cyclic peptide and a hydrophobic tail, their 

hydrophobic tail is instrumental to this antibiotic activity and it is believed to behave 

like a detergent, inserting itself into the membrane.91 This insertion destabilizes the 

membrane structure, causing cytoplasmic contents to leak out of the cell and disrupting 

membrane potential. 
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Figure 3: The structure of daptomycin, an antibiotic that targets bacterial 

membranes. 

 

The β-lactam class of antibiotics is the oldest, largest, and most successful class of 

antibiotics developed. The β-lactams class includes antibiotics such as penicillins, 

cephalosporins, and carbapenems, as well as numerous derivatives of these compounds 

(Figure 4). The common structural element of this class, as suggested by its name, is the 

4-member β-lactam ring.92 In gram-negative bacteria, β-lactam antibiotics enter the 

periplasmic space through porin channels in the outer membrane. At that point the 

activity of β-lactams is the same as it is in gram-positive bacteria. Due to their structure, 

β-lactam molecules are able to act as a substrate for the penicillin-binding protein (PBP) 

of prokaryotic bacteria.93,94,95 Because this cytoplasmic membrane-bound enzyme is 
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responsible for the final transpeptidation step in the synthesis of the peptidoglycan 

layer, inhibition of this protein causes a bactericidal failure in cell wall synthesis that 

leads to a futile loop of cell wall synthesis and degradation.96,97  

 

Figure 4: The structures of selected β-lactams that target cell wall biosynthesis. 

Penicillin G, like all penicillins, contains a β-lactam ring fused to a 5-member 

thiazolidine ring. Cephalosporins consist of a 6-member thiazine ring like cephalothin. 

Carbapenems like imipenem are structurally similar to penicillins except the sulfur atom 

in position 1 has been replaced with a carbon atom.  

 

1.4 Limitations to current antibiotic therapies 

1.4.1 Broad spectrum antibiotics cause off-target effects 

The use of broad-spectrum antibiotics like fluoroquinolones can encourage the 

spread of multidrug-resistant strains by evolutionarily selecting pathogens with 

inherent resistances. Treatment guidelines from the Infectious Diseases Society of 

America and other professional organizations recommend minimizing the use of 

fluoroquinolones and other broad-spectrum antibiotics in less severe infections in order 

to slow the progression of drug resistance via horizontal gene transfer.98  

Due to their ability to bind to the 30S ribosomal subunit of prokaryotic cells, the 

tetracycline family of antibiotics is known for their broad-spectrum activity against both 
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gram-negative and gram-positive bacteria.99 For many years tetracycline has been 

prescribed for patients with allergies to β-lactam antibiotics, leading to its widespread 

use to treat a variety of bacterial infections including sexually-transmitted infections like 

chlamydia.100 

Although broad-spectrum antibiotics are clinically useful for treating a variety of 

bacterial infections, this advantage is not without side effects. Long considered to be 

collateral damage, the indiscriminate killing of microorganisms by broad-spectrum 

antibiotics has recently been shown to have a long-term impact on normal host flora.101 

The removal of normal bacterial flora creates a void that opportunistic pathogens can 

fill. Because the indigenous gut microbiota is important to human health, the alteration 

of these delicate ecosystems may have serious consequences, including creating 

opportunities for secondary infections including infections by drug-resistant bacteria.102 

1.4.2 Side effects and toxicity of some antibiotics 

Interactions between fluoroquinolone antibiotics and off-target receptors such as 

the GABAA-receptor complex have been reported.103 It is believed that this reactivity is 

responsible for incidents of cardiotoxicity and neurotoxicity associated with 

fluoroquinolone medication. Another side-effect associated with fluoroquinolone use is 

musculoskeletal pain.104 Individuals with impaired kidney function may be particularly 

susceptible to fluoroquinolone toxicity to due to their inability to metabolize the drug.105 
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Although tetracycline is generally well-tolerated, liver toxicity and a number of 

side-effects including light-sensitivity have been reported in conjunction with its use.106 

The degradation products of some tetracyclines have been shown to impair kidney 

function.107 In addition, teratogenic effects of tetracycline have been reported and are 

hypothesized to proceed through a mechanism by which tetracycline inserts itself into 

developing bones preventing calcification and development of the skeletal structure.108 

Due to concerns regarding it toxicity, use of tetracycline is generally not recommended 

during pregnancy.109 

Polymyxin molecules have been shown to cause membrane leakage in 

mammalian cells.90 This increased permeability causes an influx of cations and water 

that results in cell death. The net effect is that polymyxin has been associated with 

neurotoxicity.110 As such, it is typically reserved for the treatment of life-threatening 

infections. Daptomycin has also been implicated in cases of acute renal and hepatic 

toxicity.111  

1.4.3 Antibiotic-resistance continues to limit treatment options 

Bacterial resistance is not new, but rather is a consequence of various 

microorganisms competing for scarce resources in the same ecological niche.112 One 

example of this is the process known as quorum sensing by which bacteria coordinate 

their survival efforts via mechanisms like biofilm formation.113 However, the accelerated 

dispersion of resistance mechanisms across the bacterial kingdom is likely a direct result 
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of the relatively new chemical warfare that humans have waged on 

microorganisms.114,115 The use of antibiotics introduces new selective pressures on 

bacteria and those adapted for survival under those pressures are able to pass their 

adaptations on to next generations of pathogens (Figure 5). As a result of this evolution, 

significant resistance has emerged against virtually every prescribed antibiotic.116  

 

Figure 5: Antibiotic pressure results in selective breeding for resistant 

phenotypes. 

 

The ability of bacteria to remove harmful or excess intracellular components via 

efflux pumps is instrumental in the survival of both gram-negative and gram-positive 

bacteria.117 Efflux pumps are trans-membrane proteins that have been reported to 

effectively export antimicrobial agents like tetracycline and penicillin out of the cell as 

quickly as they enter.118 The upregulation of these proteins is an evolutionary advantage 

in the face of antibiotic assault. As such, bacteria with mutations that code for the 

upregulation of efflux pump expression are likely to be highly drug-resistant.119   



 

21 

The alteration of protein targets is another key mechanism by which bacteria can 

evade the deleterious effects of antibiotics.120 For example, some bacteria contain 

mutations in the chromosomal genes for DNA gyrase that alter the protein structure and 

prevent fluoroquinolones from binding.121 With regard to the β-lactam antibiotics, 

structural modification of the PBP can reduce or prevent recognition of the antibiotic.122 

It is believed that the production of low-affinity PBP is at least partially responsible for 

the rise of methicillin-resistant Staphylococcus aureus (MRSA).123  

The two previously mentioned forms of antibiotic resistance center around the 

defensive evasion of antibiotic molecules. A third mechanism of antibiotic resistance is 

the hydrolytic destruction of the β-lactam antibiotic warhead by β-lactamase. In gram-

negative bacteria the β-lactamase enzyme is expressed into the periplasm where PBP 

operates.124 However, gram-positive bacteria lack an outer membrane and evidence 

suggests that β-lactamase is either tethered to the cytoplasmic membrane or secreted 

extracellularly.125,126 These enzymes catalyze the hydrolysis of the β-lactam ring and are 

able to confer resistance to a variety of β-lactam antibiotics.114  

Based on amino acid homology, 4 distinct classes of β-lactamases have been 

identified: 3 serine-dependent enzyme classes (classes A, C, and D) and one metal-

dependent class (class B).127,128 However, in those 4 classes hundreds of β-lactamases 

have been identified. One of the most common β-lactamases detected in clinical isolates 

of E. coli and Klebsiella pneumoniae, TEM-1, was named after the patient from whom it 
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was isolated.129 The emergence of extended-spectrum β-lactamases (ESBLs) in class A 

continues to be a major clinical problem as these ESBL bacteria are resistant all but the 

most robust β-lactams.130,131 

Although β-lactams by themselves are ineffective against β-lactamase-producing 

bacteria, combination therapy with β-lactamase-inhibitors has been effective. Clavulanic 

acid was the first β-lactamase inhibitor to reach the market and sulbactam and 

tazobactam have since been clinically introduced (Figure 6).132 These β-lactamase 

inhibitors share structural similarities with penicillin and are effective against many 

class A β-lactamases.133 These irreversible suicide-inhibitors form a very stable covalent 

intermediate with the enzyme, effectively neutralizing it.134 Unfortunately, these 

inhibitors are generally less effective against class C and D β-lactamases.135 No clinically-

available inhibitors are effective against the metallo-β-lactamases of class B because 

those β-lactamases proceed via a metalloprotease mechanism which does not involve 

the formation of an intermediate species.136  

 

Figure 6: Structures of clinically-available β-lactamase inhibitors. 
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1.5 Resurgence of metal-based antibiotics 

1.5.1 Chemical manipulation of metals in biology 

Having established the importance of antibiotics and the dangerous progression 

of antibiotic resistance, it follows that new antibiotics must be developed in order to 

continue the fight against bacterial infections. One way to overcome resistance and 

combat these infections is to focus on new drug targets. Given the importance of 

biological metal homeostasis and the dire consequences that result when that 

homeostasis is perturbed, metals have been drawing increasing attention as a possible 

antibiotic drug target. 

In normal parlance, a drug target is a protein that can be modified by a drug in 

order to elicit a specific biological outcome. For example, G protein-coupled receptors 

are a common drug target and binding to these receptors produces various cellular 

responses.137 Drugs targeting G protein-coupled receptors have been approved to treat a 

variety of conditions from seasonal allergies to schizophrenia. Given the growing threat 

of antibiotic resistance to drugs that target the cell wall biosynthesis, new drug targets 

are needed. It has been established that metals play vital roles in the biological function 

of bacterial and mammalian cells. Therefore, the concept of utilizing metals as an 

antibiotic drug target is intriguing.  

There are thousands of years of precedence for using metal surfaces and metal 

salts as antibiotics. The ancient Egyptian medical text, the Smith Papyrus, is one of the 
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oldest books known to man and makes reference to using copper to sterilize wounds.138 

More recently, colloidal silver has been used to prevent infections in topical burns.139  

Other metals such as zinc and magnesium have been studied for use as antibiotics either 

alone or in combination with other traditional antibiotics.140,141 

Today, metal and metal-impregnated surfaces are utilized to prevent the 

spreading of bacteria, viruses, and yeasts especially in hospitals.142,143 Copper pipes have 

been shown to play a role in inhibiting the growth of microorganisms in domestic water 

supplies.144 Metallic surfaces that release silver, copper, and zinc ions are known to 

inhibit the growth of various microorganisms. Bacteria grown on copper surfaces have 

shown an increased production of ROS and loss of viability that is likely initiated by 

lipid peroxidation and loss of membrane integrity.70,145,146  

Unfortunately, ionic metal salts have limited application as antibacterial 

therapeutics due to their limited membrane permeability. Since bacteria typically 

possess copper-specific transcription factors that regulate the uptake and efflux of 

copper, high concentrations of the metal ion are typically required to inhibit bacterial 

growth.71 In order to bypass the mechanisms that maintain metal homeostasis, lipophilic 

ligands have been used to form neutral species with metal ions. These ligands, or 

ionophores, are able to manipulate metal concentrations by carrying metal ions across 

cellular membranes.147,148 
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Using ionophores to load cells with metals is hypothesized to overload cellular 

detoxification machinery and cause metals to be mislocated into low-affinity binding 

sites. This transmetallation may be used to reduce pathogen vitality by inactivating 

important enzymes and interfering with normal cellular functions.149 To explore this 

route, metals such as Ga3+, Sc3+, and Mn2+ have been chelated with the bacterial 

siderophore desferrioxamine. The siderophore complex with gallium has been reported 

to show the most bacteriostatic activity in vitro.150 The pathogen recognizes the chelate 

complex as its own iron-loaded siderophore and initiates its normal iron metabolism, 

mistakenly incorporating gallium into iron-proteins. Being relatively inert, gallium is 

unable to replicate the catalytic activity of redox-active iron reducing protein function. 

Other ionophores such as bis(thiosemicarbazone) have been studied for their 

ability to form neutral complexes with Cu2+. These copper complexes have shown 

antibacterial activity in human pathogens like Neisseria gonorrhoeae, Mycobacterium 

tuberculosis, and Staphylococcus aureus.151,152,153 Recent work suggests that the complex 

releases the reduces copper ion in the interior of the cell which causes mismetallation of 

bacterial enzymes and promotes the intracellular generation of ROS.154 Notably, the 

manipulation of intercellular copper concentrations with bis(thiosemicarbazone) 

effectively inhibited growth in multidrug-resistant strains of bacteria. 

In addition to metal loading, the use of chelators to bind and manipulate metals 

at the host-pathogen interface can result in numerous other outcomes. The chelation of 
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intercellular metals can deprive the cell of needed metal either by withholding the metal 

entirely or by stabilizing the ion in an altered oxidation state. In the presence of aerobic 

respiration, an unsaturated metal chelate can promote the formation of ROS. 

Alternatively, the chelator could form a tertiary complex with the metal center of a 

metalloenzyme impeding its activity. Finally, strong chelators could forcibly remove 

metals from proteins entirely depriving them of their activity or causing them to mis-

fold. For these reasons, chelators have been investigated as a potential source of new 

antibiotic molecules that are able to function in areas where treatment options are 

limited due to the spread of antibiotic resistance.155  

1.6 Scope of this dissertation 

Whereas bacterial resistance to antibiotics continues to spread, the pipeline of 

new antibiotics is ill-prepared to provide humanity with the tools it needs to win the 

war on pathogenic microorganisms. Given the importance of metals in normal cellular 

function, manipulating the homeostasis of these metals in pathogenic bacteria has been 

proposed as a new mechanism for inhibiting bacterial growth. This dissertation outlines 

the progress made toward the goal of developing new chemical tools to selectively 

manipulate metals in the presence of drug-resistant bacteria. 
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2. Screening metal-binding compounds for antibacterial 
activity 

2.1 Introduction to chelators as antibiotics 

A major task for bioinorganic chemists (those who study the interactions 

between inorganic and biological molecules) is to understand the basis of the 

dependence of life on metals. The experiments necessary to study this dependence 

continue to inform and revise our understanding of the role of metal exposure, 

homeostasis, and dysregulation in cellular biology. It has been established that trace 

metals play a role in normal cellular function. Indeed, transition metals serve as 

cofactors in a variety of cellular processes for all known organisms including bacteria. In 

contrast to their active role in bacterial pathogenesis, there is evidence that redox-active 

metals such as copper can also be used to restrict bacterial growth.  

Although using metals to inhibit bacterial growth is an ancient concept, recent 

attention has been paid to silver or copper-impregnated materials, such as fabrics and 

plastics, in a new effort to capitalize on the biocidal properties of metals.156,157,143 Indeed, 

because metals are vital for numerous biochemical processes, metal chelators such as 

ethylenediaminetetraacetic acid (EDTA) have been investigated as inhibitors of bacterial 

growth for decades.158,159,160,161 Although the precise mechanism of activity of the chelator 

is likely to vary, one general hypothesis is that metal homeostasis exists as a complex 

equilibrium in the bacterial cell and any disruption of this equilibrium will be to the 

detriment of the organism.  For example, essential metals are thought to be responsible 
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for the structure and/or function of a third of all proteins, but those same required 

metals are lethal if they are not well regulated.162,163,12 It is therefore necessary for every 

aerobic organism to maintain strict control on the quantity and locality of transition 

metals that it contains. 

Elucidation of the mechanisms of toxicity for transition metals falls largely 

outside the scope of this document. However, a brief description of the roles of metal 

dysregulation in oxidative stress can be found in chapter 1 and numerous excellent 

review articles have been written on the subject of metal dysregulation in 

disease.164,165,166,167,168 The following sections will instead focus on a few selected metal 

chelators that have been previously investigated for their antimicrobial properties. 

2.1.1 Hydroxamic acids 

The antimicrobial activity of naturally-occurring metal chelators and their 

complexes have been isolated and studied for many years.169,170 Indeed, only 15 years 

after the famous isolation of penicillin from the fungal strain Pennicillium notatum, the 

first naturally-occurring cyclic hydroxamic acid was isolated from Aspergillus flavus.171  

Named aspergillic acid, the active compound was identified both for its potent 

antibacterial activity and its affinity for iron and copper (Figure 7). In the years since its 

discovery, numerous analogues of aspergillic acid have been synthesized and studied 

for their various properties.172,173 
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The unending search for new bio-active molecules eventually led to the 

discovery of thiohydroxamic acids that are structurally similar to hydroxamic acids 

except for a key sulfur/oxygen exchange. The unique arrangement of C, O, N, and S 

atoms makes thiohydroxamic acids unusually reactive, including the ability to form 

metal complexes with a wide variety of metal cations.174 The promiscuity of the binding 

site is due to the participation of both a hard oxygen atom and a soft sulfur atom in 

metal coordination.175 In fact, both of the natural antibiotics Fluopsin C (Figure 7) and 

Fluopsin F that were isolated from Pseudomonas fluorescens are the copper and iron 

complexes, respectively, of the thiohydroxamic acid N-methyl-N-

thioformylohydroxylamine.176,175 In the years following these initial discoveries, the field 

of thiohydroxamic acids has been vigorously explored.177 

Similarly, 2-mercaptopyridine N-oxide (pyrithione, PT) and its sodium and zinc 

chelates have long been used for their antifungal and antifouling properties to prevent 

mildew and algae growth.178,179 Useful for decreasing fungal growth, zinc pyrithione 

(ZPT) is virtually ubiquitous in topical skin products that treat everything from dandruff 

to psoriasis.180 Originally synthesized as an analogue to the antibiotic aspergillic acid, 

pyrithione (Figure 7) has been reported to destabilize cell membranes and induce 

leakage of intracellular materials in E. coli in addition to starving the organism of 

nutrients.181,182  
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More recent studies suggest that perhaps one mechanism by which pyrithione 

inhibits microbial growth arises from its affinity for copper. It is known that pyrithione 

binds copper in a complex with square planar geometry and binds zinc with trigonal 

bipyramidal geometry.183 Being able to bind either metal but possessing a greater affinity 

for copper, it is likely that zinc pyrithione undergoes transmetallation in the presence 

copper. The copper complex is then able to shuttle copper across the cellular membrane 

which results in an increased concentration of cell-associated copper.  

Recent studies in yeast have confirmed that ZPT causes the downregulation of 

the copper importer gene, CTR1, and the upregulation of the metalothionein gene, 

CUP1.184 These results support the hypothesis that PT is able to increase the 

concentration of copper inside cells. Additional studies have shown that the increase in 

intracellular copper occurs simultaneously with an upregulation in a number of genes 

that regulate iron uptake.185 Thus, the application of zinc pyrithione to yeast causes an 

increase in cellular copper which causes the organism to behave as though it is starved 

of iron. This demonstrates the interconnected nature of cellular metal metabolism and 

thus the pressure that is placed on an organism when its metal homeostasis is disrupted. 

The compound 3-hydroxy-4-methyl-2(3H)-thiazolethione (TAT) is structurally 

similar to pyrithione (Figure 7) and is reported to chelate metals much like pyrithione.186 

Like pyrithione, TAT has recently been explored as a fungicide.187 The active site of 

metallo-β-lactamase (MBL), though generally not well-conserved, always contains two 



 

31 

zinc ion binding sites. Thiol-containing compounds that bind zinc have been studied in 

attempts to design an inhibitor for MBL.188,189 Interestingly, a number of  heterocyclic 

thiols have demonstrated the ability to bind to the active zinc site of MBL and 

significantly inhibit its ability to hydrolyze β-lactam antibiotics.190 Given the lack of 

clinical inhibitors for metallo-β-lactamases, any compound that can impede this key 

defense mechanism is of great clinical relevance.191 

 

Figure 7: Structures of hydroxamic acids and thiohydroxamic acids. 

The natural products aspergillic acid and Fluopsin C have documented 

antimicrobial activity. The thiohydroxamic acids pyrithione and TAT are suspected to be 

bioactive due to their metal-affinity. 

 

2.1.2 Thiosemicarbazones 

The condensation of a thiosemicarbazide (Figure 8) with an aldehyde or ketone 

gives a thiosemicarbazone. Similarly, the condensation of a thiosemicarbazide with a 

dicarbonyl yields a bis(thiosemicarbazone) (BTSC).192 There are a number of BTSC 

analogues such as diacety‑bis(4methylthiosemicabazone) (ATSM) or glyoxal‑bis(4-

methylthiosemicarbazone) (GTSM) that differ in their backbone substituents. The 

pharmacological activity of thiosemicarbazones has consistently been linked with their 
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ability to chelate copper, iron, and zinc.193,194 These metal complexes are lipophilic and 

often neutral which is likely to facilitate their biological accessibility.  

ATSM and GTSM (Figure 8) have been used to bind copper as potential anti-

tumor therapeutics and their complexes with radioisotopes of copper have been utilized 

to images biological areas of hypoxia.195,196 More recently, the copper complex of ATSM 

has been investigated as a potential treatment for Alzheimer’s disease after the complex 

was shown to accumulate intracellularly.197 The proposed mechanism for this activity is 

the ability of BTSCs to form a lipophilic metal complex that is able to traverse the 

cellular membrane. Thus, metal ions that normally require the assistance of transport 

proteins can be shuttled in and out of the cell. 

Based on this same metal-trafficking mechanism of action, a number of 

[Cu(BTSC)] complexes (Figure 8) have been tested as antimicrobials. The [Cu(BTSC)] 

complex has been shown to inhibit the respiratory dehydrogenase enzymes in the 

electron transport chain of Neisseria gonorrhoeae, as well as increase the concentration of 

cell-associated copper in Escherichia coli.154 Although the exact mechanism of action 

remains unknown, Neisseria gonorrhoeae, Mycobacterium tuberculosis, and Staphylococcus 

aureus are all susceptible to the antimicrobial effects of [Cu(BTSC)].151,152,153 Also, due to 

their ability to bind zinc, thiosemicarbazones have recently been implicated as a 

potential source of inhibitors for metallo-β-lactamases.198 
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Figure 8: Structures of thiosemicarbazide, the bis(thiosemcarbazone) GTSM, 

and the [Cu(ATSM)] complex. 

2.1.3 Hydroxyquinolines 

Since the discovery of naturally-occurring metal chelators that act as 

antimicrobials, synthetic small molecule chelators have been developed for use as 

antibiotics with varying degrees of success. Although a vast number of 

hydroxyquinoline derivatives have been screened for biological activity, 8-

hydroxyquioline (8HQ) has been the most studied for its potency. Originally extracted 

from plants, there have been numerous studies of 8HQ and its synthetic derivatives to 

elucidate their biological activity.199,200,201,202 It should be noted that of the seven possible 

monohydroxyquinolines, only 8HQ is capable of forming a complex with divalent metal 

ions. 

Metal chelation almost certainly plays a role in the biological activity of 

hydroxyquinolines. Indeed, it is precisely their affinity for copper, iron, and zinc that 

have made 8HQ and its analogue clioquinol (CQ) compounds of interest in the search 

for therapeutic drugs to treat neurodegenerative diseases. This interest is because 8HQ 

and CQ bind both copper and zinc which have been implicated in the generation of 

reactive oxygen species that occur in those disease states. Both 8HQ and CQ have both 
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shown efficacy in preventing oxidative damage that results from metal-dependent 

oxidative stress by sequestering excess metal ions.203 

8HQ has also been used for its antimicrobial properties. One proposed 

mechanism of action for 8HQ is inhibition of the type III secretion pathway utilized by 

some gram negative bacteria in order to eliminate competing host cells and establish 

infection.204 However, there is a well-established link between the metal-binding of 8HQ 

and its antimicrobial activity. The copper complex of 8HQ has been used as a fungicide 

in wood, paper, and textile manufacturing.205 Indeed, while non-chelating 

monoydroxyquinolines (2HQ, 4HQ,and 6HQ) showed no inhibitory activity against 

human intestinal bacteria, 8HQ was able to inhibit their growth.206 Moreover, the ability 

of 8HQ to inhibit the growth of methicillin-resistant Staphylococcus aureus has been 

shown to increase in the presence of additional copper.205 Although it has noteworthy 

antimicrobial activity, toxicity is also a concern for 8HQ as it can cause a variety of side 

effects when administered orally.207 

Originally developed as an antibiotic, CQ has been administered orally as well as 

topically in the form of petroleum-based creams to treat microbial infections. Much later 

studies suggest that CQ is able to chelate copper and iron ions that are involved in the 

formation of amyloid-β plaques. The removal of these metals aids in solubilizing the 

amyloid plaques which has led to CQ being studied as an oral therapeutic for 

neurodegenerative diseases.208,209 As with most chelators, toxicity is a concern with the 
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administration of CQ. In fact, CQ  has been implicated in cases of acute neurotoxicity 

with evidence supporting the hypothesis that inappropriate dosing can limit the 

bioavailability of cobalamin.210 

 

Figure 9: Structures of Clioquinol (CQ), 8-hydroxyquinoline (8HQ), and the 

[Cu(8HQ)2] complex. 

2.1.4 Hydroxypyrones and thiopyrones 

Pyrones and hydroxypyrones have long been investigated for biological activity. 

In fact, the initial formation of 3-hydroxy-2-methyl-4H-pyran-4-one (maltol) was 

reported from the hydrolysis of the antibiotic streptomycin (Figure 10).211 While maltol is 

commonly known for its use as a commercial flavoring agent, its affinity for metals is 

also well-documented.212 Maltol has been shown to form neutral, water-soluble 

complexes with a variety of trivalent metal ions.213 Of particular therapeutic interest are 

the maltol complexes with aluminum, iron, and vanadium which have been studied in 

the context of Alzheimer’s disease, anemia, and diabetes, respectively.212,214,215 

The O, O donor ligand of maltol and its analogues have been used as metal 

chelators to restrict the nutrients available to bacteria.216 In fact, the antimicrobial 

properties of maltol and derivatives of maltol have been well-studied.217,218 There is 

evidence that the antimicrobial activity of maltol and its derivatives is metal-dependent. 



 

36 

219,220 However, in pseudomonas fluorescens, maltol derivatives were found to have 

antibacterial activity independent of the availability of metals which suggests the 

presence of at least one other mechanism of antimicrobial activity.221 

Thiolation of hydroxypyrones yields the O, S mixed donor ligands known as 

thiopyrones. These ligands form stable complexes with a number of first-row transition 

metals.213 The thio-derivative of maltol, 3-hydroxy-2-methyl-4-thiopyrone (thiomaltol), 

has been shown to bind iron, nickel, copper, and zinc and the crystal structures of these 

complexes have been solved.222,213 While thiomaltol is not known for its antimicrobial 

activity, it has recently been investigated as an inhibitor for MBL.223 Indeed, the softer O, 

S donor ligands have shown improved inhibition of zinc metalloproteases over their 

harder O, O analogues.224 Similarly, thiomaltol has demonstrated the ability to inhibit 

the Anthrax lethal factor enzyme produced by Bacillus anthracis by binding in the active 

site of the zinc-dependent hydrolytic enzyme.224 This activity makes thiomaltol a 

promising compound of interest in the search for new inhibitors for bacterial zinc 

metalloenzymes. 

 

Figure 10: Structures of maltol, thiomaltol, and the zinc-thiomaltol complex. 
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Although their mechanisms of action may vary, there is a clear historical 

precedence for employing metal chelators to combat microbial growth. Based on this 

precedence it was hypothesized that a screen of known chelators could produce a list of 

compounds that are biologically active and well-suited for incorporation into a 

prochelator. This chapter will outline the screening of selected chelators against a panel 

of pathogenic bacteria and describe what effect, if any, the presence of copper in the 

media plays in the activity of these chelators. 

2.2 Methods and materials 

2.2.1 Materials and instrumentation 

TAT, pyrithione, maltol, 8HQ, 2-mercaptoimidazole, 2-mercaptobenzimidazole, 

and 2-mercaptobenzothiazole were purchased from Sigma Aldrich Corp. The 

thiohydroxamic acids BL-09-94, BL-09-78, BL-14-04, and BL-14-05 were generously 

provided by Professor Joshua Pierce at North Carolina State University. The imidazole 

thione derivatives mpy-me, mepy-me, 2-py-2-m, and 2-pic-2-m were generously 

provided by Professor Daniel Rabinovich at the University of North Carolina at 

Charlotte. Thiodeferiprone was prepared as previously described.225,226 The thiopyrone 

derivatives CFL-1.1 D2, DM214, and DMD-11/DMD-53 were generously provided by 

Professor Seth Cohen at the University of California, San Diego.  

All reagents were purchased from Sigma Aldrich Corp. unless otherwise stated. 

All solvents were reagent grade and all aqueous solutions were prepared from nanopure 



 

38 

water. Compound stock solutions were prepared in DMSO and stored at -20 °C. 1H 

NMR spectroscopy was performed on a Varian 400 or 500 MHz spectrometer. ESI/LC-

MS spectra were collected using an Agilent 1100 Series spectrometer utilizing an 

electrospray ionization source, an LC/MSD trap, and a Daly conversion dynode detector. 

Absorbance readings were measured using clear, flat-bottom 96-well plates and a Perkin 

Elmer Victor 3V multi-label counter maintained at 25 °C. HPLC purification was 

performed on a Waters 600 system with a Waters X-Bridge 4.6 × 250 mm, C18 column 

using a water/acetonitrile mobile phase. 

2.2.2 Synthesis 

2.2.2.1 Preparation of 3-hydroxy-2-methyl-4H-pyran-4-thione (thiomaltol) 

Thiomaltol was prepared as previously reported by Lewis et al.222 The dark 

residue was purified via column chromatography in silica gel eluting with DCM. The 

volatile components were removed via rotary evaporation to yield a yellow powder 

(0.32 g, 2.28 mmols, 57%). 1H NMR (CDCl3, 400 MHz) δ (ppm): 7.78 (s, 1H), 7.58-7.59 (d, 

J=4.8 Hz, 1H), 7.31-7.32 (d, J=4.8 Hz, 1H), 2.45 (s, 3H). ESI-MS (m/z): [M + H]+ calcd for 

C6H6O2S,  143.0, found 143.0. 

 

Scheme 3: Synthesis of thiomaltol. 
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2.2.2.2 Preparation of N’-[1-(2-hydroxyphenyl)ethyliden]isonicotinoylhydrazide 

(HAPI) 

 HAPI was prepared as previously reported by Hruskova et al.227 The product 

was crystallized in EtOH and washed with cold water and EtOH to yield an off-white 

powder in good yield (1.33 g, 5.24 mmols, 72%). 1H NMR (CDCl3, 400 MHz) δ (ppm): 

13.19 (d, J = 1.1 Hz, 1H), 11.59 (s, 1H), 8.87 – 8.77 (m, 2H), 7.86 (dt, J = 5.9, 2.2 Hz, 2H), 

7.66 (dd, J = 7.7, 1.7 Hz, 1H), 7.38 – 7.28 (m, 1H), 6.99 – 6.84 (m, 2H). HR-MS (m/z): [M + 

H]+ calcd for C14H13N3O2,  256.1086, found 256.1090. 

 

Scheme 4: Synthesis of HAPI. 

2.2.2.3 Preparation of salicylaldehyde isonicotinoyl hydrazone (SIH) 

SIH was prepared as previously reported by Edward et al.228 The product was 

crystallized in EtOH and washed with cold EtOH to yield a white crystalline solid in 

good yield (1.84 g, 7.61 mmols, 93%). 1H NMR (CDCl3, 400 MHz) δ (ppm): 12.29 (s, 1H), 

11.06 (s, 1H), 8.85 – 8.77 (m, 2H), 8.68 (d, J = 1.2 Hz, 1H), 7.90 – 7.81 (m, 2H), 7.60 (dt, J = 

7.8, 1.4 Hz, 1H), 7.31 (ddt, J = 8.6, 7.3, 1.5 Hz, 1H), 6.98 – 6.89 (m, 2H). ESI-MS (m/z): [M + 

H]+ calcd for C13H11N3O2,  242.09, found 242.0. 
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Scheme 5: Synthesis of SIH. 

2.2.3 Bacterial culture 

Bacterial culture reagents including lysogeny broth (LB), (Lennox), L-(+)-

Arabinose, Agar-agar, 4-Morpholineethanesulfonic acid (MES), ampicillin (Amp), 

Ceftriaxone (Ceft), and Cephalexin (Ceph) were purchased from Sigma Aldrich Corp. 

HB101K-12 Escherichia coli (E. coli) and pGLO E. coli transformation kit purchased from 

Bio-Rad Laboratories Inc.229 The commercially-available, wild type K-12 E. coli strain (-

Bla) was transfected with the bla gene via the pGLO plasmid. The bla gene encodes for a 

TEM-1 β-lactamase that imparts penicillin resistance to the mutant K-12 E. coli strain 

(+Bla). 

Other bacterial strains including UTI89 E. coli,230 pCOM-transfected UTI89 E. coli 

(pCOM),231 Methicillin-Resistant Staphylococcus aureus (MRSA) clone USA300,232 

extended-spectrum β-lactamase (ESBL) E. coli, Klebsiella pneumonia (Klebs), and 

Pseudomonas aeruginosa (Pseudo) were generously provided by Professor Patrick Seed 

M.D., Ph.D from the Department of Pediatrics- Infectious Diseases at Duke University 

School of Medicine. The ESBL E. coli, Klebsiella pneumonia, and Pseudomonas aeruginosa 
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are clinical isolates acquired from Duke Hospital that were found to be resistant to a 

number of antibiotics. 

2.2.3.1 Microdilution screening of compounds in bacteria 

Cultures were incubated on LB agar at 37 °C in ambient atmospheric 

composition. Before beginning an experiment, a single bacterial colony grown on LB 

agar was suspended in 2 mL LB broth and incubated overnight to form a turbid cell 

suspension. The +Bla E. coli were incubated overnight in LB that contained 100 µM 

ampicillin to ensure good retention of the Bla plasmid. This culture stock was then 

diluted 1:100 in LB and used immediately as the working culture. To assess the 

antibacterial activity of compounds, the working bacterial culture was plated in a clear 

96-well plate and a serial dilution of the compound of interest was performed. The plate 

was then covered with a breathable sealing film and incubated at 37 °C in ambient 

atmospheric composition while shaking at 200 rpm. After incubating for 4 and 20 h, the 

optical density at 600 nm was recorded for each well using a standard OD600 protocol 

with LB serving as the positive control and untreated culture serving as the negative 

control. 

2.3 Results 

2.3.1 Selected compounds for antibacterial screening 

The screening process was organized into two phases due to the vast number of 

possible combinations of chelators and bacteria and the low-throughput nature of our 
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screening. In phase 1 a large library of compounds was screened against a single lab 

strain of E.coli in order to compile a short list of chelators that have antibacterial activity 

against that strain. In phase 2 that short list of chelators was screened against a number 

of pathogenic bacteria that possess a variety of drug resistance mechanisms in order to 

refine the initial hits and identify the active compounds that could be developed into an 

antibacterial prochelator. The screening process was organized in this manner to select a 

manageable number of active compounds and limit human exposure to the strains of 

bacteria that are particularly drug-resistant.  

In all, 22 metal chelators were screened for their ability to inhibit the growth of 

HB101K-12 (-Bla) E.coli. This library of chelators was developed in an attempt to screen a 

relatively diverse group of chelators in terms of donor atoms, and selectivity for 

different metals while excluding chelators that are too large or may be difficult to 

incorporate into a prochelator. Thus, we primarily focused on compounds that fall into 

categories that have been well-investigated by the bioinorganic community for use in 

medicinal or antimicrobial applications. 

The library of molecules that was screened for antibacterial activity in HB101K-

12 E.coli can be seen in Figure 12. This library includes the hydroxypyrone O, O ligand 

maltol that has been shown to bind Fe3+, Cu2+, and Zn2+. Also included are a number of 

thiopyrone and thiohydroxamic acid O, S ligands such as thiomaltol and pyrithione. 

8HQ, the hydroxyquinoline O, N ligand is a known intracellular chelator and was 
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included in the library. We also included a variety of N, S ligands such as derivatives of 

thioimidazole. While the majority of the library is comprised of bidentate chelators on 

the basis of size, two small tridentate chelators were also included. Those tridentate O, 

O, N ligands, SIH and HAPI, have been studied for their potential as intracellular metal 

chelators. 

Serial dilution of the chelators was conducted in normal LB growth media as 

well as in LB containing CuCl2 in order to determine the impact of supplemental copper 

in the growth media on the antibacterial activity of the screened chelators. It is known, 

however, that media containing elevated levels of bioavailable copper  (up to 750 µM) 

can increase the growth of K-12 E. coli.233 To control for the impact of copper on the 

growth of bacteria, the cultures of 5 bacterial strains were subjected to a serial dilution of 

CuCl2 (Figure 11). The addition of 500 µM copper to the media reduced the growth of 

UTI89, MRSA, and Klebs cultures by less than 20%. In contrast, the growth of both 

strains of K-12 E. coli increased 5‒20% in the presence of supplemental copper. 
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Figure 11: Bacterial growth in Cu-supplemented media. 

Several bacterial strains were grown in LB and compared to bacteria grown in LB 

containing 31 µM‒1 mM CuCl2. The OD600 of each culture was recorded after 4 hours. 

Error bars represent standard deviation about the mean value. 
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Figure 12: Selected chelators screened for antibacterial activity in -Bla K-12 

 E. coli. 

The compounds highlighted in green inhibited growth at a concentration less 

than or equal to 100 µM. Compounds highlighted in blue only inhibited growth at a 

concentration less than or equal to 100 µM when the media contained 50 µM 

supplemental copper. 

 

This preliminary screen revealed that the majority of the chelators in the library 

had no inhibitory activity against HB101K-12 E.coli in the concentration range tested 

(250 µM‒1 µM). However, three of the O, S ligands, pyrithione, thiazolethione, and 
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DMD-11, showed inhibition of growth below at concentrations below 100 µM (Table 1). 

While active, the two prochelators of pyrithione and TAT (DB4-51 and DB4-162) 

pictured in Figure 12 are not mentioned at this time, but will be discussed at length in 

chapters 3 and 4. Two compounds, thiomaltol and BL-09-94, were inactive in LB but did 

show some inhibitory activity when incubated in media that contained 50 µM 

supplemental copper. 

From the screened molecules shown in Figure 12 it should be noted that all active 

compounds contain the thiohydroxamic acid mixed-donor (O, S) ligand. However, not 

all the thiohydroxamic acids screened showed activity. It is also interesting that none of 

the softer mixed-donor ligands (N, S) or harder mixed-donor ligands ((O, O), (O, N), or 

(O, O, N)) showed any activity.  
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Table 1: MIC values of screened chelators in -Bla K-12 E. coli. 

 

MIC values were obtained via broth microdilution of compounds in LB broth or 

LB supplemented with CuCl2. Maltol, Thiodeferiprone, HAPI, SIH, Mpy-Me, Mepy-Me, 

2py-2-m, and 2-pic-2-m were incubated in LB containing 100 µM CuCl2 and the 

remaining compounds were tested in the presence of 50 µM CuCl2. MIC values listed are 

the lowest concentration of compound that resulted in growth inhibition of greater than 

50% compared to the untreated control after 20 hours.  
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2.3.2 Selected chelators inhibit the growth of pathogenic bacteria 

Having selected thiomaltol, TAT, and pyrithione (Figure 13) as the most active 

compounds from the primary screen against the lab strain of E. coli, these three active 

compounds and 8HQ were then screened in order to assess their ability to inhibit the 

growth of pathogenic bacteria. The clinically relevant pathogenic bacteria that were 

screened include UTI89 E. coli, UTI89 E. coli transfected with the pCOM plasmid to 

express TEM β-lactamase, extended spectrum β-lactamase (ESBL) E. coli, methicillin-

resistant Staphylococcus aureus (MRSA), and Klebsiella pneumonia (Klebs). 8HQ was 

included in the screens based on its reputation for metal-dependent antibacterial activity 

and in order to add some diversity to the secondary screen as the only O, N donor 

ligand. Given the evidence that metals can play a role in the antibacterial activity of 

these chelators, the activity of each compounds was also evaluated in the presence of 

supplemental copper or the high-affinity copper chelator bathocuproine disulfonic acid 

(BCS). 

 

Figure 13: Selected chelators screened against a panel of bacteria. 

The four compounds illustrated above showed some activity in the preliminary 

screen against lab strain E. coli and were selected for further screening against 7 bacterial 

strains in various conditions. 
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In order to measure the impact that supplemental copper or BCS has on the 

inhibitory activity of the screened chelators, the baseline activity of copper and BCS 

were first evaluated in K-12 E. coli. Although it is possible that incubating a bacterial 

culture with 10 µM CuCl2 or 500 µM BCS causes a variety of biochemical changes, we 

are chiefly interested in whether either component is itself inhibitory or weakens the 

pathogen to the point where it is more susceptible to assault by β-lactam antibiotics. 

However, incubation with 10 µM CuCl2 or 500 µM BCS caused no statistically significant 

change in the IC50 of ampicillin in -Bla K-12. Likewise, the IC50 of ampicillin in +Bla K-12 

E. coli was still found to be greater than 250 µM in the presence of either supplemental 

copper or BCS. Because neither 10 µM CuCl2 nor 500 µM BCS significantly alters the IC50 

of ampicillin in K-12 E. coli, any impact these components have on in the IC50 is 

reasonably interpreted as being attributed to the addition or removal of metal in the 

media. 
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Figure 14: Growth of -Bla K-12 E. coli vs. ampicillin. 

Cultures of -Bla K-12 E. coli were incubated in LB broth, LB containing 10 µM 

CuCl2, or LB containing 500 µM BCS. All three cultures were then titrated with 500‒0 µM 

ampicillin. Bacterial growth was recorded via OD600 reading after 20 h of incubation at 

37 °C. The OD600 values were normalized and fit to a non-linear regression using the 

log of the concentration of ampicillin to calculate the concentration that yielded 50% 

growth inhibition (IC50). 

 

2.3.2.1 Antibacterial activity of 8HQ and thiomaltol 

The IC50 of 8HQ was observed to be greater than 150 µM in 5 of the 7 bacterial 

strains tested (Table 2). The IC50 values of 8HQ in UTI89 E. coli and pCOM E. coli were 

calculated to be 45 and 51 µM, respectively (Figure 15, top). The inclusion of 10 µM 

CuCl2 in the media caused a greater than 50 % decrease in the IC50 values of 8HQ in the 

UTI89 E. coli (from 45 to 19 µM) and pCOM E. coli (from 51 to 22.6 µM) while the 

presence of 500 µM BCS correlates with the IC50 values increasing by a factor of 4 in each 

strain compared to the media containing 8HQ only. Thus, in UTI89 and pCOM E. coli 
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where 8HQ has an IC50 less than 100 µM there is a clear copper dependence on the 

ability of 8HQ to inhibit growth. 

Table 2: IC50 values of 8HQ and ampicillin in pathogenic bacteria. 

 

IC50 (µM) 

Bacteria 8HQ 8HQ + Cu 8HQ + BCS Ampicillin 

-Bla K-12 E. coli 168 (149.8-189.0) 159 (148.4-169.8) 170 (142.7-202) 8 (7.2-8.9) 

+Bla K-12 E. coli 163 (122.0-216.8) 188 (167.9-209.8) 166 (143.3-192) >250 

ESBL E. coli 176 (100.5-308.4) - - >250 

UTI89 E. coli 45 (39.9-50.9)1 19 (17.9-19.8) 205 (155.3-269.4) 3 (1.8-4.5) 

pCOM E. coli 51 (41.4-63.0)1 22.6 (21.7-23.5) 263 (201-343.6) >250 

MRSA 250 (217.7-286.8) 254 (225.7-285.3) 191 (156.8-232.1) >250 

Klebs 195 (159.1-240.0) 171 (152.2-191.8) 173 (156.3-192.0) >250 

 

IC50 values were calculated via broth microdilution of ampicillin or 8HQ in LB 

broth, LB containing 10 µM CuCl2, or LB containing 500 µM BCS. Values are listed as the 

mean followed by the 95% confidence interval about the mean. IC50 values were 

calculated from a variable slope, nonlinear regression fit to the dose-response OD600 

data. 

 

Similar to 8HQ, thiomaltol was observed to have an IC50 greater than 145 µM in 4 

of the 7 bacterial strains tested (Figure 15, bottom). The IC50 of thiomaltol was calculated 

to be 66 µM in ESBL E. coli, 2 µM in pCOM E. coli, and 20 µM in MRSA. While the ESBL 

E. coli was not tested in the presence of additional copper or BCS, the IC50 of thiomaltol 

increased in both pCOM E. coli and MRSA with the inclusion of either component (Table 

3). For example, in the presence of 10 µM CuCl2 the IC50 of thiomaltol increased in 

pCOM E. coli from 2 to 12 µM and in MRSA there was an increase from 20 to 95 µM.  
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Although the -Bla E. coli strain does not exhibit an increased resistance to 

ampicillin when grown in media containing supplemental copper (Figure 14), it is 

possible that the addition of copper to the media improves the overall fitness of the 

bacteria. It is also interesting to note that pCOM E. coli are so much more susceptible to 

the effects of TM than are UTI89 E. coli.  

 

Table 3: IC50 values of thiomaltol and ampicillin in pathogenic bacteria. 

 

IC50 (µM) 

Bacteria Thiomaltol TM + Cu TM + BCS Ampicillin 

-Bla K-12 E. coli 150 (132.5-170.0) 255 (235.2-275.8) 151 (127.4-178.2) 8 (7.2-8.9) 

+Bla K-12 E. coli 148 (104.4-210.1) 269 (231.2-311.9) 152 (137-168.1) >250 

ESBL E. coli 66 (36.4-120.0) - - >250 

UTI89 E. coli 152 (105.6-218.0) 185 (163.8-209.0) 559 (448.2-697.9) 3 (1.8-4.5) 

pCOM E. coli 2 (1.8-3.4)11 12 (9.6-14.6) 17 (14.1-20.4) >250 

MRSA 20 (12.9-29.8) 95 (68.7-131.4) 124 (100.3-152.9) >250 

Klebs 144 (117.6-176.5) 296 (238.1-367.7) 281 (202.1-390.9) >250 

 

IC50 values were calculated via broth microdilution of ampicillin or thiomaltol 

(TM) in LB broth, LB containing 10 µM CuCl2, or LB containing 500 µM BCS. Values are 

listed as the mean followed by the 95% confidence interval about the mean. IC50 values 

were calculated from a variable slope, nonlinear regression fit to the dose-response 

OD600 data. 
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Figure 15: IC50 of 8HQ and thiomaltol in various bacteria. 

IC50 values were calculated via broth microdilution of 8HQ (top) and thiomaltol 

(bottom) in LB broth, LB supplemented with 10 µM CuCl2, or LB supplemented with 500 

µM BCS. ESBL E. coli was not evaluated with added copper or BCS. Error bars represent 

the 95% confidence interval as from a variable slope, nonlinear regression fit to the dose-

response OD600 data. 
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2.3.2.2 Antibacterial activity of TAT 

TAT is significantly more active against the panel of bacteria than either 8HQ or 

thiomaltol. Unlike either 8HQ or thiomaltol, the IC50 of TAT was calculated to be less 

than 80 µM in all 7 of the bacterial strains tested (Figure 16). The strain that is most 

susceptible to inhibition by TAT is UTI89 E. coli. In the UTI89 strain TAT had an IC50 of 6 

µM. Conversely, the strain in which TAT had the highest IC50 (41 µM) is the ESBL E. coli. 

The IC50 values of TAT in the remaining 5 strains all fall between 6 and 41 µM.  

The addition of supplemental copper did not dramatically alter the activity of 

TAT in any of the tested bacterial strains. Indeed, the greatest change in IC50 values for 

TAT upon the addition of 10 µM supplemental copper was seen in -Bla K-12 E. coli. In -

Bla K-12 E. coli the IC50 of TAT increased from 23 to 36 µM. In fact, only in MRSA did the 

IC50 of TAT decrease when copper was added to the media and even then it was a 

modest decrease from 14 to 10 µM. While the ESBL E. coli was not tested in the presence 

of additional copper or BCS, the addition of 500 µM BCS to the test media caused a 

decrease in the IC50 of TAT in every strain that was screened. The most dramatic change 

was observed in UTI89 E. coli where the IC50 of TAT increased from 6 to 38 µM when 500 

µM BCS was added to the media. 
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Table 4: IC50 values of TAT and ampicillin in pathogenic bacteria. 

 

IC50 (µM) 

Bacteria TAT TAT + Cu TAT + BCS Ampicillin 

-Bla K-12 E. coli 23 (16.5-32.7) 36 (19.3-65.3) 70 (57.5-84.0) 8 (7.2-8.9) 

+Bla K-12 E. coli 36 (32.5-40.0) 38 (25.7-56.0) 70 (46.6-103.6) >250 

ESBL E. coli 41 (37.5-45.2) - - >250 

UTI89 E. coli 6 (3.2-10.1) 9 (7.3-11.5) 38 (18.2-77.1) 3 (1.8-4.5) 

pCOM E. coli 6 (4.2-9.3)1 7 (5.5-8.3) 28 (24.4-33.0) >250 

MRSA 14 (9.0-22.1)1 10 (1.8-54.4) 29 (24.9-32.9) >250 

Klebs 23 (15.1-35.2) 26 (10.3-41.3) 51 (44.5-58.1) >250 

 

IC50 values were calculated via broth microdilution of ampicillin or TAT in LB 

broth, LB containing 10 µM CuCl2, or LB containing 500 µM BCS. Values are listed as the 

mean followed by the 95% confidence interval about the mean. IC50 values were 

calculated from a variable slope, nonlinear regression fit to the OD600 values. 
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Figure 16: IC50 of TAT in various bacteria. 

IC50 values were calculated via broth microdilution of TAT in LB broth, LB 

supplemented with 10 µM CuCl2, or LB supplemented with 500 µM BCS. ESBL E. coli 

was not evaluated with added copper or BCS. Error bars represent the 95% confidence 

interval as from a variable slope, nonlinear regression fit to the dose-response OD600 

data. 

2.3.2.3 Antibacterial activity of pyrithione 

Of the compounds that were tested, pyrithione showed the most potent 

inhibitory activity against the panel of seven bacteria (Figure 17). In those bacteria, the 

highest IC50 observed for pyrithione was 11 µM in Klebs and the lowest IC50 was 2 µM in 

UTI89 E. coli. The IC50 of pyrithione for the other 5 strains all fell between 2 and 11 µM. 

This result makes pyrithione roughly 8 times more active than TAT and 13 times more 

active than thiomaltol in the ESBL E. coli strain. 

When the test media was supplemented with 10 µM CuCl2, the IC50 of pyrithione 

increased in four strains (+/- Bla K-12 E. coli and UTI89/pCOM E. coli) and slightly 
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decreased in two strains (MRSA and Klebs). In MRSA and Klebs the IC50 values of 

pyrithione decreased from 10 to 7 µM and from 11 to 9 µM, respectively, upon 

incubation with 10 µM supplemental copper. ESBL E. coli was not evaluated with added 

copper or BCS. 

When incubated with media containing 500 µM BCS, the IC50 of pyrithione 

increased in all strains tested compared to pyrithione incubated in normal media. For 

example, the addition of BCS correlates to an increase in the IC50 of pyrithione in -Bla K-

12 E. coli from 7 to 19 µM. Although the degree of impact varies by strain, in no strain 

tested did the IC50 of pyrithione decrease when incubated with media containing BCS. 

Table 5: IC50 values of pyrithione and ampicillin in pathogenic bacteria. 

 

IC50 (µM) 

Bacteria Pyrithione PT + Cu PT + BCS Ampicillin 

-Bla K-12 E. coli 7 (5.6-8.8) 12 (8.8-15.3) 19 (13.8-24.9) 8 (7.2-8.9) 

+Bla K-12 E. coli 6 (5.9-6.4) 14 (11.6-16.4) 19 (10.9-32.1) >250 

ESBL E. coli 5 (3.0-7.9) - - >250 

UTI89 E. coli 2 (1.9-2.5) 4 (4.1-4.3) 6 (5.7-6.3) 3 (1.8-4.5) 

pCOM E. coli 2 (1.8-3.1) 4 (2.4-15.8) 7 (5.4-10.2) >250 

MRSA 10 (8.2-13.0) 7 (4.2-12.4) 11 (9.3-13.3) >250 

Klebs 11 (9.3-13.1) 9 (7.3-11.2) 19 (17.7-20.4) >250 

 

IC50 values were calculated via broth microdilution of pyrithione in LB broth, LB 

containing 10 µM CuCl2, or LB containing 500 µM BCS. Values are listed as the mean 

followed by the 95% confidence interval about the mean. IC50 values were calculated 

from a variable slope, nonlinear regression fit to the dose-response OD600 data. 
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Figure 17: IC50 of pyrithione in various bacteria. 

IC50 values were calculated via broth microdilution of pyrithione in LB broth, LB 

supplemented with 10 µM CuCl2, or LB supplemented with 500 µM BCS. ESBL E. coli 

was not evaluated with added copper or BCS. Error bars represent the 95% confidence 

interval as from a variable slope, nonlinear regression fit to the dose-response OD600 

data. 
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Table 6: Comparison of IC50 values of Pyrithione, TAT, Thiomaltol, and 8HQ 

 

IC50 (µM) 

Bacteria Pyrithione TAT Thiomaltol 8HQ 

-Bla K-12 E. coli 7 (5.6-8.8) 23 (16.5-32.7) 150 (132.5-170.0) 168 (149.8-189.0) 

+Bla K-12 E. coli 6 (5.9-6.4) 36 (32.5-40.0) 148 (104.4-210.1) 163 (122.0-216.8) 

ESBL E. coli 5 (3.0-7.9) 41 (37.5-45.2) 66 (36.4-120.0) 176 (100.5-308.4) 

UTI89 E. coli 2 (1.9-2.5) 6 (3.2-10.1) 152 (105.6-218.0) 45 (39.9-50.9)1 

pCOM E. coli 2 (1.8-3.1) 6 (4.2-9.3)1 2 (1.8-3.4)11 51 (41.4-63.0)1 

MRSA 10 (8.2-13.0) 14 (9.0-22.1)1 20 (12.9-29.8)1 195 (159.1-240.0) 

Klebs 11 (9.3-13.1) 23 (15.1-35.2) 144 (117.6-176.5) 250 (217.7-286.8) 

 

IC50 values were calculated via broth microdilution of pyrithione, TAT, 

thiomaltol, or 8HQ in LB broth. Values are listed as the mean followed by the 95% 

confidence interval about the mean. IC50 values were calculated from a variable slope, 

nonlinear regression fit to the dose-response OD600 data. 

 

2.4 Discussion 

Because bacteria require a well-regulated supply of metal ions to sustain normal 

biological functions, the ability to manipulate metal ions makes small-molecule chelators 

an attractive pool of compounds to screen for antibacterial activity. Some of the screened 

molecules are reported to have antimicrobial properties, although many were assayed 

purely based on their metal-binding ability. The chemical structures of these screened 

molecules as well as their observed inhibitory activities can be found in Figure 12. Of the 

molecules tested against HB101K-12 E.coli, three had minimum inhibitory concentration 

(MIC) values below 100 µM. This threshold was established based on the prevalence of 

prescription β-lactam antibiotics such as ampicillin and ceftriaxone that are reported to 
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have plasma concentrations of 100 µM or less.234 Therefore, compounds that showed at 

least 50% growth inhibition below the 100 µM threshold were considered “active” for 

the purposes of this preliminary screen.  

The active compounds (TAT, pyrithione, and DMD-11) shown in Figure 12 are 

all cyclic thiohydroxamic acids. Two additional molecules (Thiomaltol and DMD-11) 

had MIC values below 100 µM only when incubated in growth medium supplemented 

with 50 µM CuCl2. The MIC values for these screened molecules were determined as the 

lowest concentration of compound that, given in a single dose, inhibited the growth of 

the culture to no more than 50% of the untreated control. 

Of the screened molecules shown in Figure 12 it should be noted that all of the 

active compounds contain the O, S thiohydroxamic acid mixed-donor ligand. However, 

not all the thiohydroxamic acids that were screened showed inhibitory activity. In the 

case of the thiohydroxamic acids BL-09-94, BL-14-04, and BL-14-05, the aqueous stability 

of these acids is unknown but could be low due to the propensity of similar 

thiohydroxamic acids to decompose and form isothiocyanates.177 The O-alkyl derivative, 

BL-09-78, should be more hydrolytically stable; however, the same stabilizing methyl 

group is likely to dramatically decrease its metal affinity. Thus, if it is the ability of the 

thiohydroxamic acids to chelate metals that belies their antimicrobial activity, the 

methyl-ester analogues would not be expected to cause significant activity.  
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While BL-09-94 and DMD-11/DMD-53 both showed activity in the preliminary 

screen against K-12 E. coli, they were excluded from the secondary screening process 

based on concerns relating to their stability and availability. Additionally, the inclusion 

of BL-09-94 and DMD-11/DMD-53 would do little to enhance the diversity of the library 

given their structural similarities to the most active compounds (TAT and pyrithione). In 

addition to its established reputation as a metal-dependent antimicrobial, 8HQ was 

included in order to increase the diversity of library.204,205,206,207 Including thiomaltol, an 

O, S ligand just like pyrithione and TAT, did not increase the diversity of the secondary 

pool of compounds. Nevertheless, thiomaltol did show some growth inhibition of K-12 

E. coli in the presence of supplemental copper. In addition to this, the implication of 

thiomaltol as an inhibitor of zinc-containing enzymes such as metallo-β-lactamases 

makes it a particularly interesting compound to investigate for antibacterial activity.223,235 

Of the four compounds screened against -Bla K-12 E. coli, +Bla K-12 E. coli, UTI89 

E. coli, pCOM E. coli, ESBL E. coli, MRSA, and Klebs, pyrithione and TAT demonstrated 

the most growth inhibition (Table 6). Pyrithione was found to have an IC50 of 2‒11 µM in 

the 7 strains while TAT has an IC50 of 6‒41 µM in those same strains. In contrast, the 

ranges of IC50 values for thiomaltol and 8HQ in the bacteria screen were 2‒152 µM and 

45‒250 µM, respectively. 

It is difficult to make general conclusions regarding the metal-dependence of the 

four screened chelators. While the activity of pyrithione and TAT may be metal-
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dependent in MRSA, the correlation is much less obvious in the K-12 strains of E. coli. 

Similarly, the IC50 of 8HQ decreases with additional copper and increases in the 

presence of BCS which suggests a metal-dependent mechanism of action in those strains, 

but no such correlation is observed with 8HQ in MRSA, Klebs, UTI89, or pCOM. This 

phenomenon is likely due to the biological differences in the different strains. Individual 

organisms have varying nutritional demand for metals and differences in the way 

strains import, chaperone, and efflux metals will have an impact on the effectiveness of 

metal-based therapeutics. It is important to keep these factors in mind when tailoring a 

drug to treat a specific infection. These observations could be vital in designing a 

narrow-spectrum prochelator that targets only one bacterial strain. 

2.5 Summary and conclusions 

A two-step screening process was employed in order to identify compounds in a 

library of chelators that are able to inhibit the growth of pathogenic bacteria. The goal of 

the first screen was to identify compounds that could inhibit the growth of lab strain K-

12 E.coli below 100 µM. The active compounds pyrithione, TAT, and thiomaltol, plus 

8HQ were then screened for copper-dependent inhibitory activity in 7 strains of bacteria. 

Based on their low IC50 values in every strain tested, pyrithione and TAT were 

determined to be the most active chelators from the second screen. In addition, both 

compounds demonstrated a significant increase in IC50 values when co-incubated with 

the high-affinity copper chelator BCS. These results suggest that the inhibitory activity of 
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pyrithione and TAT is compromised under Cu-limiting conditions and, consequently, 

may be enhanced under Cu-replete conditions such as those thought to be present at the 

sites of bacterial infection. The presence of BCS could be causing other secondary effects 

aside from limiting Cu availability in the growth media. Further experiments are needed 

to confirm whether the activity of these chelators is indeed enhanced in a copper-

dependent fashion. 

The screening process was used to identify a few active compounds that could 

then be incorporated into an antibacterial prochelator. As 8HQ and thiomaltol both 

demonstrated antibacterial activity in a few of the strains tested, they may prove useful 

in designing a narrow-spectrum prochelator to target a specific bacterial strain. 

However, the broad activity of pyrithione and TAT against all strains tested makes them 

a logical place to start when synthesizing a first-generation β-lactamase-activated 

prochelator. The design, synthesis, and antibacterial testing of pyrithione- and TAT-

based prochelators (DB4-51 and DB4-162) are described in chapters 3 and 4 of this 

document. 
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3. Design and antibacterial activity of a pyrithione-
releasing prochelator, DB4-51 

3.1 Introduction to prochelators as antibiotics 

Transition metals such as copper and iron are essential nutrients for both 

prokaryotic and eukaryotic cells.3 Due in part to their ability to access multiple oxidation 

states, these metals act as cofactors for proteins in various biochemical pathways such as 

oxygen storage and electron transport. It is this reactivity that makes transition metals 

equally useful and dangerous if they are not strictly regulated in a biological system. 

Thus, the concentrations of “free” transition metals in biological systems are typically 

very low. Additionally, in the face of invading microorganisms, strict control of metal 

resources is a key host defense mechanism. 

Because all organisms require transition metals to survive, a number of 

microorganisms such as Escherichia coli (E. coli) secrete siderophores that scavenge iron 

and other metals from the host.236,237,238 The fact that opportunistic pathogens devote 

precious resources to produce siderophores indicates that they, and the cargo they carry, 

are important to pathogen survival. Therefore, attempts have been made to inhibit 

siderophore activity through competition with synthetic siderophores and other iron 

chelators. These chelators are reported to have limited success at inhibiting microbial 

growth.239,240,241,242 It is likely that recruitment of siderophores by the bacteria contributes 

to the marginal success of these iron chelators as antimicrobials.243 
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Global chelation therapy, the oral or intravenous administration of chelating 

compounds, can be complicated by off-target effects. The use of chelators in a global 

metal-withholding antimicrobial strategy is likely to suffer from the same complications. 

When one considers that very few chelators are truly selective for one metal ion, the 

potential to disrupt protein folding and metabolism becomes a concern.244 Another 

concern for global chelation as a antimicrobial strategy is that iron and copper play a 

role in host antimicrobial defense in the form of oxidative bursts in phagocytes.245Based 

on these reports, it is evident that global chelation therapy is an ineffective method for 

inhibiting the growth of pathogenic bacteria and has its own host toxicity concerns.246  

One alternative to global chelation is the application of targeted chelators that are 

released locally and bind only the metal present at the site of infection or in the 

pathogen itself. This disruption of metal homeostasis could take the form of metal-

withholding if the chelator binds metals and prevents the pathogen from utilizing them. 

Alternatively, the released chelators could form stable metal complexes that can 

redistribute across cellular membranes and ultimately increase the intracellular metal 

load. This metal-loading mechanism could overwhelm metal detoxification defenses to 

induce damage. By targeting the release of these chelators, the goal of selectively 

manipulating metals to inhibit the growth of microorganisms may be achieved using a 

prochelator strategy.  
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In general, a prochelator is defined as a compound with limited metal affinity 

that responds to a specific trigger to chemically remove the masking group and reveal a 

metal chelator (Figure 18). Prochelators have been designed to respond to a variety of 

triggers and therefore require a variety of masking groups. The masking groups 

reported in the literature include boronate, aryl boronic esters, boronic acid pinacol 

ester, β-secretase peptide substrate, and t-butyl esters.247,248,249,250,251 These groups have 

been reported in conjugation with various chelators to target specific biological 

environments and disease states. 

 

Figure 18: Schematic of a generic prochelator. 

A masking group (R) precludes metal chelation, but the prochelator is converted 

in the presence of a specific trigger to release the masking group and reveal the chelator. 

 

The chelator component can also be varied in order to target specific metals. 

Chelators that bind different metals and bind those metals with different affinities can be 

used. Before release, the chelator’s metal affinity is greatly reduced by a masking group. 

The masking group is typically bound to one of the heteroatoms through which the 

chelator normally exerts its activity, thereby precluding its activity. Given the number of 
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both masking groups and chelators, the number of possible combinations is extensive 

making the prochelator strategy quite modular. 

3.1.1 Precedence for antimicrobial prochelators: ROS activates 
prochelator QBP to target Cryptococcus Neoformans 

Members of the Franz lab have established the precedence for the antimicrobial 

effect of prochelators that are selectively activated. For example, the prochelator QBP is 

comprised of the known metal-chelator 8-hydroxyquinoline (8HQ) which has been 

modified to include a boronic ester in place of the hydroxyl group.252 This boronic acid 

masking group is oxidized in the presence of reactive oxygen species (ROS) to release 

the active chelator 8HQ (Figure 19).  

Importantly, there is an activity differential between QBP and 8HQ. In its 

protected state, QBP is non-toxic. However, the oxidative burst from activated host 

macrophages converts the prochelator into 8HQ which elicits antifungal activity in 

Cryptococcus neoformans.147 This increased activity is believed to be caused by 8HQ 

disrupting copper homeostasis by acting as an ionophore to shuttle copper into the 

fungal cells, but the exact mechanism of activity continues to be investigated by the 

Franz lab. The ability to selectively manipulate metal concentrations and locally 

destabilize metal-homeostasis is instrumental to avoiding off-target toxicity. 
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Figure 19: Activation of QBP and complexation of released 8HQ with copper. 

3.1.2 Design of a β-lactamase-activated prochelator, DB4-51 

The prochelator strategy involves incorporating two molecules with different 

activities into one antibiotic compound and is derivative of the dual-activity antibiotic 

research of the 1970’s.253,254,255 As seen in the prochelator QBP, a heteroatom in the metal-

binding site of the chelator must be masked in order to preclude metal-binding (Figure 

19). The prochelator, with its masking group intact, has a very low affinity for metal. 

However, a specific stimulus/trigger removes the protecting group and restores the 

chelator’s metal affinity. While this strategy has demonstrated antifungal activity, it has 

yet to be adopted to specifically target bacteria. A prochelator that targets resistant 

bacteria should be unmasked by an enzyme unique to those bacteria. 

The β-lactamase enzymes produced by antibiotic-resistant bacteria bestow 

resistance to β-lactam antibiotics by efficiently catalyzing the hydrolysis of β-lactam 

rings.256,257 As drug resistance continues to develop, new generations of enzymes have 

been found that hydrolyze a variety of β-lactams including the more robust 

cephalosporins and carbapenems.258,259 Both the cephalosporin and carbapenem cores 
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contain a latent reactivity that is triggered in response to the breaking of the β-lactam 

rings. In the case of cephalosporins, scission of the β-lactam ring triggers the elimination 

of the 3’-substituent (Figure 20).260,261 This reactivity creates the opportunity to release a 

molecule of interest (a chelator, for example) in the presence of resistant bacteria. The 

use of cephalosporin or carbapenem protecting groups allows the release of a metal 

chelator to be targeted to bacteria that produce the β-lactamase enzymes, effectively 

turning the bacteria’s defenses against it.  

 

Figure 20: Cephalosporin β-lactam cleavage. 

Using the cephalosporin masking group in a prodrug strategy has produced a 

number of interesting molecules. The majority of these conjugates combined the 

cephalosporin backbone with other antibiotic compounds in attempts to produce a 

molecule with the additive antibacterial activity of both compounds. The compounds 

that have been added to the cephalosporin backbone include, but are not limited to, 

quinolones, halogenated dipeptides, thiols, coumarin, and 5-

fluorouracil.262,263,264,265,253,266,267  

While some β-lactam-quinolone conjugates (1, Figure 21) display broad-

spectrum antibiotic activity, a number of them suffer from unfavorable 

pharmacokinetics in vivo. Namely, the cleaved fluoroquinolone is cleared from the 
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blood stream slower than the conjugate. This quinolone accumulation leads to toxicity.268 

The cephalosporin conjugate with cytotoxic 5-fluorouracil performs as intended in vitro 

but in vivo testing has not been reported (6, Figure 21).266 MCO, the cephalosporin 

conjugate of pyrithione (MCO, Figure 21) was developed as a robust β-lactam that 

would release pyrithione in the event that the β-lactam was hydrolyzed. It was reported 

to be more active against susceptible strains than resistant ones.253 Finally, the coumarin 

fluorophore umbelliferone has been successfully attached to the cephalosporin 3’-

position to act as a fluorescent reporter that signals the presence of resistant 

bacteria(CDC-1, Figure 21).269,270  

 

Figure 21: Structures of selected β-lactamase-activated compounds. 

 Conjugates of cephalosporin and quinolone (1), pyrithione (MCO), 

umbelliferone (CDC-1), and 5-fluorouracil (6). 

 

Although no prodrug based on this design has yet to find use as a therapeutic 

agent, the underlying strategy remains promising for developing targeted antibiotics 
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that are β-lactamase-dependent. It should be noted that although a number of 

cephalosporin conjugates have been explored, there is no account of using 

cephalosporin as the protecting group in a prochelator strategy with the expressed 

intention to selectively manipulate metals at the site of bacterial infection. 

To create a β -lactamase-activated prochelator, one of the heteroatoms of the 

chelating unit must be protected via alkylation using the 3’ alkyl halide of the 

cephalosporin group. Alkylation of one of the heteroatoms greatly reduces the metal-

affinity of a bidentate chelator and prevents metal-binding. In order to trigger the 

selective release of a chelator in the presence of resistant bacteria, a β-lactamase-

activated prochelator should use either the cephalosporin or carbapenem moiety as the 

masking group in order to take advantage of their unique latent reactivity. The chelator 

can be one of a number of molecules. Possible bidentate chelators include pyrithione, 8-

hydroxyquinoline, thiomaltol, and deferiprone (Figure 5). 
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Figure 22: General structures of β-lactamase-activated prochelators. 

A) Both carbapenem and cephalosporin β-lactam cores can be modified at the R1 

and R2 positions in order to alter the recognition of substrate by the enzyme and the 

overall activity of the compound.  B) A selection of R1 groups that have been used in 

commercial β-lactams to tune enzymatic recognition. C) A small selection of possible 

metal chelators that can be substituted at the R2 position. 

 

The prochelator strategy described above involves incorporating two molecules 

with different activities into one antibiotic compound. DB4-51 (Figure 23) is the 

conjugate of 2-mercaptopyridine-N-oxide (pyrithione, PT) at the 3’-position of 

cephalosporin. Long studied for its metal affinity and biological activity, pyrithione is 

commonly found in household items as an antimicrobial.181,271 The structure of DB4-51 is 

similar in some ways to a previously described omadine-conjugate, MCO (Figure 21).254 
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The most notable difference in the structures of MCO and DB4-51 is the moiety at the 7-

position. In MCO, a mandeloyl group was used in an attempt to increase the stability of 

the β-lactam ring in the presence of β-lactamase.254 This stability maximizes the efficacy 

of the molecule to inhibit penicillin binding protein. Thus, MCO was designed to be a 

traditional β-lactam antibiotic with a secondary mechanism, the release of another 

antimicrobial, in the event that the primary mechanism failed. In contrast, DB4-51 was 

designed specifically to be a substrate for β-lactamase. It has been reported that 

increasing the bulk of the moiety at the cephalosporin 7-position by even a methoxy or 

ethoxy group can affect the enzyme selectivity and associated binding and hydrolysis 

kinetics.269, For example, by adding a methoxy group the fluorogenic probe CDC-1 

(Figure 21) was tuned to respond specifically to the class A β-lactamase, BlaC. 272 In 

designing DB4-51, a 2-phenylacetyl group was used at the 7-position as it has been used 

in non-specific substrates for the most common β-lactamases.273  

 

Figure 23: Structure of the prochelator DB4-51. 

This chapter will explain the design, development, characterization, and 

antibacterial testing of DB4-51. The stability and enzymatic conversion of the prochelator 

were studied by liquid chromatography mass spectrometry (LC-MS) and 
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ultraviolet/visible (UV-Vis) spectroscopy. The metal-binding ability of DB4-51 was 

evaluated using fluorescence and UV-Vis spectroscopy. Finally, the antibacterial activity 

of DB4-51 was evaluated against pathogenic bacteria and its dependence on copper 

availability was assessed. 

3.2 Methods and materials 

3.2.1 Materials and instrumentation 

The starting material 7-amino-3-chloromethyl-3-cephem-4-carboxylic acid p-

methoxybenzyl ester was purchased from Ark Pharm Inc. in reagent grade and was 

used without further purification. All other reagents were purchased from Sigma 

Aldrich Corp. unless otherwise stated. Type III β-lactamase from Enterobacter cloacae 

was purchased from Sigma Aldrich Corp. All solvents were reagent grade and all 

aqueous solutions were prepared from nanopure water. Compound stock solutions 

were prepared in DMSO and stored at -20 °C. 1H NMR and 13C NMR spectroscopy were 

performed on a Varian 400 or 500 MHz spectrometer. ESI/LC-MS spectra were collected 

using an Agilent 1100 Series spectrometer utilizing an electrospray ionization source, an 

LC/MSD trap, and a Daly conversion dynode detector. ICP-MS data was acquired by 

Kim Hutchison of the North Carolina State University Department of Soil Science using 

a Perkin Elmer Elan DRCII spectrometer. UV-Vis spectra were recorded on a Cary 50 

UV-Vis spectrophotometer. Absorbance readings were measured using clear, flat-

bottom 96-well plates and a Perkin Elmer Victor 3V multi-label counter maintained at 25 
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°C. HPLC purification was performed on a Waters 600 system with a Waters X-Bridge 

4.6 × 250 mm, C18 column using a water/acetonitrile mobile phase. 

3.2.2 Synthesis 

3.2.2.1 Preparation of 4-methoxybenzyl (6R,7R)-3-(chloromethyl)-8-oxo-7-(2-

phenylacetamido)-5-thia-1-azabicyclo[4.2.0]oct-2-ene-2-carboxylate (2) 

To a portion of 1 (1.2 g, 2.96 mmol) was added dichloromethane (50 mL) under a 

dry N2 atmosphere to form a tan slurry. The reaction mixture was cooled to 0 °C in an 

ice bath and potassium trimethylsilanolate (760 mg, 5.92 mmol, 2 equiv) was added 

slowly and stirred for 5 min. To the reaction mixture was added phenylacetyl chloride 

(431 µL, 3.26 mmol, 1.1 equiv) while stirring. After 1 h the reaction mixture was 

removed from the ice bath and stirred at room temperature for 4 h. The reaction mixture 

was concentrated in vacuo before the addition of dichloromethane (20 mL). The organic 

phase was washed with water (2×10 mL) rejecting any precipitate in the aqueous layer. 

The organic layer was washed with brine (10 mL) and dried over MgSO4. The volatile 

components were removed via rotary evaporation to yield a tan solid (1.2 g, 2.51 mmol, 

85%) which was used without further purification. 1H NMR (DMSO-d6, 400 MHz) δ 

(ppm): 7.37 (d, J=8.4 Hz, 2H), 7.29-7.27 (m, 5H), 6.94 (d, J=8.8 Hz, 2H), 5.75-5.71 (q, J=4 

Hz, 1H), 5.24-5.14 (m, 4H), 4.55-4.43 (q, J=12 Hz, 2H), 3.75 (s, 3H), 3.69 (s, 1H), 3.58-3.50 

(m, 3H). 13C NMR (DMSO-d6, 500 MHz) δ (ppm): 173.14, 171.37, 165.56, 161.57, 159.82, 

136.22, 135.47, 130.81, 129.82, 129.64, 129.46, 128.80, 128.69, 127.03, 126.97, 125.75, 114.27, 
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114.10, 67.81, 59.65, 58.35, 44.28, 42.06, 41.15. HR-MS (ESI) (m/z): [M + Na]+ calcd for 

([C24H23ClN2O5S] + Na)+, 509.0908, found 509.0909.  

3.2.2.2 Preparation of 2-((((6R,7R)-2-(((4-methoxybenzyl)oxy)carbonyl)-8-oxo-7-(2-

phenylacetamido)-5-thia-1-azabicyclo[4.2.0]oct-2-en-3-yl)methyl)thio)pyridine 1-oxide 

(3) 

A mixture of 2-mercaptopyridine N-oxide (21 mg, 0.17 mmol) and triethylamine 

(17 mg, 0.17 mmol, 1 equiv) was dissolved in THF (4 mL) and stirred at 25 °C for 15 min. 

To the reaction mixture was added 2 (75 mg, 0.15 mmol, 0.9 equivs) and the reaction was 

allowed to stir for 1 h yielding a dark orange solution. The reaction mixture was diluted 

with ethyl acetate and washed with saturated NaHCO3 before drying over MgSO4. The 

volatile components were removed via rotary evaporation to yield a yellow glassy solid 

(45 mg, 0.08 mmol, 50%) which was purified on a C18 column via HPLC in H2O/ACN. 

1H NMR (DMSO-d6, 400 MHz) δ (ppm): 8.29 (s, 1H), 7.18-7.30 (m, 11H), 6.76-6.87 (m, 

2H), 5.06-5.17 (m, 3H), 3.97-3.98 (d, J=0.4 Hz, 2H), 3.68-3.70 (d, J=8.4 Hz, 4H), 3.47-3.57 

(m, 3H), 2.04 (s, 3H). 13C NMR (DMSO-d6, 500 MHz) δ (ppm): 171.39, 165.35, 161.89, 

159.75, 150.24, 138.74, 136.22, 130.79, 130.71, 129.53, 129.45, 128.69, 127.35, 126.96, 126.20, 

125.91, 125.50, 122.82, 122.06, 114.33, 114.19, 67.69, 59.58, 58.39, 55.55, 42.06, 42.00 , 32.81, 

27.89. HR-MS (ESI) (m/z): [M + Na]+ calcd for ([C29H27N3O8S2] + Na)+, 600.1233, found 

600.1233. 
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3.2.2.3 Preparation of 2-((((6R,7R)-2-carboxy-8-oxo-7-(2-phenylacetamido)-5-thia-1-

azabicyclo[4.2.0]oct-2-en-3-yl)methyl)thio)pyridine 1-oxide (DB4-51) 

Portions of 3 (71 mg, 0.12 mmol) and phenol (232 mg, 2.46 mmol, 20 equivs) were 

stirred at 45 °C over an oil bath for 15 min. Trifluoroacetic acid (14 µL, 0.19 mmol, 1.5 

equivs) and continued stirring for 1.5 h before the volatile components were removed 

via rotary evaporation. The resulting yellow oil was mixed with ethyl acetate (10 mL) 

and extracted with saturated NaHCO3 (2×10 mL). The aqueous phase was cooled in an 

ice bath and titrated with 10% HCl to pH =1. The aqueous layer was then extracted with 

ethyl acetate which was dried over MgSO4. The volatile components were removed via 

rotary evaporation to yield a yellow powder. The solid was washed with ether and dried 

under vacuum to yield a white powder (30 mg, 0.07 mmol, 53%) which was used 

without further purification. 1H NMR (DMSO-d6, 400 MHz) δ (ppm): 8.26 (t, J=5.2 Hz, 

1H), 7.18-7.40 (m, 9H), 6.70 (s, 1H), 5.11 (m, 1H), 3.67-4.04 (m, 2H), 3.43-3.51 (t, J=15.6 Hz, 

3H). 13C NMR (DMSO-d6, 500 MHz) δ (ppm):171.41, 165.15, 163.46, 150.59, 138.74, 136.27, 

129.48, 128.69, 126.96, 126.65, 125.97, 125.45, 122.67, 121.98, 59.51, 58.23, 42.06, 32.76, 

27.78. HR-MS (ESI) (m/z): [M + H]+ calcd for C21H19N3O5S2, 458.0839, found 458.0835. 
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Scheme 6: Synthesis of DB4-51. 

A) Phenylacetyl chloride, KOSiMe3, DCM, rt, 75%; B) pyrithione, Et3N, THF, rt, 

75%; C) TFA, phenol, 53%. 

3.2.3 Bacterial culture 

Bacterial culture reagents including LB broth (Lennox), L-(+)-Arabinose, Agar-

agar, 4-Morpholineethanesulfonic acid (MES), ampicillin (Amp), ceftriaxone (Ceft), and 

cephalexin (Ceph) were purchased from Sigma Aldrich Corp. HB101K-12 Escherichia coli 

(E. coli) and pGLO E. coli transformation kit purchased from Bio-Rad Laboratories Inc.229 

The commercially-available, wild type K-12 E. coli strain (-Bla) was transfected with the 

bla gene via the pGLO plasmid. The bla gene encodes for a TEM-1 β-lactamase that 

imparts penicillin resistance to the mutant K-12 E. coli strain (+Bla). 

Other bacterial strains including UTI89 E. coli,230 pCOM-transfected UTI89 E. coli 

(pCOM),231 Methicillin-Resistant Staphylococcus aureus (MRSA) clone USA300,232 

extended-spectrum β-lactamase (ESBL) E. coli, Klebsiella pneumonia (Klebs), and 

Pseudomonas aeruginosa (Pseudo) were generously provided by Professor Patrick Seed 
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M.D., Ph.D from the Department of Pediatrics- Infectious Diseases at Duke University 

School of Medicine. The ESBL E. coli, Klebsiella pneumonia, and Pseudomonas aeruginosa 

are clinical isolates acquired from Duke Hospital that were found to be resistant to a 

number of antibiotics. 

3.2.3.1 Microdilution screening of compounds in bacteria 

Cultures were incubated on LB agar at 37 °C in ambient atmospheric 

composition. Before beginning an experiment, a single bacterial colony grown on LB 

agar was suspended in 2 mL LB broth and incubated overnight to form a turbid cell 

suspension. This culture stock was then diluted 1:100 in LB and used immediately as the 

working culture. To assess the antibacterial activity of compounds, the working bacterial 

culture was plated in a clear 96-well plate and a serial dilution of the compound of 

interest was performed. The plate was then covered with a breathable sealing film and 

incubated at 37 °C in ambient atmospheric composition while shaking at 200 rpm. After 

incubating for 4 and 20 h, the optical density at 600 nm was recorded for each well using 

a standard OD600 protocol with LB serving as the blank. OD600 serves as a measure of 

bacterial growth as turbidity increases as a result of bacterial density. 

3.2.3.2 LC-MS detection of DB4-51 reaction products in bacterial media 

Cultures of UTI89 and ESBL E. coli strains were grown in LB overnight at 37 °C 

and then diluted 1:100 in LB containing 100 µM DB4-51. These cultures were incubated 

for 1‒4 hours at 37 °C while shaking at 200 rpm. After incubating, an aliquot was 
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removed from each culture and centrifuged at 15,000 rpm for 5 minutes to pellet the 

bacteria. The pellets were resuspended in sterile water and centrifuged again after which 

the supernatant was decanted and collected. Any proteins were removed from the 

samples by adding a 5-fold excess (v/v) of cold acetone to each sample and cooling to -20 

°C for 1 hour. The samples were then centrifuged at 8,500 rpm for 10 minutes to remove 

any denatured proteins from solution. The supernatant was decanted and the pellet was 

washed with cold acetone and centrifuged again. The combined supernatants were 

reduced to dryness via rotary evaporation.  

Each LC-MS sample was prepared by dissolving the dry samples above in 85/15 

water/ACN. LC-MS was performed on the samples using a 2-60% ACN gradient in H2O 

over 18 minutes. Rofecoxib (10 µM) was included as an internal standard. The integrated 

area under the absorbance peak that correlates with the mass of the prochelator was 

compared to a calibration curve to calculate the concentration of prochelator present 

after incubation. 

3.2.4 Mammalian culture 

Cell culture reagents including minimal essential medium (MEM), fetal bovine 

serum (FBS), penicillin streptomycin (pen-strep), Triton X-100, and 0.25% trypsin- 

Ethylenediaminetetraacetic acid (EDTA) were purchased from Gibco. CellTox Green 

LDH Cytotoxicity Detection Kit was purchased from Promega. Cell lines were 
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purchased from the Duke Cancer Institute Cell Culture Facility. All work was performed 

in a laminar-flow hood using sterile techniques.  

Chang human epithelial cells (ATCC CCL-20.2) were allowed to adhere 

overnight to a clear, tissue-culture treated, flat-bottom, 96-well plate in MEM 

supplemented with 10% (v/v) FBS. Likewise, human lung fibroblast cells (CCD-19Lu, 

ATCC CCL-210) and human liver epithelial cells (HepG2, ATCC HB-8065) were grown 

in MEM with glutamine and pyruvate supplemented with 10% (v/v) FBS and 1% non-

essential amino acids. After splitting and counting, black, clear bottom 96-well plates 

were seeded at a density of 15,000 cells per well and incubated overnight. The cells were 

incubated at 37 °C in a fully humidified atmosphere containing 5% CO2. 

3.3 Results 

3.3.1 Synthesis of DB4-51 

The prochelator, DB4-51, was synthesized using 7-amino-3-chloromethyl-3-

cephem-4-carboxylic acid p-methoxybenzyl ester as the starting materials. This 

cephalosporin core is readily modified at both the C-7 and C-3 positions. Amidation of 

the C-7 position was achieved with phenylacetyl chloride. In the presence of a strong 

base, the inactive Δ2 isomer of cephalosporins can form. As previously reported, 

potassium trimethylsilanolate was used to avoid the formation of Δ2 isomer.266 The 

cephalosporin 3′ chloride was then displaced using base activation of the pyrithione acid 

to yield compound 3 (Scheme 6), which was purified via HPLC.  
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Although the thione tautomer of thiohydroxamic acids is favored over the thiol 

form in solution, it has been reported that the high selectivity of O-alkylation over the 

competing S-alkylation is difficult to achieve.274,275 This phenomenon is due to the 

ambident nucleophile that thiohydroxamic acids form in basic solution. The literature 

reports that in similar conditions to those used here (polar, aprotic solvent and halide 

leaving groups) the thione form persists which leads to a greater prevalence of the O-

esters of cyclic thiohydroxamates.275,276 

The final step in the preparation of DB4-51 is the deprotection of the carboxylic 

acid at the 4-position of the cephalosporin core. However, β-lactam antibiotics are 

notoriously acid-sensitive.  Mild acidic conditions were developed in order remove the 

p-methoxybenzyl protecting group from acid-sensitive esters. The deprotection is 

reported to proceed through a proton relay mechanism via a hydrogen-bonded phenolic 

medium.277 Deprotection afforded the title compound, DB4-51, as a white powder in 

moderate yield (Scheme 6). LC-MS, 1H NMR, and 13C NMR spectroscopy were used to 

confirm the identity of compound DB4-51 with a purity of >95%. 

3.3.2 Conversion of DB4-51 to pyrithione requires β-lactamase 

3.3.2.1 Prochelator DB4-51 is stable in aqueous media 

At the heart of the prochelator strategy is the selective conversion of the 

prochelator to the chelator in response to a specific stimulus. In the absence of stimulus, 

the prochelator should remain intact and dormant. In order to monitor the stability of 
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DB4-51, UV-Vis spectroscopy was employed to record the absorbance spectrum in PBS. 

The absorbance spectrum of DB4-51 shows a shoulder at 264 nm and a broad peak 

centered at 315 nm (Figure 24). After 20 hours only very small spectral changes 

occurred. 

  

Figure 24: Absorbance spectrum of DB4-51 in PBS. 

A solution of 100 µM DB4-51 in pH 7.4 PBS was incubated at 37 °C for 0‒24 

hours. The two spectral features of DB4-51 are centered at 264 nm and 315 nm.   

 To further demonstrate compound stability, the concentration of the prochelator 

in solution was monitored by LC-MS. A calibration curve was prepared after a serial 

dilution of DB4-51 was analyzed on the instrument and the area under the absorbance 

peak at 260‒280 nm was integrated. This curve was then used to calculate the 

concentration of DB4-51 after incubating in PBS at 37°C  and analyzing by LC-MS after 0, 

24, and 72 hours (Figure 25). After 72 hours, 80% of the original signal was still observed 

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.70

0.80

0.90

1.00

250 300 350 400

A
b

so
rb

an
ce

 

Wavelength (nm) 

 0h

24h



 

84 

(Figure 26). Given the lack of degradation products in the mass spectrum, it is possible 

that aggregation of the prochelator over time is the cause of the observed loss of signal.  

Together, the UV-Vis and LC-MS data support the overall stability of DB4-51 in aqueous 

conditions. By comparison, the in vivo half-life of most β-lactam antibiotics is on the 

order of a few hours.278,279 

 

Figure 25: LC-MS UV chromatogram of DB4-51. 

A 100 µM sample of DB4-51 was incubated at 37 °C for 72 hours. After 0 h (A), 24 

hours (B), and 72 hours (C) the samples were analyzed by LC-MS using a 0‒60% ACN 

gradient in H2O over 18 minutes. The mass spectrum (D) shows the intact product,  

DB4-51, eluting at 13 minutes. 
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Figure 26: Stability of DB4-51 in PBS.  

A 100 µM sample of DB4-51 was incubated in pH 7.4 PBS at 37°C for 72 hours 

and analyzed by LC-MS. The concentration of DB4-51 remaining in the sample was 

calculated by integrating the area under the absorbance peak at 260‒280 nm. Error bars 

represent standard deviation between replicate runs. 

3.3.2.2 UV-Vis detection of prochelator-to-chelator conversion of DB4-51 

 The stability of DB4-51 being established, the conversion of the prochelator must 

now be demonstrated. To confirm that the prochelator is converted in the presence of β-

lactamase, commercial class A β-lactamase was added to a solution of DB4-51 in PBS 

and the spectral features were monitored via UV-Vis. As predicted, the shoulder at 264 

nm is reduced upon addition of the enzyme while the characteristic features of 

pyrithione at 242, 284, and 332 nm grow in (Figure 27). An overlay of the spectrum of 

pyrithione with the spectra of DB4-51 with and without β-lactamase and shows the 

release of pyrithione from the prochelator (Figure 28). 
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Figure 27: Absorbance spectrum of DB4-51 in the presence of β-lactamase.  

To a solution of 50 µM DB4-51 in pH 7.4 PBS was added 0.25 units/mL β-

lactamase and the sample was equilibrated at rt for 19 hours scanning periodically. The 

characteristic spectral features of pyrithione at 264 and 332 nm grew in over time. 

 

Figure 28: Absorbance spectra of DB4-51 and pyrithione.  

A solution containing 50 µM DB4-51 in pH 7.4 PBS was incubated for 19 hours 

with 0.25 units/mL β-lactamase. These spectra are compared to that of 50 µM pyrithione. 
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 Calibration curves of DB4-51 and pyrithione were prepared by performing serial 

dilutions of a stock solution in PBS. From these curves, the molar absorptivity of each 

species was calculated. For DB4-51 ε(264 nm) was found to be 16390 L mol-1 cm-1. For 

pyrithione ε(332 nm) was found to be 5014 L mol-1 cm-1. Using these extinction 

coefficients and the absorbance values above (Figure 27), the concentration of both 

species can be calculated (Figure 29).  

While the prochelator is more than 80% converted by the 17 hour time point, 

there appears to be less than 70% of the expected formation of pyrithione. Because this is 

a lower proportion of pyrithione than anticipated, it should be mentioned that 

pyrithione is particularly difficult to quantify in solution. This is due to the propensity of 

pyrithione to exist in solution in a complex equilibrium between the apo form, disulfide 

form, iron-complex, and copper-complex.280 These equilibria in combination with the 

decreased aqueous solubility of the [Cu(PT)2] species makes spectroscopic quantification 

of pyrithione challenging. 
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Figure 29: Conversion of DB4-51 and release of pyrithione (PT) by UV-Vis 

absorbance.  

Absorbance at 264 nm (DB4-51) and 332 nm (pyrithione) was recorded for a 

sample of 50 µM DB4-51 and 0.25 units/mL β-lactamase in pH 7.4 PBS over time. After 

17 hours at room temperature there is a 60% increase in the absorbance at 332 nm that 

correlates to the release of free pyrithione. Likewise, there is a greater than 80% decrease 

in the absorbance band at 264 nm that correlates to the conversion of the prochelator. 

3.3.2.3 LC-MS detection of β-lactamase reaction products 

The reaction products of the prochelator DB4-51 were analyzed by LC-MS. A 

sample of 100 µM DB4-51 and 10 µM Rofecoxib (internal standard) in PBS was divided 

into two LC-MS vials and to one was added 0.5 units/mL β-lactamase. After incubating 

at room temperature, the samples were run on the LC-MS. Integrating the area under 

the peak of the UV-trace gives a measure of the concentration of that species. By serial 

dilution, a calibration curve was constructed in order to quantify the concentration of 

DB4-51 present in solution. The mass spectrum confirms that the prochelator, with a 
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molecular weight of 457.2 g/mol, elutes at 14.2 minutes (Figure 30). Although the 

prochelator appears very stable without the enzyme, after incubating with β-lactamase 

for 4 hours the prochelator peak is reduced by >80% (Figure 31).  

The reduction of the prochelator peak at 14.2 minutes is concomitant with the 

appearance of a new peak that elutes at 7.1 minutes. The mass spectrum corresponding 

to the species eluting at 7.1 minutes gives the m/z values of 128.2 and 307.9, consistent 

with the presence of pyrithione (127 g/mol) and its 2:1 complex with Fe3+ (307.9 g/mol). 

Due to the difficulties in determining total pyrithione in the mixture, the concentration 

of released pyrithione itself cannot be accurately quantified by this technique. 
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Figure 30: UV chromatography traces show conversion of DB4-51. 

 LC-MS performed on samples containing 100 µM DB4-51, 10 µM Rofecoxib, and 

0.5 units/mL β-lactamase in PBS. Samples were incubated at room temperature and 

analyzed via LC-MS after 0 hours (A, top) and 4 h (A, bottom). After incubation, a broad 

UV peak appears at 7.1 minutes which corresponds to the masses of pyrithione disulfide 

and the 2:1 pyrithione complex with iron (B, top). Mass spectrum analysis confirms the 

prochelator absorbance peak eluting at 14.2 mins is reduced by >80% after 4 h (B, 

bottom). The UV peak of the internal standard Rofecoxib elutes at 16 minutes. 
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Figure 31: Concentration of DB4-51 present by LC-MS after incubation with  

β-lactamase.  

The concentrations of DB4-51 and PT were calculated based on prepared 

calibration curves of the integrated area under the UV peak of each component. Samples 

containing 100 µM DB4-51 in pH 7.4 PBS were incubated for 0-4 hours in the presence 

and absence of 0.1 units/mL β-lactamase. Rofecoxib (Rofe) was added to the samples to 

serve as an internal standard. 

3.3.2.4 Fluorescence assay confirms released pyrithione is an active chelator 

 The calcein assay was utilized in order to assess the relative copper chelating 

ability of the prochelator and pyrithione. The fluorescence emission of calcein is 

quenched by more than 90% in the presence of 1.2 equivalents of CuCl2 (Figure 32). 

Titration with pyrithione results in an increase in calcein fluorescence that is 90% 

recovered by 10 equivalents of pyrithione indicating that pyrithione competes with 

calcein for Cu2+-binding. In contrast, no increase in calcein fluorescence is observed even 

in the presence of 10 equivalents of DB4-51, consistent with the abrogation of metal 
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affinity due to donor atom masking. The addition of 0.1 units/ mL β-lactamase alone 

also has no effect on the quenched fluorescence signal of the Cu-calcein solution. 

However, when incubated with 10 equivalents of DB4-51 and 0.1 units/ mL β-lactamase 

there is an 85% return in calcein fluorescence which correlates well with the addition of 

10 equivalents of pyrithione. This observation confirms that the prochelator effectively 

prevents metal binding activity until it is converted by β-lactamase. 

 

Figure 32: Calcein assay with DB4-51 and pyrithione.  

To solutions of 2 µM calcein in pH 7.4 PBS was added 2.4 µM CuCl2 and the 

samples were fully equilibrated at room temperature for 2 hours. Next, 20 µM 

pyrithione, 20 µM DB4-51, 0.1 units/ mL β-lactamase were added and the fluorescence at 

500 nm was recorded after one hour. Error bars represent the standard deviation about 

the mean. 

3.3.3 Screening DB4-51 against pathogenic bacteria 

The ability of DB4-51 to inhibit bacterial growth was assessed by a traditional 

broth microdilution method that assesses turbidity of liquid cultures in the presence and 
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absence of compound. The antibacterial properties of DB4-51 were assessed in non-

pathogenic, ampicillin-susceptible, lab-strain HB101K-12 E. coli and compared to the 

pGLO-transfected mutant HB101K-12 E. coli that express TEM β-lactamase. Clinically 

relevant pathogenic bacteria were also screened, including UTI89 E. coli, UTI89 E. coli 

transfected with the pCOM plasmid to express TEM β-lactamase, extended spectrum β-

lactamase (ESBL) E. coli, methicillin-resistant Staphylococcus aureus (MRSA), and Klebsiella 

pneumonia (Klebs). Although the exact mechanisms of resistance in these strains are 

unknown, there are general assumptions that can be made. In addition to being 

naturally resistant to many β-lactam antibiotics, MRSA can produce a number of β-

lactamases.281 The exact mechanisms of resistance for ESBL and Klebs clinical isolates are 

unknown; however they were screened against clinical antibiotics and were observed to 

be resistant to ampicillin. It should be noted that all of the bacteria tested are gram-

negative except for gram-positive MRSA. 

It is useful when discussing pathogenic bacteria to categorize strains by the 

degree of therapeutic effectiveness of drugs that may be used to combat those strains in 

vivo. Unfortunately, this requires an understanding of the drug pharmacokinetics which 

vary based on a number of factors including patient physiology and location of the 

infection. Thus, a simplified system of categorizing bacteria is typically used in which 

the degree of drug effectiveness in vitro is characterized by IC50 (the concentration that 
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results in half the maximum growth inhibition of a bacterial culture) or MIC (lowest 

concentration that fully inhibits bacterial growth).  

Using this system, a strain is categorized as “susceptible” to a specific drug if it 

has an IC50 that can realistically be achieved therapeutically.282 This threshold is 

dependent on the individual patient as well as the availability, toxicity, and half-life of 

the drug in question. Conversely, a strain is referred to as “resistant” if it is inhibited by 

a concentration of the drug that is sufficiently high that therapeutic failure is likely. 

Although the categorization of a strain as susceptible or resistant cannot be directly 

translated into clinical outcome with a given treatment, clinicians are less likely to use a 

drug to which an infection is said to be resistant. 

The goal of this screen was to calculate the IC50 of the prochelator in a series of 

pathogenic bacteria and compare these values to the IC50 of known antibiotics in those 

same strains to determine the relative effectiveness of DB4-51 against the drug-resistant 

and drug-susceptible bacteria in comparison to current antibiotic treatment options.  

Bacterial growth was monitored in LB broth at 37 °C in the presence and absence 

of DB4-51 for 20 hours. A concentration gradient of DB4-51 from 500 to 0 µM was used 

to screen all 7 strains of bacteria and the dose-response curves were fit to calculate the 

IC50 of DB4-51 in each strain. An example of these growth-inhibition curves can be seen 

in Figure 33. To determine if the antibiotic mechanism of action of DB4-51 is metal-

dependent, the titration of DB4-51 was also performed in media containing 10 µM 
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supplemental CuCl2 or 500 µM bathocuproine disulfonate (BCS) which creates a Cu-

deficient growth environment by sequestering extracellular Cu in a high-affinity, 

membrane-impermeable Cu+-complex.  

3.3.3.1 Testing DB4-51 in HB101K-12 Escherichia coli 

The prochelator DB4-51 was screened against both the wild type, ampicillin-

susceptible (-Bla) and ampicillin-resistant (+Bla) K-12 strains (Figure 34). The IC50 of 

ampicillin for the -Bla and +Bla strains are 8 µM and >250 µM, respectively. DB4-51 was 

found to have a slightly lower IC50 (15 µM) in +Bla K-12 than in -Bla K-12 (18 µM) (Table 

7). Although the numerical difference between the two IC50 values is small, it is 

statistically significant and indicates that DB4-51 is slightly more active against the +Bla 

K-12 E. coli strain that produces β-lactamase.  It is noteworthy that the prochelator has 

activity, even modestly improved activity, against +Bla K-12 considering that ampicillin 

is unable to kill this strain at low millimolar concentrations.  

The effect of copper on the IC50 of DB4-51 was also assessed in order to test its 

possible influence on activity. The addition of 10 µM copper to the test media did not 

significantly change the IC50 of DB4-51 in either K-12 strain of E. coli. However, the 

removal of copper from the media via BCS increased the IC50 of DB4-51 in -Bla K-12 from 

18 to 38 µM. Likewise, the IC50 of DB4-51 in +Bla K-12 increased from 15 to 51 µM. This 

result suggests a potential copper-dependent mechanism of action of DB4-51. 
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3.3.3.2 Testing DB4-51 in UTI89 Escherichia coli 

The uropathogenic UTI89 E. coli was isolated from a patient with an acute 

bladder infection. UTI89 is susceptible to ampicillin and we calculated the IC50 of 

ampicillin to be 3 µM. However, resistant strains of UTI89 can cause persistent urinary 

tract infections. By comparison, DB4-51, with an IC50 of 27 µM, is much less active in 

UTI89 (Figure 34).The resistant mutant strain of UTI89 E. coli was produced by 

transfecting UTI89 with the pCOM plasmid that encodes for a TEM-1 β-lactamase. In the 

pCOM strain, the IC50 of ampicillin is greater than 250 µM. However, the IC50 of DB4-51 

is reduced by 60% to only 11 µM in the pCOM mutant that produces β-lactamase. This 

observation is consistent with a β-lactamase-dependent conversion of the prochelator to 

pyrithione which subsequently carries out its antibiotic effect.  

As seen in Figure 34, the inclusion of supplemental copper slightly decreases the 

IC50 of DB4-51 in UTI89 from 27 to 21 µM. However, with a P value of 0.13, these two 

values are not statistically different. Likewise, the IC50 of DB4-51 in the pCOM mutant 

strain also decreases slightly from 11 to 8 µM upon the inclusion of additional copper. 

This decrease is small, but it is statistically significant (P = 0.01). When BCS is included in 

the media the IC50 of DB4-51 in UTI89 decreases from 27 to 17 µM. Conversely, the IC50 

of DB4-51 in the ampicillin-resistant pCOM strain increases from 11 to 80 µM. The 

observations that the IC50 of DB4-51 in the pCOM strain decreases when copper is added 
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and increases when BCS is added support a copper-dependent mechanism of action for 

DB4-51 in pCOM E. coli. 
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Figure 33: DB4-51 growth-inhibition curves. 

Cultures of A) -Bla K-12 E. coli, B) +Bla K-12 C) UTI89 E. coli, D) pCOM UTI89 E. 

coli, E) ESBL E. coli, F) MRSA, and G) Klebs were incubated with DB4-51 serially diluted 

in 1) LB broth, 2) LB containing 10 µM CuCl2, or 3) LB containing 500 µM BCS. Bacterial 

growth was recorded via OD600 reading after 20 hours of incubation at 37 °C. The 

OD600 readings were normalized and fit to a non-linear regression using the log of the 

concentration of DB4-51 to calculate the concentration that yielded 50% growth 

inhibition (IC50). Error bars represent the standard deviation between replicate trials. 
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3.3.3.3 Testing DB4-51 in ESBL Escherichia coli 

E. coli that produce extended-spectrum β-lactamases are highly resistant to many 

penicillin and cephalosporin antibiotics. In fact, the IC50 of ampicillin in ESBL E. coli is 

greater than 250 µM. Due to its resistance to common antibiotics, ESBL E. coli can cause 

urinary tract infections that may persist and lead to fatal blood infections. The 

prochelator DB4-51 was screened for activity in ESBL E. coli and was found to have an 

IC50 value of 8 µM. This value is 70% lower than the IC50 of DB4-51 in the ampicillin-

susceptible UTI89 E. coli (Figure 34). This result supports a β-lactamase-dependent 

conversion of the prochelator to pyrithione. 

 The activity of DB4-51 in media supplemented with copper or BCS was also 

evaluated. The IC50 of DB4-51 in ESBL E. coli increases more than 100% in the presence of 

supplemental copper from 8 µM to 20 µM. Similarly, the addition of BCS to the media 

caused the IC50 of DB4-51 in ESBL E. coli to increase from 8 µM to 17 µM. Taken together, 

the IC50 responses to copper and BCS do not clearly indicate a copper-dependent 

mechanism of action for DB4-51 in ESBL E. coli. 

3.3.3.4 Testing DB4-51 in Klebsiella pneumoniae 

Klebsiella pneumoniae is a common, gram-negative, bacterial pathogen found in 

the human gut and mouth. It is the second most common cause of urinary tract 

infections ranking behind only E. coli. K. pneumoniae can produce a number of β-

lactamases that confer upon the strain a broad-spectrum of resistances to clinical 
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antibiotics.283 A strain of ampicillin-resistant K. pneumoniae was screened against 

ampicillin and DB4-51. In Klebs, the IC50 of ampicillin is greater than 250 µM, but the IC50 

of DB4-51 was found to be 37 µM (Figure 34).  

When DB4-51 is evaluated against Klebs in the presence of supplemental copper, 

the IC50 was calculated to decrease from 37 µM to 25 µM. However, including BCS in the 

growth media caused an even larger decrease in the IC50 of DB4-51 from 37 to 20 µM. 

These observations do not indicate a clear copper-dependence on the activity of DB4-51 

in Klebsiella pneumoniae. 

3.3.3.5 Testing DB4-51 in Staphylococcus aureus 

Methicillin-resistant Staph. aureus (MRSA) was first recognized as a problem in 

long-term healthcare facilities. In that setting, MRSA is well-positioned to cause 

opportunistic infections in patients with compromised immune systems. It should be 

noted that Staph. aureus is gram-positive and therefore expresses β-lactamase primarily 

in the extracellular space.284,285 MRSA is difficult to treat due to its resistance to a variety 

of β-lactam antibiotics. For example, the IC50 of ampicillin is greater than 250 µM in the 

USA300 MRSA strain used here. When DB4-51 was screened against MRSA the IC50 was 

found to be 10 µM (Figure 34). 

The most dramatic decrease in the IC50 of DB4-51 is seen with MRSA when 

supplemental copper is added to the media. Under these conditions the IC50 of DB4-51 

decreases from 10 to 0.4 µM. There is also a large increase in the IC50 of DB4-51 in MRSA 
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from 10 to 22 µM when BCS is added to the media. These observations suggest a 

correlation between the antibacterial activity of DB4-51 in MRSA and the presence of 

copper in the media.  

 

Figure 34: IC50 of DB4-51 in various bacteria in the presence and absence of 

supplemental copper. 

IC50 values were calculated via broth microdilution of DB4-51 in LB broth, LB 

supplemented with 10 µM CuCl2, or LB supplemented with 500 µM BCS. Error bars 

represent the 95% confidence interval as from a variable slope, nonlinear regression fit to 

the dose-response OD600 data. 
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Table 7: Comparison of IC50 values of DB4-51 and ampicillin in select bacteria. 

 

IC50 (µM) 

Bacteria Media Media + Copper Media + BCS Ampicillin 

-Bla K-12 E. coli 18 (16.4-20.2) 15 (13.7-16.3) 38 (31.9-44.8) 8 (7.2-8.9) 

+Bla K-12 E. coli 15 (14.2-14.9) 14 (12.1-15.5) 51 (44.4-58.7) >250 

UTI89 E. coli 27 (24.4-29.9) 21 (12.0-37.0) 17 (12.4-22.8) 3 (1.8-4.5) 

pCOM E. coli 11 (10.0-11.3) 8 (7.1-9.2) 1 80 (68.8-92.2) >250 

ESBL E. coli 8 (6.8-9.2)1 20 (19.3-21.3) 17 (15.3-18.1) >250 

Klebs 37 (33.2-41.9) 25 (19.4-33.0) 20 (17.8-22.5) >250 

MRSA 10 (8.3-13.1) 1 0.4 (0.1-1.6) 1 22 (13.9-35.8) >250 

 

IC50 values were calculated via broth microdilution of DB4-51 in LB broth, LB 

supplemented with 10 µM CuCl2, or LB supplemented with 500 µM BCS. IC50 values for 

ampicillin were calculated via broth microdilution in LB broth only. Values are listed as 

the mean followed by the 95% confidence interval about the mean. Mean and confidence 

intervals were calculated from a variable slope, nonlinear regression fit to the dose-

response OD600 data.  

3.3.4 Detection of DB4-51 reaction products in pathogenic E. coli 

As seen in Figure 31, LC-MS has been used to visualize the reaction of DB4-51 in 

solution when β-lactamase is added. This analysis serves as a proof-of-principle that 

DB4-51 is converted in the presence of the enzyme, but does not prove that clinically-

relevant bacteria are capable of converting the prochelator to pyrithione in appreciable 

quantities. There are possible scenarios where the prochelator could fail to release the 

chelator in antibiotic-resistant bacteria. 

One scenario involves the bacteria producing β-lactamases that do not bind to 

the prochelator substrate. Although DB4-51 was designed to be a good substrate for 

several classes of β-lactamase, it is possible that the enzymes produced by any one strain 
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would not react with our specific compound. The other potential problem is a question 

of enzyme expression level. Just because a bacterial culture expresses the correct enzyme 

to hydrolyze our substrate does not necessarily mean that it produces sufficient 

quantities of the enzyme to show a measurable reduction in the amount of prochelator 

and/or meaningful production of pyrithione. 

The reaction products of DB4-51 were observed in both susceptible UTI89 and 

resistant ESBL E. coli for comparison purposes. Cultures of both strains were grown in 

LB overnight and then diluted 1:100 in LB containing 100 µM DB4-51. These cultures 

were incubated for 1‒4 hours at 37 °C and then centrifuged at 15,000 rpm for 5 minutes 

to pellet the bacteria. The pellets were washed in sterile water and proteins were 

removed from solution. The LC-MS samples were prepared in 85/15 water/ACN. LC-MS 

was performed on the samples using a 2‒60% ACN gradient in H2O. As seen in Figure 

30, the prochelator mass elutes at 14.2 minutes and gives a sharp absorbance peak in the 

260‒280 nm range. By comparing to a calibration curve, the absorbance value was 

correlated to the concentration of DB4-51 present in the sample.  

When incubated in LB but without bacteria, more than 90% of DB4-51 is visible 

by LC-MS after 4 hours (Figure 35). If DB4-51 is converted in the presence of β-lactamase 

then there should be very little change when incubated with UTI89. Indeed, more than 

75% of DB4-51 is detected after a 4 hour incubation with UTI89. However, the highly 

resistant ESBL strain causes a high degree of conversion of the prochelator with less than 
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10% of DB4-51 detectable after 4 hours. The reduction of the prochelator peak at 14.2 

minutes is concomitant with the appearance of a new peak that elutes at 7.1 minutes 

which is consistent with pyrithione. However, due to the aforementioned difficulties in 

quantifying pyrithione, the release of pyrithione cannot be accurately measured by this 

technique. 

 

Figure 35: Concentration of DB4-51 in pathogenic E. coli cultures.  

The integrated area under the LC-MS UV absorbance peak that corresponds to 

the prochelator was compared to a calibration curve of DB4-51 to calculate the 

concentration of 100 µM DB4-51 present after incubating in LB. Additionally, 100 µM 

DB4-51 was quantified after incubating in cultures of UTI89 and ESBL E. coli for 1 and 4 

hours. While more than 75% of DB4-51 survives incubation in UTI89, less than 10% of 

the prochelator is intact after incubating with ESBL. All samples were prepared in 

triplicate and the error bars represent the standard deviation about the mean of those 

samples. 
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3.3.5 Activity of DB4-51 against Klebsiella pneumoniae clinical 
isolates 

In order to further assess the activity of DB4-51 against pathogenic bacteria, 13 

clinical isolates of K. pneumoniae were obtained from Duke University School of 

Medicine. These strains were pre-screened for antibiotic sensitivity and were all 

considered “ampicillin-resistant;” however, their specific mechanisms of resistance are 

unknown. To illustrate the relative efficacy of DB4-51 against these resistant strains, the 

isolates were screened against pyrithione, ampicillin, and ceftriaxone. Ampicillin is a 

broad-spectrum, orally available β-lactam antibiotic that is typically considered a first-

line treatment for non-resistant K. pneumoniae infections. Ceftriaxone is a third-

generation cephalosporin that is typically administered via intramuscular injection for 

treatment of resistant infections. By comparing the IC50 values of these two antibiotics, a 

frame of reference can be developed for the activity of DB4-51 and pyrithione. 

  These four compounds were screened by broth microdilution and the bacterial 

growth was monitored via OD600. After 20 hours the IC50 of all four compounds were 

calculated (Figure 36) in each of the K. pneumoniae isolates. Although the exact 

mechanisms of resistance for each of these 13 isolates are unknown, the IC50 values 

confirm that all of these isolates are resistant to ampicillin. In fact, only in isolate 3 does 

ampicillin have an IC50 less than 100 µM. Ceftriaxone is much more effective than 

ampicillin and only in isolates 3, 4, 9, and 13 does ceftriaxone have an IC50 greater than 1 

µM. Pyrithione was also screened against these isolates and it was confirmed that the 
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active chelator component of DB4-51 is active against all 13 isolates. Pyrithione has an 

IC50 ≤10 µM in all strains except isolate 3 in which pyrithione has an IC50 of 21 µM. 

Given the frame of reference provided by ampicillin and Ceftriaxone, a general 

trend of the effectiveness of DB4-51 can be observed. Generally speaking, in the isolates 

that are most resistant to ampicillin (for example, isolates 2, 5-9, and 11) DB4-51 is the 

most effective. For example, isolate 9 seems particularly resistant to both β-lactam 

antibiotics tested with IC50 values for ampicillin and ceftriaxone greater than 500 µM and 

70 µM respectively. In isolate 9, however, DB4-51 has an IC50 of 9.5 µM making it much 

more effective than either antibiotic.  

 

Figure 36: IC50 values of compounds in clinical isolates of Klebsiella 

Pneumoniae.  

DB4-51 and pyrithione were screened alongside the two clinical antibiotics 

ampicillin and Ceftriaxone in 13 clinical isolates of K. Pneumoniae. The bacterial growth 

was measured and the IC50 values were calculated after 20 hours. Error bars represent 

95% confidence intervals. 
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3.3.5.1 LC-MS quantification of DB4-51 in Klebsiella pneumoniae clinical isolates 

DB4-51 was incubated in media as well as cultures of Klebs isolates 4 and 9 to 

determine if the observed IC50 values for DB4-51 in Figure 36 correspond to the degree of 

DB4-51 that persists in the media. When incubated in LB but without bacteria for 4 

hours, >90% of DB4-51 is visible by LC-MS (Figure 37). Similarly, when a culture of K. 

pneumoniae isolate 4 is incubated in LB with 100 µM DB4-51, more than 90% of DB4-51 is 

detected by LC-MS after 4 hours. In contrast, when DB4-51 is incubated with a culture of 

Klebs isolate 9 less than 15% of DB4-51 remains visible in the media after 4 hours.  

 

Figure 37: Conversion of DB4-51 in pathogenic K. pneumoniae isolates.  

The integrated area under the LC-MS UV absorbance peak that corresponds to 

the prochelator was compared to a calibration curve of DB4-51 to calculate the 

concentration of 100 µM DB4-51 present after incubating in LB. Additionally, 100 µM 

DB4-51 was quantified after incubating in cultures of K. pneumoniae isolate 4 or 9 for 1 

and 4 hours. While more than 90% of DB4-51 is observed in isolate 4, less than 15% of 

the prochelator is intact after incubating with isolate 9. Error bars represent the standard 

deviation about the mean of triplicate samples. 
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3.3.6 Pre-incubation of DB4-51 with β-lactamase before treating 
bacteria 

To test the hypothesis that β-lactamase activates DB4-51 and pyrithione causes 

the antibiotic effect, a pre-incubation assay was performed. Samples containing either 

200 µM DB4-51 or 200 µM pyrithione in LB with and without β-lactamase were 

incubated for 2.5 hours at 25 °C. These pre-incubated stock solutions were then used in a 

broth microdilution assay in +Bla and -Bla K-12 E. coli to determine the IC50 in each 

condition. 

The results show a distinction between the IC50 of DB4-51 and DB4-51 that has 

been pre-incubated with β-lactamase before dosing (Figure 38). The IC50 of DB4-51 

decreases from 18.3 to 9.4 µM in -Bla K-12 when it is pre-incubated with β-lactamase. 

The same treatment in +Bla K-12 E. coli produces a smaller decrease in IC50 from 14.5 to 

8.3 µM. The IC50 of pyrithione in -Bla and +Bla K-12 is 7.4 and 7.8 µM respectively. 

Although the IC50 values vary slightly, there are no statistical differences in the IC50 

values of pyrithione, DB4-51 incubated with β-lactamase, and pyrithione incubated with 

β-lactamase.  
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Figure 38: IC50 of DB4-51 and pyrithione in E. coli pre-incubated with and 

without β-lactamase in K-12.  

Stocks containing either 200 µM DB4-51 or 200 µM pyrithione in LB with and 

without 1 unit/mL of β-lactamase were incubated for 2.5 hours at 25 °C. Broth 

microdilution of these stocks in cultures of +Bla and -Bla K-12 E. coli was used to 

calculate the IC50 by monitoring the OD600 over 20 hours. Error bars represent the 95% 

confidence intervals about the mean. 

3.3.7 ICP-MS analysis of E. coli incubated with DB4-51 or pyrithione 

The mechanism of action through which DB4-51 inhibits bacterial growth is 

unknown. One proposed mechanism involves pyrithione, once released, acting as an 

ionophore to shuttle metals across cell membranes. Inductively-coupled plasma mass 

spectrometry (ICP-MS) was used to measure the concentration of cell-associated copper, 

iron, and zinc for +Bla and -Bla K-12 E. coli strains grown under a variety of conditions. 

Both strains of E. coli grown in normal LB media were compared to those incubated for 

one hour in LB with 10 µM supplemental CuCl2, 500 µM BCS, 10 µM DB4-51 with and 

without 10 µM CuCl2, and 10 µM pyrithione with and without 10 µM CuCl2. The mean 
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concentrations of cell-associated metals in -Bla (Figure 39) and +Bla (Figure 40) grown in 

various conditions are illustrated below. It should be noted that the uncertainty in these 

values results primarily from the variance in counting the CFUs from each sample. This 

variance is partially due to actual differences in bacterial survival in the treatment 

conditions and partially due to experimental variance in plating, growing, and counting 

individual bacterial CFUs.  

The basal-levels of copper, iron, and zinc associated with -Bla E. coli incubated in 

LB for 1 hour was found to be 4.0, 15.0, and 3.5 pg/CFU, respectively. Incubation in LB 

with 10 µM supplemental CuCl2 caused a roughly 3-fold increase in copper and zinc and 

a 4-fold increase in iron in the -Bla strain compared to the bacteria grown in media alone 

(Figure 39). Incubating a culture of -Bla K-12 E. coli in media containing 500 µM BCS 

resulted in a 3-fold increase in copper and zinc and a 6-fold increase in iron compared to 

the -control culture grown in LB. Only very small changes in the concentrations of cell-

associated copper, iron, and zinc were observed when a culture of -Bla K-12 E. coli was 

incubated in LB containing 10 µM DB4-51 compared to the control culture grown in LB. 

However, when -Bla K-12 E. coli was incubated in LB containing both 10 µM DB4-51 and 

10 µM CuCl2 there was a 2-fold increase in the concentration of copper and a 30% 

decrease in iron and zinc concentrations compared to the -Bla culture incubated LB with 

10 µM supplemental CuCl2. When incubated with 10 µM pyrithione, the concentrations 

of cell-associated copper, iron, and zinc decrease 5-, 3- and 2-fold, respectively, in -Bla K-
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12 compared to the control culture grown in LB only. When -Bla K-12 is incubated with 

pyrithione and supplemental copper, the cell-associated concentration of copper 

increases 65-fold while iron and zinc increase 3- and 4-fold respectively. 

The basal-levels of copper, iron, and zinc associated with +Bla E. coli incubated in 

LB for 1 hour was found to be 3.0, 35.0, and 15.0 pg/CFU, respectively. Incubated in LB 

with 10 µM supplemental CuCl2, the concentrations of cell-associated copper, iron, and 

zinc in the +Bla strain decreased 2-, 3-, and 5-fold, respectively, compared to the control 

culture grown in media alone (Figure 40). Meanwhile, the metal concentrations in the 

+Bla strain incubated with BCS showed a 3-fold decrease in copper and a 2-fold decrease 

in iron and zinc. When a culture of +Bla K-12 E. coli was incubated in LB containing 10 

µM DB4-51 there was a 60% increase in copper, and a 50% decrease in iron and zinc 

compared to the control culture grown in LB. The +Bla K-12 E. coli incubated with 10 µM 

DB4-51 and 10 µM CuCl2 exhibits an 8-fold increase in intracellular copper concentration 

as well as a 2-fold increase in both iron and zinc compared to +Bla K-12 grown in LB. 

When the +Bla strain is incubated in LB with 10 µM pyrithione, the concentrations of 

cell-associated copper, iron, and zinc decrease 12-, 66-, and 32-fold, respectively, 

compared to the control culture grown in media. When +Bla K-12 is incubated with 

pyrithione and supplemental copper, the cell-associated concentration of copper 

increases 97-fold while the concentrations of iron and zinc increase 15- and 18-fold 

respectively. 
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Figure 39: Intracellular metal concentrations of -Bla K-12 E. coli.  

Cultures of -Bla K-12 E. coli were incubated in media (LB) with 10 µM CuCl2, 500 

µM BCS, 10 µM DB4-51 with and without 10 µM CuCl2, and 10 µM pyrithione with and 

without 10 µM CuCl2. After one hour the bacteria were collected via centrifugation, 

washed with EDTA, and counted. The washed pellets were digested in nitric acid and 

the contents were analyzed via ICP-MS. All treatments were performed in triplicate. The 

ng/CFU ratio was calculated for each replicate and the error bars represent the standard 

error about the mean.  
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Figure 40: Intracellular metal concentrations of +Bla K-12 E. coli.  

A culture of +Bla K-12 E. coli was incubated in media (LB) as well as LB with 10 

µM CuCl2, 500 µM BCS, 10 µM DB4-51 with and without 10 µM CuCl2, and 10 µM 

pyrithione with and without 10 µM CuCl2. After one hour the bacteria were collected via 

centrifugation, washed with EDTA, and counted. The washed pellets were digested in 

nitric acid and the contents were analyzed via ICP-MS. All treatments were performed 

in triplicate. The ng/CFU ratio was calculated for each replicate and the error bars 

represent the standard error about the mean. 
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3.3.8 Metal chelators mitigate the inhibitory activity of DB4-51 

The ICP-MS results suggest that the prochelator and pyrithione are able to 

manipulate cell-associated metals. The activity of pyrithione and DB4-51 may therefore 

be influenced by the addition of the competitive chelators BCS and EDTA to the test 

media. A checkerboard assay was employed in order to examine the impact of varying 

concentrations of metal chelators on the inhibitory activity of DB4-51 in bacteria. The 

checkerboard assay is a useful for visualizing the synergistic or antagonistic activity of 2 

compounds by titrating one compound on each perpendicular axis. 

The IC50 of DB4-51 was found to be 14.5 µM in +Bla K-12 E. coli. With that in 

mind, the OD600 of a culture of +Bla E. coli was recorded as afunction of BCS 

concentration in order to investigate the influence of copper limitation on the activity of 

DB4-51 (Figure 41, top). The OD600 reading of wells containing media only with no 

bacteria was taken as the no-growth control, shown as the red shaded column on the far 

right in Figure 41. The positive growth control is indicated in the bottom left corner and 

shaded green. The far left column shows very little effect on growth by the presence of 

BCS alone, with perhaps only a slight decrease at 500 µM, the highest dose tested. The 

bottom row shows growth inhibition induced by DB4-51 alone; consistent with the IC50 

data described previously, concentrations of DB4-51 above 13 µM begin to inhibit 

growth of this strain. The checkerboard assay shows that the addition of BCS has an 

antagonistic effect on the growth inhibition activity of DB4-51. The growth of E. coli in 
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media containing 52 µM DB4-51 (column 5) shows almost no differential absorbance 

compared to the media control which contains no bacteria. This indicates that the 

bacterial growth has been inhibited. However, the addition of 63 µM or higher BCS 

restores the E. coli growth.  

The addition of EDTA to the culture media has an even stronger influence on the 

growth of +Bla K-12 E. coli than does BCS. As shown by the bottom plot of Figure 41,, 

high concentrations of EDTA alone inhibit growth. In combination, EDTA has a 

synergistic effect with low concentrations of DB4-51 but an antagonistic effect at 

concentrations of DB4-51 above its IC50 value. For example, the addition of 31 µM EDTA 

triples the OD600 of +Bla E. coli grown in media containing 86 µM DB4-51 (Figure 41, 

bottom). 
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Figure 41: Checkerboard assay of DB4-51 vs BCS, EDTA in +Bla K-12 E. coli in 

LB. 

A standard broth microdilution protocol was followed in order to serially dilute 

each compound in LB as shown above. The column on the left contains only chelator 

and the row on the bottom contains only DB4-51. After incubating at 37 °C while 

shaking at 200 rpm for 4 hours, the OD600 of each well was recorded. As shown, the 

addition of either BCS (top) or EDTA (bottom) to the culture rescues +Bla E. coli from 

DB4-51. 

 

3.3.9 Cytotoxicity of DB4-51 in mammalian cells 

Despite its ubiquity in topical health and beauty products, there have been 

persistent concerns regarding the intracellular toxicity of pyrithione to mammalian 

cells.286,287 Although the basis of the prochelator strategy is to prevent systemic exposure 

to the chelator, the toxicity of both the prochelator and the chelator impact the 

usefulness of DB4-51 as a therapeutic compound. Therefore, the toxicity of DB4-51 and 
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pyrithione were evaluated in mammalian cells using the CellTox Green Cytotoxicity 

fluorescence assay. The following cell lines were utilized: CCD-19Lu human lung 

fibroblast cells and HepG2 human liver epithelial cells. Using the CellTox Green 

Cytotoxicity assay, the viability of mammalian cells was monitored as a function of their 

membrane stability. The assay contains a membrane-impermeable dye that binds DNA 

with a fluorescence turn-on. This dye allows the visualization of cell lysis as a 

proportional fluorescence increase. The resulting fluorescence intensities were 

normalized using negative (media) and positive (a lethal dose of 1% Triton-X) controls. 

The assay manufacturers recommend that the fluorescence be recorded after a 0‒24 hour 

incubation period. 

Neither pyrithione nor DB4-51 were found to cause more than 50% cell death at 

concentrations up to the maximum 500 µM dose tested in either cell line after 24 hour 

incubation in LB (Figure 42, blue and green bars). This situation changes, however, if the 

media is supplemented with 10 µM CuCl2, conditions for which both pyrithione and 

DB4-51 show cytotoxicity in both cell lines (Figure 42, purple and red bars). From these 

data, LD50 values (half the concentration that causes maximum toxicity) of DB4-51 and 

pyrithione alone were calculated to be greater than 500 µM in both cell lines (Table 8). 

However, in the presence of 10 µM supplemental CuCl2, the LD50 of pyrithione drops to 

56.5 µM in HepG2 and 18.2 µM in CCD-19Lu.  Surprisingly, DB4-51 shows even greater 
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cytotoxicity under Cu-replete conditions, with LD50 values of 11.9 µM and 20.6 µM 

against HepG2 and CCD-19Lu, respectively.  

The increased toxicity of DB4-51 in the presence of supplemental copper may be 

due to hydrolysis/degradation of the prochelator that results in the release of pyrithione. 

To test this hypothesis, the assay media was analyzed by LC-MS after incubating with 

the cells for 4 hours and the concentration of intact prochelator was calculated. As seen 

in Figure 43, less than 50% of the prochelator is detected after incubating for 4 hours 

with the mammalian cells. Because no pyrithione was detected after incubation, the 

outcome of the prochelator remains unclear. 
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Figure 42: Cytotoxicity of DB4-51 and pyrithione in CCD-19Lu and HepG2 

cells. 

The human lung fibroblast cells, CCD-19Lu, (top) and human liver epithelial 

cells HepG2, (bottom) were allowed to adhere to the bottom of a 96-well plate overnight. 

The growth media was replaced with serum-free media containing CellTox Green dye 

and serial dilutions of the active compounds in the presence and absence of 10 µM CuCl2 

were performed. The cells were then incubated for 24 hours. Exciting at 485 nm the 

fluorescence emission at 520 nm was recorded. Error bars represent the standard 

deviation about the mean. 
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Table 8: LD50 of DB4-51, pyrithione, and copper in HepG2 and CCD-19Lu cells. 

 

LD50 (µM) 

 

DB4-51 DB4-51 + Cu PT PT + Cu Cu 

CCD-19Lu >500 20.6 (12.4-34.0). >500 18.2 (15.3-21.6) >500 

HepG2 >500 11.9 (5.6-18.8)...  >500 56.5 (38.3-83.4) >500 

 

LD50 values of DB4-51 and pyrithione calculated from the Celltox Green 

fluorescence assay in the presence and absence of 10 µM CuCl2 as well as the LD50 of 

CuCl2 in media. 

 

 

 
 

Figure 43: Concentration of DB4-51 after incubation with mammalian cells. 

The integrated area under the LC-MS UV absorbance peak that corresponds to 

the prochelator was compared to a calibration curve of DB4-51 to calculate the 

concentration of 100 µM DB4-51 present after incubating in LB. Additionally, 100 µM 

DB4-51 was quantified after incubating with CCD-19Lu or HepG2 cells for 4 hours. Only 

44% of DB4-51 was detected after incubation with CCD-19Lu and 35% of the prochelator 

is intact after incubating with HepG2. By comparison, incubation in PBS for 24 hours 

results in 85% of DB4-51 being detected. All samples were prepared in triplicate and the 

error bars represent the standard deviation about the mean of those samples. 
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3.4 Discussion 

Broad-spectrum antibiotics indiscriminately eliminate pathogenic bacteria and 

host flora alike. These off-target effects alter the composition of host flora and can create 

an environment for resistant bacteria to thrive. Narrow-spectrum antibiotics are able to 

mitigate the off-target effects of broad-spectrum antibiotics by selectively targeting the 

pathogenic bacteria. Our hypothesis is that the prodrug strategy can be applied to 

chelators so that the site of metal chelation overlaps with the site of infection caused by 

resistant bacteria. The mechanism by which the prochelator is activated by β-lactamase 

involves nucleophilic attack by the enzyme on the β-lactam carbonyl. This initiates a π-

bond movement that releases the chelator payload bound at the 3’ position (Figure 20). 

In order to design a prochelator that targets drug-resistant bacteria, a β-lactam 

protecting group was utilized that has been reported to be a substrate for several classes 

of β-lactamase. Pyrithione was selected for the chelator component due to its known 

metal affinity, antimicrobial activity, and for its synthetic feasibility. The resulting 

prochelator was named DB4-51 (Figure 23).  

We have demonstrated that DB4-51 is stable in aqueous solution (Figure 26) as 

well as in the presence of susceptible bacteria (Figure 35). In either condition, more than 

80% of the prochelator is still intact after several hours of incubation. This stability is 

important as it prevents the off-target effects of global metal chelation therapy. The 
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stability of DB4-51 combined with its low toxicity in mammalian cells after 24 hours 

(Figure 42) suggests that the prochelator is well tolerated in biological systems.  

Given the noteworthy antimicrobial activity of many chelators like pyrithione, 

achieving the selective release of pyrithione in the presence of β-lactamase was a 

primary aim for this work. In aqueous media, the prochelator, DB4-51, is converted in 

the presence of β-lactamase (Figure 29) or β-lactamase-producing, drug-resistant 

bacteria (Figure 35). Once the prochelator is unmasked by β-lactamase, pyrithione 

becomes available for metal binding and the competitive binding of pyrithione to copper 

was observed using a fluorescence assay (Figure 32). Released from the prochelator, 

pyrithione is able to carry out its antibacterial activity. 

The antibacterial activity of DB4-51 was evaluated in bacterial strains that are 

susceptible and resistant to β-lactam antibiotics. The IC50 values of DB4-51 and 

pyrithione were calculated in order to compare their activities. The IC50 of pyrithione is 

in the low-µM range in all of the strains tested (Table 5). Although its activity in the 

ampicillin-susceptible strains indicates that DB4-51 does possess traditional β-lactam 

activity, the IC50 values for DB4-51 are generally lower in the strains that are resistant to 

the β-lactam antibiotic ampicillin (Table 7). This increase in activity for DB4-51 in 

resistant bacteria seems to support the spectroscopic evidence that the presence of β-

lactamase converts the prochelator and releases pyrithione. However, DB4-51 is much 

more active than ampicillin in the resistant strains which indicates that the inhibitory 
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activity of the prochelator is proceeding through a mechanism unrelated to that of 

traditional β-lactam drugs.  

The pre-incubation of DB4-51 with β-lactamase provides additional evidence 

relating the extent of prochelator-to-chelator conversion to antibacterial activity. By 

activating the prochelator in advance, we were able to elicit a more dramatic inhibitory 

effect from DB4-51 in both the susceptible and resistant strains of K-12 E. coli (Figure 38). 

The observed decrease in IC50 suggests that pre-incubation with β-lactamase either 

results in a greater percentage of the chelator being hydrolyzed, leading to a larger 

effective dose of pyrithione, or that the location of the prochelator-to chelator conversion 

effects the activity of the released chelator. In gram negative bacteria like E. coli, β-

lactamase activity is believed to largely be contained between the outer membrane and 

the cell membrane. Thus, DB4-51 would be hydrolyzed and release pyrithione primarily 

in the bacterial periplasm. However, the results of the pre-incubation experiment show 

that even greater inhibitory activity occurs when DB4-51 is exposed to β-lactamase 

extracellularly.  

By comparing the conversion of DB4-51 in different strains, correlation can be 

made between high degree of prochelator conversion and low IC50 values (Figure 35 and 

Figure 37). This correlation is important because it supports the hypothesis that strains 

capable of hydrolyzing the β-lactam ring will be more susceptible to attack by a 

prochelator strategy. This high degree of stability of DB4-51 incubated with Klebs isolate 
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4, together with the high IC50 (144 µM) of DB4-51 in isolate 4 supports a β-lactamase-

dependent mechanism of activity for those strains that are susceptible to it. Notably, the 

low IC50 (10 µM) of DB4-51 in isolate 9 corresponds to the low stability of the prochelator 

incubated in that culture (Figure 37). Based on these observations it is plausible that 

isolate 4 is unable to hydrolyze the β-lactam ring protecting group of the prochelator 

while isolate 9 efficiently releases pyrithione which can then carry out its antibiotic 

effects.  

The exact mechanisms by which pyrithione and DB4-51 exert their antibacterial 

effects are unknown. Pyrithione has been reported to cause antibacterial activity via 

non-metal-dependent mechanisms. However, there is evidence of a copper-attenuated 

mechanism of action in some of the bacteria that were tested. It should be noted here 

that pyrithione is not specific for copper, and other metals such as zinc and iron could be 

implicated in its activity as well. We chose to study the effects of copper due to evidence 

of a link between pyrithione and an increase in intracellular copper concentrations.184  

Although the presence of supplemental copper in the growth media resulted in 

the IC50 of DB4-51 decreasing in only two of the seven strains tested (Figure 34), this may 

be due to the presence of adequate copper in the growth media to carry out the 

antibacterial effect without the need for additional copper. However, the IC50 increased 

with the addition of BCS in five out of the seven strains tested which suggests that the 

antibiotic mechanism of action for pyrithione and DB4-51 may have a copper 
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component. The addition of BCS could significantly change bacterial metabolism in a 

way that makes the pathogen more susceptible to attack from either β-lactam antibiotics 

or pyrithione, but no evidence of this was observed with -Bla K-12 E. coli (Figure 14).  

Other work has elucidated a mechanism by which antibiotics increase the 

concentration of intracellular Cu2+ ions which function as signaling molecules to 

upregulate antibiotic resistance mechanisms in E. coli.35 Therefore, it is possible that 

pyrithione could take advantage of this labile copper by inhibiting the signaling 

pathway that results in increased resistance while utilizing it to contribute to toxicity. 

Inhibiting the MarR-mediated resistance pathway represents another potential 

mechanism by which DB4-51 could be acting against resistant E. coli. 

Further illustrating the connection between pyrithione and intracellular metals, 

ICP-MS showed a clear decrease in the total copper, iron, and zinc content in both 

strains K-12 E. coli (Figure 39, Figure 40) when incubated with 10 µM pyrithione. When 

incubated with 10 µM pyrithione and CuCl2 the -Bla K-12 strain showed a 65-fold 

increase in copper content and the +Bla K-12 strain experienced a 97-fold increase in cell-

associated copper versus the control that was incubated with only 10 µM CuCl2. 

Although DB4-51 does not cause the same degree of response as pyrithione in the +Bla 

strain, the concentrations of copper, iron, and zinc all increase when incubated with 10 

µM DB4-51 and CuCl2. This suggests that there may be a common, underlying 

mechanism between the two compounds in the resistant strain.  
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In -Bla K-12 E. coli there is no evident trend in the changing metal concentrations 

between pyrithione and DB4-51. Incubated without CuCl2, DB4-51 causes no significant 

changes while pyrithione causes a decrease in copper, iron, and zinc. Likewise, when 

incubated in the presence of 10 µM CuCl2, DB4-51 causes a relatively minor 2-fold 

increase in copper and a 25% decrease in iron and zinc. By contrast, pyrithione in the 

presence of 10 µM CuCl2 causes a dramatic (5- to 100-fold) increase in all 3 metals tested. 

This illustrates that the prochelator successfully modulates the activity of pyrithione.  

The role of metals in the activity of pyrithione and DB4-51 was further illustrated 

by the checkerboard assay. At lethal concentrations of DB4-51, the growth of +Bla K-12 

E. coli was almost entirely restored when the chelators BCS and EDTA were incubated 

with the prochelator (Figure 41). Because external controls have shown that BCS is 

unable to promote or inhibit growth in the K-12 strain, the reversal of inhibition seen 

here suggests that the removal of free metals from the growth media by chelators makes 

K-12 E. coli inherently less susceptible to inhibition by DB4-51.  

In the mammalian cell lines tested the LD50 of DB4-51 and pyrithione are both 

greater than 500 µM. Even after incubating HepG2 cells in media containing 500 µM of 

DB4-51 for 24 hours less than 75% of the cells had died. Only after 24 hours in the 

presence of 10 µM supplemental copper was significant toxicity observed (Figure 42). 

Given the results in Figure 43, it is likely that after incubating for 24 hours the majority 

of the prochelator has hydrolyzed to release pyrithione. Pyrithione has also 
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demonstrated toxicity when incubated with supplemental copper. The very low toxicity 

of DB4-51 in non-copper-supplemented media suggests that the prochelator may be 

well-accommodated by mammalian cells in vivo since the concentration of free copper 

in biological systems is normally less than 2 µM.288 

The cytotoxicity results of DB4-51 and pyrithione against mammalian cells 

indicate that, after 24 hours, neither compound is toxic to mammalian cells below 500 

µM. It is only in copper-supplemented media that DB4-51 and pyrithione become 

cytotoxic. It is noteworthy that both DB4-51 and pyrithione demonstrate their inhibitory 

activity against pathogenic bacteria in media that contains no additional copper. Based 

on this trend, it is likely that DB4-51 will be inhibitory to bacteria under physiological 

conditions, while not necessarily cytotoxic to the surrounding tissue. 

Finally, the question must be asked if DB4-51 has any therapeutic relevance. 

There is a general rule that the higher the ratio of IC50 to LD50 (half the concentration that 

is lethal to the test population) the better chance that the compound will be well 

tolerated.289 Using CCD-19Lu cells as a model, the LD50 of DB4-51 after 24 hours is 

greater than 500 µM (Figure 42). This LD50 estimation can be considered a dose threshold 

that should not be exceeded. However, co-incubation of DB4-51 with 10 µM CuCl2 

resulted in an LD50 of only 20.6 µM. The IC50 values of DB4-51 in ampicillin-resistant, 

pathogenic bacteria range from 8‒41 µM, regardless of the presence of supplemental 

copper (Table 7). From these values, the therapeutic index (TI) of DB4-51 is likely to vary 
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between 10 and 60 depending on the availability of copper. A number of controlled 

substances fall into this range including methadone (TI = 20) and even ethanol (TI = 

10).290,291 While a therapeutic index of 10 is the lower limit of what is generally 

considered safe, this estimated therapeutic index suggests that DB4-51 is in the range of 

some commonly prescribed pharmaceuticals. In addition, this work raises interesting 

questions about how the bioavailability of copper under various disease states could 

modulate the toxicity of antibacterial compounds. 

3.5 Summary and conclusions 

This work describes an innovative method of turning bacterial resistance into a 

drug target. By conditionally activating chelators in the niche of bacterial infection, DB4-

51 is designed to exert its antibiotic effects on the basis of metallobiology by 

overwhelming the microbial detoxification machinery. To that end, we have described 

the synthesis of a β-lactamase-activated prochelator, its stability in aqueous 

environments, and its conversion in the presence of a commercially available β-

lactamase. Using spectroscopic assays we have demonstrated the ability of DB4-51, upon 

activation, to bind Cu2+. Finally, we have illustrated the antibiotic activity of DB4-51 

against pathogenic bacteria in relation to known antibiotics and shown an increase in 

activity against more resistant strains. This first-generation enzyme-activated 

prochelator, DB4-51, demonstrates the potential for modification of the backbone to elicit 

the targeted release of various metal chelators to combat drug-resistant infections. 
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4. Design and antibacterial activity of a TAT-releasing 
prochelator, DB4-162 

 
4.1 Design of DB4-162 

The prochelator DB4-162 was designed using the same prochelator strategy upon 

which DB4-51 was based. A cephalosporin core was elaborated at the 3’ position with 3-

hydroxy-4-methyl-2(3H)-thiazolethione (TAT) which, like other cyclic thiohydroxamic 

acids, has been investigated for its metal-binding and antimicrobial properties.176,292 DB4-

162 was designed to be unmasked in the presence of the β-lactamase enzyme in order to 

deliver its chelator payload at the site of bacterial infection (Figure 44). There is no 

known account of using a cephalosporin as the protecting group for TAT in a 

prochelator approach to selectively manipulate metals at the site of bacterial infection. 

Although the antimicrobial activity of TAT is not well-studied, it was 

incorporated into the prochelator design based on the results of our antimicrobial 

screening assay. As demonstrated in chapter 2 of this document, TAT is able to inhibit 

the growth of a number of pathogenic bacteria. The observed antimicrobial activity of 

TAT may be related to its metal affinity. TAT possesses the same thiohydroxamic acid O, 

S bidentate binding site as pyrithione and, as such, it is not surprising that TAT has the 

ability to form complexes with various metal ions such as Cu2+, Zn2+, Co2+, and 

Ni2+.187,186,293 However, an in-depth study on the metal-affinity of TAT has not been 

reported. 
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Figure 44: Structure of the TAT-releasing prochelator, DB4-162. 

In addition to what is known about TAT, similar thiol-containing triazoles such 

as 4-methyl-5-(tri-fluoromethyl)-4H-1,2,4-triazole-3-thiol (1) and 5-methyl-4H-1,2,4-

triazole-3-thiol (2) (Figure 45) have been reported to behave as both competitive and 

uncompetitive inhibitors of the metallo-β-lactamase (MBL) IMP-1 by binding in the zinc-

containing active site of the enzyme as well as forming a tertiary complex with the 

enzyme.198 This binding inhibits the zinc-containing metallo-enzyme from hydrolyzing 

β-lactam substrates.188 Structure-activity relationship studies have shown that the thiol 

group in these triazole compounds is required for activity. 

 

Figure 45: Structures of select heterocyclic thiols and thiones. 

 4-methyl-5-(tri-fluoromethyl)-4H-1,2,4-triazole-3-thiol (1), 5-methyl-4H-1,2,4-

triazole-3-thiol (2), 5-methyl-1,3,4-thiadiazole-2(3H)-thione (3) and 3-hydroxy-4-methyl-

2(3H)-thiazolethione (4, TAT) shown above are 4 compounds that have demonstrated 

metal affinity and are being investigated as inhibitors of MBL-activity. 
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Of particular relevance is the recent work in which cephalosporin conjugates 

containing heterocyclic thiones such as 5-methyl-1,3,4-thiadiazole-2(3H)-thione (Figure 

45, 3) were studied for their ability to inhibit the activity of the MBL-catalyzed 

hydrolysis of cephalosporins.190 These studies determined that thione-containing 

compounds are able to chelate Zn2+ ions and form relatively stable complexes with a Zn2+ 

metal center. Thus, cephalosporin-thione conjugates like cephazolin (Figure 46) were 

able to slow the hydrolytic activity of MBL. This result suggests that compound like 

cephazolin that release thiones in proximity to MBL may play a significant role in 

designing new antibiotics that target MBL-producing bacteria. 

 

Figure 46: Structure of the cephalosporin-thione conjugate cephazolin. 

While high-throughput screening has identified a number of potential MBL-

inhibitors that have affinity for zinc, not all zinc-binding groups are successful 

inhibitors. However, the demonstrated antibacterial activity of TAT presented in chapter 

2 combined with its structural similarity to known inhibitors of the resistance-causing 

MBL enzymes made the compound worth exploring. TAT was therefore incorporated 

into a second prochelator, DB4-162. 
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The remainder of this chapter will focus on the synthesis, characterization, and 

antibacterial activities of DB4-162.  The prochelator was found to be stable for several 

hours in aqueous media, but is hydrolyzed in the presence of commercial β-lactamase as 

well as β-lactamase-expressing bacteria. The enzymatic conversion of the prochelator 

was studied by LC-MS and UV-Vis spectroscopy. The metal-binding ability of DB4-162 

was evaluated using fluorescence and UV-Vis spectroscopy. Finally, the antibacterial 

activity of DB4-162 was evaluated against pathogenic bacteria and its dependence on 

free copper was assessed.    

 
4.2 Methods and materials 

4.2.1 Materials and instrumentation 

The starting material 7-amino-3-chloromethyl-3-cephem-4-carboxylic acid p-

methoxybenzyl ester was purchased from Ark Pharm Inc. in reagent grade and was 

used without further purification. All other reagents were purchased from Sigma 

Aldrich Corp. unless otherwise stated. Type III β-lactamase from Enterobacter cloacae 

was purchased from Sigma Aldrich Corp. All solvents were reagent grade and all 

aqueous solutions were prepared from nanopure water. Compound stock solutions 

were prepared in DMSO and stored at -20 °C. 1H NMR and 13C NMR spectroscopy were 

performed on a Varian 400 or 500 MHz spectrometer. ESI/LC-MS spectra were collected 

using an Agilent 1100 Series spectrometer utilizing an electrospray ionization source, an 

LC/MSD trap, and a Daly conversion dynode detector. ICP-MS data was acquired by 
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Kim Hutchison of the North Carolina State University Department of Soil Science using 

a Perkin Elmer Elan DRCII spectrometer. UV-Vis spectra were recorded on a Cary 50 

UV-Vis spectrophotometer. Absorbance readings were measured using clear, flat-

bottom 96-well plates and a Perkin Elmer Victor 3V multi-label counter maintained at 25 

°C. HPLC purification was performed on a Waters 600 system with a Waters X-Bridge 

4.6 × 250 mm, C18 column using a water/acetonitrile mobile phase. 

4.2.2 Synthesis 

4.2.2.1 Preparation of 4-methoxybenzyl (6R,7R)-3-(chloromethyl)-8-oxo-7-(2-

phenylacetamido)-5-thia-1-azabicyclo[4.2.0]oct-2-ene-2-carboxylate (2) 

 Intermediate 2 was prepared from the commercial starting material 1 as 

described in chapter 3. 

4.2.2.2 Preparation of 4-methoxybenzyl (6R,7R)-3-(((4-methyl-2-thioxothiazol-3(2H)-

yl)oxy)methyl)-8-oxo-7-(2-phenylacetamido)-5-thia-1-azabicyclo[4.2.0]oct-2-ene-2-

carboxylate (4) 

A portion of 3-hydroxy-4-methyl-2(3H)-thiazolethione (100 mg, 0.68 mmol) was 

dissolved in THF (9 mL) with triethylamine (69 mg, 0.68 mmol, 1.1 equivs) and the 

solution was stirred under dry N2 for 15 min. To the reaction mixture was added 2 (0.29 

g, 0.61 mmol, 0.9 equivs) and stirred under dry N2 for 4 h when a precipitate had 

formed. The mixture was vacuum filtered and the precipitate was washed with THF and 

acetone. The filtrate was reduced under vacuum to leave a brown residue. The resulting 

solid was dissolved in ethyl acetate and washed with NaHCO3 and brine before drying 

over MgSO4. The volatile components were removed via rotary evaporation to yield a 
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glassy solid. The solid was purified via column chromatography on silica gel solid phase 

with 2‒4% methanol in dichloromethane. Volatile components were removed via rotary 

evaporation to yield the isolated intermediate in good yield (0.28 g, 0.47 mmol, 77%). 1H 

NMR (CDCl3, 400 MHz) δ (ppm): 7.30‒7.35 (m, 5H), 6.97 (s, 1H), 6.86‒6.88 (m, 4H), 5.99‒

6.09 (dd, J=31.2, 9.2 Hz, 2H), 5.76-5.79 (q, J=4.8 Hz, 1H), 5.11‒5.13 (d, J=9.2 Hz, 5H), 4.90‒

4.91 (d, J=4.8 Hz, 1H), 4.11‒4.28 (dd, J=13.2, 54.8 Hz, 2H) 3.61 (m, 4H), 2.31‒2.32 (d, J=4.8 

Hz, 5H). 13C NMR (DMSO-d6, 500 MHz) δ (ppm): 171.37, 161.47, 159.79, 145.62, 136.22, 

130.79, 130.62, 129.53, 129.45, 128.68, 126.96, 126.70, 125.08, 114.33, 114.24, 67.69, 59.53, 

58.39, 55.60, 50.24, 35.13, 27.78, 13.55. HR-MS (m/z): [M + Na]+ calcd for C28H27N3O6S3, 

620.0954, found 620.0957. 

4.2.2.3 Preparation of (6R,7R)-3-(((4-methyl-2-thioxothiazol-3(2H)-yl)oxy)methyl)-8-

oxo-7-(2-phenylacetamido)-5-thia-1-azabicyclo[4.2.0]oct-2-ene-2-carboxylic acid (DB4-

162) 

A portion of 4 (84 mg, 0.14 mmol) and phenol (264 mg, 2.81 mmol, 20 equivs) 

stirred at 45 °C over an oil bath for 15 min. Added trifluoroacetic acid (16 µL, 0.21 mmol, 

1.5 equivs) and continued stirring for 2 h before the volatile components were removed 

via rotary evaporation. The resulting yellow oil was mixed with ethyl acetate (10 mL) 

and extracted with saturated NaHCO3 (2×10 mL). The aqueous phase was cooled in an 

ice bath and titrated with 10% HCl to pH =1. A white precipitate formed that was 

collected via vacuum filtration and washed with acidified H2O and acetone. The 

precipitate was dried under vacuum to yield a white powder (20 mg, 0.04 mmol, 29%) 



 

138 

which was used without further purification. 1H NMR (DMSO-d6, 400 MHz) δ (ppm): 

9.12 (d, J = 8.2 Hz, 1H), 7.68 (s, 1H), 7.31 – 7.19 (m, 5H), 5.61 (dd, J = 8.1, 4.7 Hz, 1H), 4.99 

(d, J = 4.7 Hz, 1H), 4.25 (d, J = 12.9 Hz, 2H), 3.94 (d, J = 12.9 Hz, 1H), 3.77 – 3.58 (m, 3H), 

3.58 – 3.44 (m, 3H), 2.20 (s, 3H), 2.06 (s, 1H), 1.23 – 1.09 (m, 2H). 13C NMR (DMSO-d6, 500 

MHz) δ (ppm): 171.44, 164.99, 162.98, 145.42, 136.29, 129.50, 128.70, 126.97, 126.58, 125.42, 

116.30, 59.51, 58.19, 42.04, 35.66, 27.58, 13.57. HR-MS (ESI) (m/z): [M + H]+ calcd for 

C20H19N3O5S3, 478.0560, found 478.0556. 

 

Scheme 7: Synthesis of DB4-162. 

A) Phenylacetyl chloride, KOSiMe3, DCM, rt, 75%; B) thiazolethione, Et3N, THF, 

rt, 77%; C) TFA, phenol, 29%. 

 
4.2.3 Bacterial culture 

Bacterial culture reagents including LB broth (Lennox), L-(+)-Arabinose, Agar-

agar, 4-Morpholineethanesulfonic acid (MES), ampicillin (Amp), Ceftriaxone (Ceft), and 

Cephalexin (Ceph) were purchased from Sigma Aldrich Corp. HB101K-12 Escherichia coli 
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(E. coli) and a pGLO E. coli transformation kit were purchased from Bio-Rad 

Laboratories Inc.229 The commercially-available wild type K-12 E. coli strain (-Bla) was 

transfected with the bla gene via the pGLO plasmid. The bla gene encodes for a TEM-1 

β-lactamase that imparts penicillin resistance to the mutant K-12 E. coli strain (+Bla). 

Other bacterial strains including UTI89 E. coli,230 pCOM-transfected UTI89 E. coli 

(pCOM),231 Methicillin-Resistant Staphylococcus aureus (MRSA) clone USA300,232 

extended-spectrum β-lactamase (ESBL) E. coli, Klebsiella pneumonia (Klebs), and 

Pseudomonas aeruginosa (Pseudo) were generously provided by Professor Patrick Seed 

M.D., Ph.D from the Department of Pediatrics- Infectious Diseases at Duke University 

School of Medicine. The ESBL E. coli, Klebsiella pneumonia, and Pseudomonas aeruginosa 

tested here are clinical isolates acquired from Duke Hospital that were found to be 

resistant to a number of antibiotics. 

4.2.3.1 Microdilution screening of compounds in bacteria 

Cultures were incubated on LB agar at 37 °C in ambient atmospheric 

composition. Before beginning an experiment, a single bacterial colony grown on LB 

agar was suspended in 2 mL LB broth and incubated overnight to form a turbid cell 

suspension. This culture stock was then diluted 1:100 in LB and used immediately as the 

working culture. To assess the antibacterial activity of compounds, the working bacterial 

culture was plated in a clear 96-well plate and a serial dilution of the compound of 

interest was performed. The plate was then covered with a breathable sealing film and 
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incubated at 37 °C in ambient atmospheric composition while shaking at 200 rpm. After 

incubating for 4 and 20 hours, the optical density at 600 nm was recorded for each well 

using a standard OD600 protocol with LB serving as the blank.  

4.2.3.2 LC-MS detection of DB4-162 reaction products in bacterial media 

Cultures of Klebs clinical isolates were grown in LB overnight at 37 °C and then 

diluted 1:100 in LB containing 100 µM DB4-162. These cultures were incubated for 1‒4 

hours at 37 °C while shaking at 200 rpm. After incubating, an aliquot was removed from 

each culture and the samples were centrifuged at 15,000 rpm for 5 minutes to pellet the 

bacteria. The pellets were resuspended in sterile water and centrifuged again after which 

the supernatant was decanted and collected. Any proteins were removed from the 

samples by adding a 5-fold excess (v/v) of cold acetone to each sample and cooling to -20 

°C for 1 hour. The samples were then centrifuged at 8,500 rpm for 10 minutes to remove 

any denatured proteins from solution. The supernatant was decanted and the pellet was 

washed with cold acetone and centrifuged again. The combined supernatants were 

reduced to dryness via rotary evaporation.  

Each LC-MS sample was prepared by dissolving the dry samples above in 85/15 

water/ACN. LC-MS was performed on the samples using a 2‒60% ACN gradient in H2O 

over 18 minutes. Rofecoxib (10 µM) was included as an internal standard. The integrated 

area under the absorbance peak that correlates with the mass of the prochelator was 
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compared to a calibration curve to calculate the concentration of prochelator present 

after incubation. 

4.2.4 Mammalian culture 

Cell culture reagents including minimal essential medium (MEM), fetal bovine 

serum (FBS), penicillin Streptomycin (pen-strep), Triton X-100, and 0.25% trypsin- 

Ethylenediaminetetraacetic acid (EDTA) were purchased from Gibco. CellTox Green 

Cytotoxicity Detection Kit was purchased from Promega. Cell lines were purchased 

from the Duke Cancer Institute Cell Culture Facility. All work was performed in a 

laminar-flow hood using sterile techniques.  

Human lung fibroblast cells (CCD-19Lu, ATCC CCL-210) and human liver 

epithelial cells (HepG2, ATCC HB-8065) were grown in MEM containing glutamine and 

pyruvate supplemented with 10% (v/v) FBS and 1% non-essential amino acids. After 

splitting and counting, black, clear bottom 96-well plates were seeded at a density of 

15,000 cells per well and incubated overnight to adhere. The cells were incubated at 37 

°C in a fully humidified atmosphere containing 5% CO2. Before treatment, the growth 

media was replaced with media that contained no pyruvate or FBS. A serial dilution of 

the compound to be tested was then performed. 
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4.3 Results 

 
4.3.1 Synthesis of DB4-162 

 The prochelator, DB4-162, was synthesized using the same cephalosporin 

backbone as was used to make DB4-51. The only varying substituent is at the 3’ position. 

While DB4-51 contained pyrithione at the 3’ position DB4-162 contains TAT. As reported 

in chapter 3, the starting material, 7-amino-3-chloromethyl-3-cephem-4-carboxylic acid 

p-methoxybenzyl ester was amidated at the C-7 position with phenylacetyl chloride 

using potassium trimethyl silanolate (Scheme 7). Base activation of the TAT hydroxyl 

group was used to facilitate the nucleophilic substitution of the cephalosporin 3’ alkyl 

chloride. 

 Removal of the p-methoxybenzyl protecting group on the C-4 carboxylic acid 

was achieved using the same conditions for acid-sensitive esters that were reported in 

chapter 3. Deprotection afforded the title compound, DB4-162, as an off-white powder in 

moderate yield (Figure 47). LC-MS, 1H NMR, and 13C NMR spectroscopy were used to 

confirm the identity of compound DB4-162 with a purity of >90%. 

 

Figure 47: Structure of DB4-162 and the release of TAT by β-lactamase.  
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4.3.2 Conversion of DB4-162 to TAT requires β-lactamase 

4.3.2.1 Prochelator DB4-162 is moderately stable in aqueous media 

In order to monitor the stability of DB4-162, the absorbance spectrum was 

recorded in PBS. The absorbance spectrum of DB4-162 shows a broad absorbance band 

centered at 280 nm (Figure 48). The sample was incubated at 37 °C and the absorbance 

spectrum was recorded periodically. After 72 hours only very small spectral changes 

occurred. 

 

Figure 48: Absorbance spectrum of DB4-162 in PBS at 37 °C. 

A solution of 50 µM DB4-162 in pH 7.4 PBS was incubated at 37 °C for 0‒72 

hours. The broad absorbance band of DB4-162 is centered at 280 nm.   

Additionally, the concentration of the prochelator in solution was monitored by 

LC-MS. A calibration curve was prepared after a serial dilution of DB4-162 was analyzed 

on the instrument and the area under the broad absorbance band at 260‒300 nm that 
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correlates with the prochelator was integrated. This curve was then used to calculate the 

concentration of DB4-162 present in solution after incubating in PBS at 37 °C. The 

sample was analyzed by LC-MS after 0, 24, and 72 hours (Figure 49). After incubating in 

PBS for 24 hours more than 85% of the original signal was still observed by LC-MS. 

However, after 72 hours, it was calculated that approximately 60% of DB4-162 was still 

present in solution (Figure 50). Given the lack of degradation products in the mass 

spectrum and the absence of any new absorbance peaks it is possible that aggregation of 

the prochelator over time is the cause of the observed loss of signal.  Together, the UV-

Vis and LC-MS data support the overall stability of DB4-162 in aqueous conditions. By 

comparison, the half-life of most β-lactam antibiotics in vivo is a few hours.278,279 
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Figure 49: LC-MS UV chromatogram of DB4-162. 

A 100 µM sample of DB4-162 was incubated at 37 °C for 72 hours. After 0 h 

(first), 24 h (second), and 72 h (third) the samples were analyzed by LC-MS using a 0‒

60% ACN gradient in H2O over 18 minutes. The extracted ion chromatogram (fourth) of 

DB4-162 shows the product mass eluting at 13 minutes. The small peak eluting at 12.8 

minutes in each sample did not change over time and, based on its corresponding mass, 

is believed to be an impurity from the LC-MS column. 
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Figure 50: Stability of DB4-162 in PBS. 

A 100 µM sample of DB4-162 was incubated in pH 7.4 PBS at 37 °C for 72 hours 

and analyzed by LC-MS. The concentration of DB4-162 remaining in the sample was 

calculated by integrating the area under the absorbance peak at 260‒300 nm. Error bars 

represent standard deviation between replicate runs. 

4.3.2.2 UV-Vis detection of prochelator-to-chelator conversion of DB4-162 

The relative stability of DB4-162 in aqueous media being understood, the 

conversion of the prochelator must now be demonstrated. To confirm that the 

prochelator is converted in the presence of β-lactamase, commercial class A β-lactamase 

was added to a solution of DB4-162 in PBS and the spectral features were monitored via 

UV-Vis. As predicted, the absorbance band centered at 280 nm is reduced upon addition 

of the enzyme while the characteristic absorbance feature of TAT grows in at 305 nm 

(Figure 51). An overlay of the spectra of DB4-162 with and without β-lactamase and TAT 

shows the formation of TAT from the prochelator (Figure 52). 
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Figure 51: UV spectrum of DB4-162 in the presence of β-lactamase. 

To a solution of 50 µM DB4-162 in pH 7.4 PBS was added 0.25 units/mL β-

lactamase and the sample was incubated at 25 °C for 20 hours scanning periodically. As 

the DB4-162 absorbance band at 280 nm decreases, the TAT band at 305 nm increases. 

 

Figure 52: UV spectra of DB4-162 and TAT in PBS. 

A solution containing 50 µM DB4-162 in pH 7.4 PBS was incubated for 20 hours 

with and without 0.25 units/mL β-lactamase. These spectra are compared to that of 50 

µM TAT. 
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Calibration curves of DB4-161 and TAT were prepared by performing serial 

dilutions of a stock solution in PBS. From these curves, the molar absorptivity of each 

species was calculated at its wavelength of maximum absorbance. For DB4-162 ε(280 

nm) was found to be 7260 L mol-1 cm-1. For TAT, ε(305 nm) was found to be 11099 L mol-

1 cm-1. Using these extinction coefficients and the absorbance values of DB4-162 and TAT 

above (Figure 51), the concentration of both species in solution can be calculated (Figure 

53).  

While the prochelator is converted by about 75% after 12 hours, there appears to 

be less than 40% of the expected formation of TAT. Similar to the observations about the 

release of PT from DB4-51, this is a lower release of TAT than anticipated. This either 

indicates an incomplete conversion of the prochelator or that TAT may be behaving in a 

manner similar to pyrithione. As discussed in chapter 3, pyrithione is extremely difficult 

to quantify in solution due to the propensity of pyrithione to exist in solution in a 

complex equilibrium between multiple forms. Given its structural similarity to 

pyrithione, it may be difficult to quantify TAT in solution for the same reasons.280  
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Figure 53: Conversion of DB4-162 to TAT by UV-Vis absorbance.  

Absorbance at 280 nm (DB4-162) and 305 nm (TAT) were recorded for a sample 

of 50 µM DB4-162 and 0.25 units/mL β-lactamase in pH 7.4 PBS over time. After 30 hours 

at room temperature there is a 40% increase in the absorbance at 305 nm that correlates 

to the release of free TAT. Likewise, there is a greater than 75% decrease in the 

absorbance band at 280 nm that correlates to the hydrolysis of the prochelator. 

4.3.2.3 LC-MS detection of β-lactamase reaction products 

The reaction products of the prochelator DB4-162 were analyzed by LC-MS. A 

sample of 100 µM DB4-162 and 10 µM Rofecoxib (internal standard) in PBS was divided 

into two LC-MS vials and to one was added 0.5 units/mL β-lactamase. After incubating 

at room temperature, the samples were run on the LC-MS. Integrating the area under 

the peak of the UV-trace gives a measure of the concentration of that species. By serial 

dilution, a calibration curve was constructed in order to quantify the concentration of 

DB4-162 present in solution. The mass spectrum confirms that the prochelator, with a 

molecular weight of 477.1 g/mol, elutes at 14.5 minutes (Figure 54). Although the 
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prochelator appears stable without the enzyme, after incubating with β-lactamase for 4 

hours the prochelator peak is reduced by more than 95% (Figure 55).  

The reduction of the prochelator peak at 14.5 minutes is concomitant with the 

appearance of a new peak that elutes at 6.3 minutes. The mass spectrum corresponding 

to the species eluting at 6.3 minutes gives the m/z values of 148.0, 293.0, and 348.0, 

consistent with the presence of TAT (147 g/mol), the disulfide form of TAT (293 g/mol) 

and the 2:1 complex with Fe3+ (348 g/mol). The aforementioned complications in 

quantifying pyrithione are likely applicable to TAT thus the release of TAT cannot be 

accurately quantified chromatographically. 

 

Figure 54: UV chromatography traces of DB4-162 and β-lactamase. 

LC-MS performed on samples containing 100 µM DB4-162, 10 µM Rofecoxib, and 

0.5 units/mL β-lactamase in pH 7.4 PBS. Samples were incubated at room temperature 

and analyzed via LC-MS after 0 hours (top) and 4 hours (bottom). Mass spectrum 

analysis confirms the prochelator elutes at 14.5 minutes. After 4 hours, the prochelator 

peak is reduced by more than 95%. There is a UV peak that appears at 6.3 minutes which 

corresponds to the masses of TAT, the TAT disulfide, and the 2:1 TAT complex with 

iron. The UV peak of the internal standard Rofecoxib elutes at 16 minutes. 
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Figure 55: Concentration of DB4-162 present by LC-MS after incubation with  

β-lactamase.  

The concentration of DB4-162 was calculated based on prepared calibration 

curves of the integrated area under the UV absorbance peak at 260‒300 nm. Samples 

were incubated in pH 7.4 PBS for 0‒4 hours in the presence and absence of 0.1 units/mL 

β-lactamase. Rofecoxib (Rofe) was added to the samples to serve as an internal standard. 

4.3.2.4 Calcein fluorescence assay confirms released TAT is an active chelator 

The calcein assay was utilized in order to assess the relative copper chelating 

ability of the prochelator and TAT. The fluorescence emission of calcein is quenched by 

more than 90% in the presence of 1.2 equivalents of CuCl2 (Figure 56). Titration with 

TAT results in an increase in calcein fluorescence that is 30% recovered by 10 

equivalents of TAT indicating that TAT is not able to readily out-compete calcein for 

Cu2+-binding. The addition of 0.1 units/ mL β-lactamase alone has no effect on the 

quenched fluorescence signal of the Cu-calcein solution. Interestingly, the addition of 10 

equivalents of DB4-162 restores approximately 50% of the original fluorescence of 
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calcein. This fluorescence return indicates that, despite donor-atom masking, DB4-162 

has some affinity for copper. However, when incubated with 10 equivalents of DB4-162 

and 0.1 units/ mL β-lactamase there is a 90% return in calcein fluorescence. This suggests 

that the prochelator effectively blocks metal binding activity until it is converted to the 

active form by β-lactamase. While it is unclear why 10 equivalents of TAT are 

insufficient to out-compete calcein for copper, it may be related to the propensity of TAT 

to form other species in aqueous media.  

 

Figure 56: Calcein assay with DB4-162 and TAT.  

To solutions of 2 µM calcein in pH 7.4 PBS was added 2.4 µM CuCl2 and the 

samples were fully equilibrated at room temperature for 2 hours. Next, 20 µM TAT, 20 

µM DB4-162, 0.1 units/ mL β-lactamase were added and the fluorescence at 500 nm was 

recorded after one hour. Error bars represent the standard deviation about the mean. 
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4.3.3 Screening DB4-162 against pathogenic bacteria 

The ability of DB4-162 to inhibit bacterial growth was assessed by a traditional 

broth microdilution method that assesses the turbidity of liquid cultures in the presence 

of varying concentrations of the compound. As described in chapter 3 with DB4-51, the 

antibacterial properties of the prochelator DB4-162 were assessed in non-pathogenic lab-

strain HB101K-12 E. coli and compared to the pGLO-transfected mutant HB101K-12 E. 

coli that express β-lactamase. Clinically relevant pathogenic bacteria were also screened, 

including UTI89 E. coli, pCOM transfected UTI89 E. coli (pCOM), extended spectrum β-

lactamase (ESBL) E. coli, methicillin-resistant Staphylococcus aureus (MRSA), and Klebsiella 

pneumonia (Klebs). In addition to being naturally resistant to many β-lactam antibiotics, 

MRSA can produce a number of β-lactamases.281 The exact mechanisms of resistance for 

the ESBL and Klebs clinical isolates used here are unknown; however they were 

screened against clinical antibiotics and were observed to be resistant to ampicillin. It 

should be noted that all of the bacteria tested are gram-negative except for gram-positive 

MRSA. 

The goal of this screen was to calculate the IC50 of the prochelator in a series of 

pathogenic bacteria and compare these values to the IC50 of known antibiotics in those 

same strains to determine the relative effectiveness of DB4-162 against the drug-resistant 

and drug-susceptible bacteria in comparison to current antibiotic treatment options. 

Bacterial growth was monitored in LB broth at 37 °C in the presence and absence of 
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DB4-162 for 20 hours. A concentration gradient of DB4-162 from 500 to 0 µM was used to 

screen all 7 strains of bacteria and the dose-response curves were fit to a linear 

regression to calculate the IC50 of DB4-162 in each strain. These IC50 values are an 

approximation of how effectively DB4-162 inhibits the growth of each bacterial strain in 

vitro. To determine if the antibiotic mechanism of action of DB4-162 is metal-dependent, 

the titration of DB4-162 was also performed in media containing 10 µM supplemental 

CuCl2 or 500 µM bathocuproine disulfonate (BCS) which creates a Cu-deficient growth 

environment by sequestering extracellular copper in a high-affinity, membrane-

impermeable Cu+-complex. 

4.3.3.1 Testing DB4-162 in HB101K-12 Escherichia coli 

The prochelator DB4-162 was screened against both the ampicillin-susceptible (-

Bla) and resistant (+Bla) K-12 strains (Figure 57). The IC50 of ampicillin for the -Bla and 

+Bla strains are 8 µM and >250 µM, respectively. DB4-162 was found to have a slightly 

lower IC50 (143 µM) in +Bla K-12 than in -Bla K-12 (227 µM) (Table 9). These IC50 values 

are significantly higher than the IC50 of TAT in either K-12 strain (Table 10). Although 

the IC50 values of  DB4-162 in both K-12 strains are high, it is worth noting that DB4-162 

is more active against the +Bla K-12 E. coli strain that is producing β-lactamase 

considering that ampicillin is unable to kill this strain at low millimolar concentrations.  

The effect of copper on the IC50 of DB4-162 was also assessed in order to test its 

possible influence on activity. The addition of 10 µM copper to the test media did not 
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significantly change the IC50 of DB4-162 in the +Bla K-12 strain of E. coli, but in the -Bla 

strain the IC50 of DB4-162 decreases from 227 to 39 µM which is roughly the same IC50 of 

TAT in the -Bla strain when copper is added to the media. However, the removal of 

copper from the media via BCS increased the IC50 of DB4-162 in -Bla K-12 from 39 to 54 

µM. Likewise, in media containing 500 µM BCS the IC50 of DB4-162 in +Bla K-12 

increased from 147 to 179 µM.  

 

4.3.3.2 Testing DB4-162 in UTI89 Escherichia coli 

UTI89 E. coli is susceptible to ampicillin and we calculated the IC50 of ampicillin 

to be 3 µM.  However, resistant strains of UTI89 E. coli can cause persistent urinary tract 

infections. The resistant mutant strain was produced by transfecting UTI89 with the 

pCOM plasmid that encodes for a TEM-1 β-lactamase. DB4-162 has an IC50 of 93 µM in 

UTI89 which is only slightly under the 100 µM active/inactive threshold established in 

chapter 3 (Figure 57). Similarly, the IC50 of DB4-162 is 112 µM in the pCOM mutant that 

produces β-lactamase. These IC50 values indicate that DB4-162 is not especially active in 

UTI89/pCOM E. coli. This is surprising given the low-µM IC50 values of TAT in both 

strains (Table 10). However, it should be noted that, in the pCOM strain, the prochelator 

is still more active than ampicillin (Table 9). 

The inclusion of supplemental copper slightly increases the IC50 of DB4-162 in 

UTI89 from 93 to 97 µM. However, with a P value of 0.70, these two values are not 

statistically different. When BCS is included in the media the IC50 of DB4-162 in UTI89 
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decreases from 93 to 77 µM. However, the effects of BCS are not significantly significant 

either (P = 0.15). The IC50 of DB4-162 in the pCOM mutant strain decreases from 112 to 

93 µM upon the inclusion of additional copper, but this decrease is statistically 

insignificant (P = 0.99). Conversely, the IC50 of DB4-162 in the ampicillin-resistant pCOM 

strain increases from 93 to 168 µM. The observation that the IC50 values of DB4-162 in the 

UTI89 and pCOM E. coli strains do not change when copper is added to the media does 

not support a copper-dependent mechanism of action for DB4-162. Only in pCOM E. coli 

does the IC50 of DB4-162 increase when BCS is added to the media. 

 

Figure 57: IC50 of DB4-162 in various bacteria in the presence and absence of 

supplemental copper. 

IC50 values were calculated via broth microdilution of DB4-162 in LB broth, LB 

supplemented with 10 µM CuCl2, or LB supplemented with 500 µM BCS. Error bars 

represent the 95% confidence interval as from a variable slope, nonlinear regression fit to 

the dose-response OD600 data. 
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4.3.3.3 Testing DB4-162 in ESBL Escherichia coli 

E. coli that produce extended-spectrum β-lactamases are highly resistant to many 

penicillin and cephalosporin antibiotics. In fact, the IC50 of ampicillin in ESBL E. coli is 

greater than 250 µM. Through broth microdilution, the prochelator DB4-162 was found 

to have an IC50 value of 22 µM in ESBL E. coli (Figure 58). This value is 90% lower than 

the IC50 of DB4-162 in the ampicillin-susceptible -Bla K-12 E. coli strain (Figure 57). It is 

interesting that DB4-162 is more active against ESBL E. coli than it is against -Bla K-12 E. 

coli considering that the IC50 of TAT is 41 µM in ESBL E. coli and 23 µM in -Bla E. coli 

(Table 10). 

 The activity of DB4-162 in media supplemented with copper or BCS was also 

evaluated. The IC50 of DB4-162 in ESBL E. coli does not decrease significantly from 22 µM 

in the presence of 10 µM supplemental copper. However, the addition of BCS to the 

media caused the IC50 of DB4-162 in ESBL E. coli to more than double from 22 to 50 µM. 

Taken together, the IC50 responses to copper and BCS do not clearly indicate a copper-

dependent mechanism of action for DB4-162 in ESBL E. coli. 

4.3.3.4 Testing DB4-162 in Klebsiella pneumoniae 

K. pneumoniae can produce a number of β-lactamases that confer upon the strain 

resistance to a broad-spectrum of clinical antibiotics.283 A strain of ampicillin-resistant 

Klebs was screened against ampicillin and DB4-162. In Klebs, the IC50 of ampicillin is 
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greater than 250 µM and the IC50 of DB4-162 was found to be 28 µM (Figure 57) which is 

very similar to the IC50 of TAT in the same Klebs strain (Table 10).  

When DB4-162 is evaluated against Klebs in the presence of supplemental 

copper, the IC50 slightly decreased from 28 µM to 22 µM. Including BCS in the growth 

media caused a similar decrease in the IC50 of DB4-162 from 28 to 24 µM. However, 

neither the decrease with copper (P = 0.44) nor the decrease with BCS (P = 0.61) are 

statistically significant. These observations do not indicate a copper-dependence on the 

activity of DB4-162 in Klebsiella pneumoniae. 

4.3.3.5 Testing DB4-162 in Staphylococcus aureus 

MRSA is well-positioned to cause opportunistic infections in patients with 

compromised immune systems. It should be noted that Staph. aureus is gram-positive 

and, lacking a secondary membrane, primarily expresses β-lactamase into the 

extracellular space.284,285 MRSA is difficult to treat due to its resistance to a variety of β-

lactam antibiotics. For example, the IC50 of ampicillin is greater than 250 µM in the 

USA300 MRSA strain used here. When DB4-162 was screened against MRSA the IC50 

was found to be 2.4 µM (Figure 57). The IC50 of TAT in MRSA was calculated in chapter 

2 where it was reported to be 23 µM (Table 10). 

When 10 µM supplemental copper was added to the growth media, the IC50 of 

DB4-162 increased slightly from 2.4 to 2.7 µM. However, with a P value of 0.19, this 

change is statistically insignificant. Likewise, there is no change in the IC50 of DB4-162 in 
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MRSA when BCS is added to the media. These observations suggest there is no 

correlation between the antibacterial activity of DB4-162 in MRSA and the presence of 

copper in the media. 
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Figure 58: DB4-162 dose-response curves. 

Cultures of A) -Bla K-12 E. coli, B) +Bla K-12 C) UTI89 E. coli, D) pCOM UTI89 E. 

coli, E) MRSA, F) ESBL E. coli, and G) Klebs were incubated with DB4-162 serially 

diluted in 1) LB broth, 2) LB containing 10 µM CuCl2, or 3) LB containing 500 µM BCS. 

Bacterial growth was recorded via OD600 reading after 20 hours of incubation at 37 °C. 

The OD600 readings were normalized and fit to a non-linear regression using the log of 

the concentration of DB4-51 to calculate the concentration that yielded 50% growth 

inhibition (IC50). Error bars represent the standard deviation between replicate trials. 
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Table 9: IC50 values of DB4-162 and ampicillin in select bacteria. 

 

IC50 (µM) 

Bacteria DB4-162 DB4-162 + Cu DB4-162 + BCS Ampicillin 

-Bla K-12 E. coli 227 (204.7-252.3) 39 (33.8-43.9)1 54 (40.0-73.3)1 8 (7.2-8.9) 

+Bla K-12 E. coli 143 (114.1-178.0) 147 (130.6-166.1) 179 (137.0-233.1) >250 

UTI89 E. coli 93 (66.9-128.9) 97 (86.2-108.6) 77 (67.1-88.9)1 3 (1.8-4.5) 

pCOM E. coli 112 (62.3-180.7)1 93 (81.8-106.6) 168 (126.0-222.9) >250 

ESBL E. coli 22 (20.0-23.3)1 21 (20.4-22.3)1 50 (45.7-55.3)1 >250 

MRSA 2.4 (2.1-2.9) 2.7 (2.6-2.8) 2.4 (2.2-3.2) >250 

Klebs 28 (25.4-30.7)1 22 (14.5-33.7)1 24 (16.5-35.6)1 >250 

 

IC50 values were calculated via broth microdilution of DB4-162 in LB broth, LB 

supplemented with 10 µM CuCl2, or LB supplemented with 500 µM BCS. IC50 values for 

ampicillin were calculated via broth microdilution in LB broth only. Values are listed as 

the mean followed by the 95% confidence interval about the mean. Mean and confidence 

intervals were calculated from a variable slope, nonlinear regression fit to the dose-

response OD600 data. 

Table 10: IC50 values of TAT and ampicillin in pathogenic bacteria. 

 

IC50 (µM) 

Bacteria TAT TAT + Cu TAT + BCS Ampicillin 

-Bla K-12 E. coli 23 (16.5-32.7) 36 (19.3-65.3) 70 (57.5-84.0) 8 (7.2-8.9) 

+Bla K-12 E. coli 36 (32.5-40.0) 38 (25.7-56.0) 70 (46.6-103.6) >250 

UTI89 E. coli 6 (3.2-10.1) 9 (7.3-11.5) 38 (18.2-77.1) 3 (1.8-4.5) 

pCOM E. coli 6 (4.2-9.3)1 7 (5.5-8.3) 28 (24.4-33.0) >250 

ESBL E. coli 41 (37.5-45.2) - - >250 

MRSA 23 (15.1-35.2) 10 (1.8-54.4) 29 (24.9-32.9) >250 

Klebs 14 (9.0-22.1)1 26 (10.3-41.3) 51 (44.5-58.1) >250 

 

IC50 values were calculated via broth microdilution of TAT in LB broth, LB 

containing 10 µM CuCl2, or LB containing 500 µM BCS. Values are listed as the mean 

followed by the 95% confidence interval about the mean. IC50 values were calculated 

from a variable slope, nonlinear regression fit to the dose-response OD600 data. 
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4.3.4 Activity of DB4-162 against Klebsiella pneumoniae clinical 
isolates 

In order to further assess the activity of DB4-162 against pathogenic bacteria, 13 

clinical isolates of K. pneumoniae were obtained from Duke University School of 

Medicine. These strains were pre-screened for antibiotic sensitivity and were all 

considered ampicillin-resistant, although their specific mechanisms of resistance are 

unknown. To illustrate the relative efficacy of DB4-162 against these resistant strains, the 

isolates were screened against TAT, ampicillin, and ceftriaxone (Figure 59). Ampicillin is 

a broad-spectrum, orally available β-lactam antibiotic that is typically considered a first-

line treatment for non-resistant K. pneumoniae infections. Ceftriaxone is a third-

generation cephalosporin that is typically administered via intramuscular injection for 

treatment of resistant infections. By comparing the IC50 values of these two antibiotics, a 

frame of reference can be developed for the activity of both DB4-162 and TAT. 

 

Figure 59: Structures of the clinical antibiotics ampicillin and ceftriaxone. 
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All four compounds were screened by broth microdilution and the bacterial 

growth was monitored via OD600. After 20 hours, the IC50 of all four compounds were 

calculated (Figure 60) in each of the K. pneumoniae isolates. Although the exact 

mechanisms of resistance for each of these 13 isolates are unknown, the IC50 values 

confirm that all of these isolates are resistant to ampicillin (Table 11). In fact, only in 

isolate 3 does ampicillin have an IC50 less than 100 µM. Ceftriaxone is much more 

effective than ampicillin and only in isolates 3, 4, 9, and 13 does ceftriaxone have an IC50 

greater than 1 µM. TAT was also screened against these isolates and it was confirmed 

that the chelator component of DB4-162 is active against all 13 isolates. TAT has an IC50 

less than 30 µM in all strains except isolate 3 where it has an IC50 of 37.9 µM. 

Given the frame of reference provided by ampicillin and ceftriaxone, the relative 

effectiveness of DB4-162 can be observed in these 13 strains. Unlike DB4-51, DB4-162 

seems to be universally effective at inhibiting the growth of these 13 Klebs isolates. Only 

in isolates 2, 4, 7, and 13 is the IC50 of DB4-162 greater than 50 µM and only in isolate 13 

is it greater than 100 µM. Isolate 9 seems particularly resistant to both β-lactam 

antibiotics tested with IC50 values for ampicillin and ceftriaxone greater than 500 µM and 

70 µM respectively. In isolate 9, however, DB4-162 has an IC50 of 46.3 µM making it more 

effective than either ampicillin or ceftriaxone. 
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Figure 60: IC50 values of compounds in clinical isolates of Klebsiella 

pneumoniae.  

DB4-162 and TAT were screened alongside the two clinical antibiotics ampicillin 

and ceftriaxone in 13 clinical isolates of K. Pneumoniae. OD600 was measured and the 

IC50 values were calculated after 20 hours. Error bars represent 95% confidence intervals. 

Table 11: IC50 values of DB4-162, TAT, ampicillin, and ceftriaxone in Klebs 

isolates. 

 

IC50 (µM) 

Klebs Isolate DB4-162 TAT Ampicillin Ceftriaxone 

1 34 (21.6-54.9) 19 (10.4-34.8) 142 (65.3-306.6) 0.4 (0.2-0.9) 

2 78 (59.7-100.9) 6 (3.8-10.5) >500 0.7 (0.6-0.8) 

3 37 (18.7-74.5) 38 (31.1-46.2) 55 (36.7-82.0) 2 (1.4-3.0) 

4 56 (40.4-76.9) 21 (12.0-38.3) >500 1 (0.4-3.0) 

5 40 (33.0-47.6 20 (16.1-24.7) 175 (63.4-484.3) 0.1 (0.1-0.4) 

6 30 (19.0-48.3) 20 (15.3-25.6) 118 (60.9-229.1) 0.3 (0.05-1.4) 

7 57 (49.3-65.9) 22 (20.9-24.1) >500 0.3 (0.2-0.4) 

8 32 (24.0-42.0) 23 (18.9-27.5) >500 0.1 (0.05-0.3) 

9 46 (42.1-50.9) 22 (19.9-23.3) >500 73 (52.0-102.8) 

10 21 (15.2-29.0) 28 (16.7-38.7) >500 0.03 (0.002-0.3) 

11 30 (23.8-37.9) 21 (19.8-23.2) 251 (184.1-343.2) 0.01 (0.0005-0.4) 

12 17 (13.4-21.8) 21 (15.7-29.1) 112 (91.7-135.5) 0.1 (0.02-0.8) 

13 162 (104.9-251.2) 28 (22.3-33.8) >500 1 (0.7-2.4) 
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4.3.4.1 LC-MS quantification of DB4-162 in select Klebsiella pneumoniae isolates 

Out of the 13 clinical isolates tested, DB4-162 was incubated in media containing 

cultures of Klebs isolates 4, 9, and 13 to determine if the observed IC50 values for DB4-

162 (Figure 60) correspond to the degree to which DB4-162 persists in the media. After 

incubation in LB without bacteria for 4 hours, more than 50% of DB4-162 is visible by 

LC-MS (Figure 61). Similarly, when a culture of K. pneumoniae isolate 4 is incubated in 

LB with 100 µM DB4-162, more than 50% of DB4-162 is detected by LC-MS after 4 hours. 

Accordingly, in isolate 4 the IC50 of DB4-162 is 55.7 µM. When DB4-51 is incubated with 

a culture of Klebs isolate 9, less than 5% of DB4-162 is detected by LC-MS after 4 hours. 

However, the high degree of conversion in isolate 9 does not correlate to a dramatically 

low IC50 of DB4-162 in that strain. Indeed, the IC50 of DB4-162 was calculated to be 46.3 

µM in isolate 9 as shown in Figure 60. Lastly, when incubated with isolate 13, about 30% 

of DB4-162 is detected by LC-MS after 4 hours. Although DB4-162 is more stable in a 

culture of isolate 13 than it is in a culture of isolate 9, the IC50 of DB4-162 in isolate 13 

was 162.3 µM (Table 12). This may suggest an alternative mechanism of activity in these 

isolates.  
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Figure 61: Conversion of DB4-162 in pathogenic K. pneumoniae isolates.  

The integrated area under the LC-MS UV absorbance peak that corresponds to 

the prochelator was compared to a calibration curve of DB4-162 to calculate the 

concentration of 100 µM DB4-162 present after incubating in LB. Additionally, 100 µM 

DB4-162 was quantified after incubating in cultures of K. pneumoniae isolate 4, 9, or 13 for 

1 and 4 hours. While more than 50% of DB4-51 is detected after incubation with isolate 4, 

less than 5% of the prochelator is intact after incubating with isolate 9. Finally, about 

30% of DB4-162 is detected after incubation with isolate 13. All samples were prepared 

in triplicate and the error bars represent the standard deviation about the mean of those 

samples. 

Table 12: Comparison of DB4-162 IC50 values and conversion in Klebs isolates. 

Klebs Isolate IC50 of DB4-162 % Remaining 

4 56 (40.4-76.9) 57 

9 46 (42.1-50.9) 1 

13 162 (104.9-251.2) 31 
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4.3.5 ICP-MS analysis of E. coli incubated with DB4-162 or TAT 

The mechanism of action through which DB4-162 inhibits bacterial growth is 

unknown. One proposed mechanism involves TAT, once released, acting as an 

ionophore to shuttle metals across the bacterial membrane. Inductively-coupled plasma 

mass spectrometry (ICP-MS) was used to measure the concentration of cell-associated 

copper, iron, and zinc in +Bla and -Bla K-12 E. coli strains grown under a variety of 

conditions. Both strains of E. coli grown in normal LB media were compared to those 

incubated for one hour in LB with 10 µM supplemental CuCl2, 500 µM BCS, 10 µM DB4-

162 with and without 10 µM CuCl2, and 10 µM TAT with and without 10 µM CuCl2. The 

mean concentrations of cell-associated metals in -Bla (Figure 62) and +Bla (Figure 63) 

grown in various conditions are illustrated below. It should be noted that the 

uncertainty in these values results primarily from the variance in counting the CFUs 

from each sample. This variance is partially due to actual differences in bacterial 

survival in the treatment conditions and partially due to experimental variance in 

plating, growing, and counting individual bacterial CFUs. 

The basal-levels of copper, iron, and zinc associated with -Bla E. coli incubated in 

LB for 1 hour was found to be 4.0, 15.0, and 3.5 pg/CFU, respectively. Incubation in LB 

with 10 µM supplemental CuCl2 caused a roughly 3-fold increase in copper and a 4-fold 

increase in iron and zinc in the -Bla strain compared to the strain grown in media alone 

(Figure 62). Incubating -Bla K-12 E. coli in media containing 500 µM BCS resulted in a 3-
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fold increase in copper, a 6-fold increase in iron, and a 5-fold increase in zinc compared 

to the -Bla culture grown in LB alone. When -Bla K-12 E. coli was incubated in LB 

containing 10 µM DB4-162 there was a 3-fold decrease in cell-associated copper that 

occurred with a 2-fold increase in iron and zinc compared to the control grown in LB. 

When -Bla K-12 E. coli was incubated in LB with 10 µM DB4-162 and 10 µM CuCl2 there 

was no change in the concentration of copper while the concentrations of iron and zinc 

were cut in half compared to the -Bla culture incubated LB with 10 µM supplemental 

CuCl2. When incubated with 10 µM TAT, the concentrations of cell-associated copper 

increased 2-fold while the concentrations of iron and zinc both increased 9-fold in -Bla 

K-12 compared to the control grown in media. In contrast, incubation of -Bla E. coli with 

10 µM pyrithione caused the concentrations of cell-associated copper, iron, and zinc to 

decrease 5-, 3-, and 2-fold, respectively. In the presence of 10 µM TAT and 10 µM 

supplemental CuCl2 the concentration of copper increased 12-fold while the 

concentration of iron and zinc each tripled in -Bla K-12 E. coli compared to the control 

incubated in LB with 10 µM supplemental CuCl2 (Figure 62). Again, this result differs 

from when the strain is incubated with pyrithione and supplemental copper and the 

cell-associated concentration of copper increases 65-fold while the concentrations of iron 

and zinc increase 3- and 4-fold respectively. 
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Figure 62: Intracellular metal concentrations of -Bla K-12 E. coli.  

Cultures of -Bla K-12 E. coli were incubated in media (LB) with 10 µM CuCl2, 500 

µM BCS, 10 µM DB4-162 with and without 10 µM CuCl2, and 10 µM TAT with and 

without 10 µM CuCl2. After one hour the bacteria were collected via centrifugation, 

washed with EDTA, and counted. The washed pellets were digested in nitric acid and 

the contents were analyzed via ICP-MS. All treatments were performed in triplicate. The 

ng/CFU ratio was calculated for each replicate and the error bars represent the standard 

error about the mean. 

The basal-levels of copper, iron, and zinc associated with +Bla E. coli incubated in 

LB for 1 hour was found to be 3.0, 35.0, and 15.0 pg/CFU, respectively. Incubated in LB 

with 10 µM supplemental CuCl2 the concentrations of cell-associated copper, iron, and 

zinc in the +Bla strain decreased 2-, 4-, and 5-fold respectively compared to the control 

cultures grown in media. The metal concentrations in the +Bla strain incubated with BCS 

showed a 2-fold decrease in copper, iron and zinc compared to the control culture 

grown in normal LB. Incubating +Bla K-12 E. coli with 10 µM DB4-162 caused a roughly 

2-fold decrease in the concentration of all three metals compared to the LB control. In 
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contrast, +Bla K-12 E. coli incubated with 10 µM DB4-162 and 10 µM CuCl2 showed no 

change in cell-associated copper, iron, or zinc compared to +Bla K-12 grown in LB 

supplemented with 10 µM CuCl2. The +Bla strain of K-12 incubated with 10 µM TAT 

experienced a 3-fold decrease in all three metals compared to the control cultures grown 

in LB only. This is somewhat similar to when the +Bla strain is incubated in LB with 10 

µM pyrithione and the concentrations of cell-associated copper, iron, and zinc decrease 

12-, 66-, and 32-fold, respectively. When +Bla K-12 is incubated with TAT and 

supplemental copper, the cell-associated concentration of copper was unchanged while 

the concentration of iron and zinc were cut in half compared to the LB control 

containing 10 µM supplemental CuCl2. However, when +Bla K-12 is incubated with 

pyrithione and supplemental copper, the cell-associated concentration of copper 

increases 97-fold while the concentrations of iron and zinc increase 15- and 18-fold 

respectively. 
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Figure 63: Intracellular metal concentrations of +Bla K-12 E. coli.  

A culture of +Bla K-12 E. coli was incubated in media (LB) as well as LB with 10 

µM CuCl2, 500 µM BCS, 10 µM DB4-162 with and without 10 µM CuCl2, and 10 µM TAT 

with and without 10 µM CuCl2. After one hour the bacteria were collected via 

centrifugation, washed with EDTA, and counted. The washed pellets were digested in 

nitric acid and the contents were analyzed via ICP-MS. All treatments were performed 

in triplicate. The ng/CFU ratio was calculated for each replicate and the error bars 

represent the standard error about the mean. 

4.3.6 Cytotoxicity of DB4-162 and TAT in mammalian cells 

The toxicity of DB4-162 and TAT were evaluated in mammalian cells using the 

CellTox Green Cytotoxicity fluorescence assay. The following cell lines were utilized: 

CCD-19Lu human lung fibroblast cells and HepG2 human liver epithelial cells. Using 

the CellTox Green Cytotoxicity assay, the viability of mammalian cells was monitored as 

a function of their membrane stability. The assay contains a membrane-impermeable 

dye that binds DNA with a fluorescence turn-on. This dye allows the visualization of 

cell lysis as a proportional fluorescence increase. The resulting fluorescence intensities 
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were normalized using negative (media) and positive (a lethal dose of 1% Triton-X) 

controls. The assay manufacturers recommend that the fluorescence be recorded after a 

0‒24 hour incubation period. 

Using these two cell lines, the cytotoxicity of both TAT and DB4-162 was 

evaluated in the presence and absence of supplemental copper. Very little cytotoxicity 

was observed for the prochelator in either cell line. After incubating for 24 hours, 125 

µM DB4-162 only caused 53% and 57% cell death in CCD-19Lu cells (Figure 64, top) and 

HepG2 cells (Figure 64, bottom), respectively. However, the toxicity of DB4-162 

increased dramatically in both cell lines when incubated in the presence of 10 µM 

supplemental CuCl2. In CCD-19Lu, 66% of cells were dead after a 24-hour incubation 

period with 15.6 µM DB4-162 and supplemental copper, while 44% of HepG2 cells were 

dead in the same conditions. Incubation with 500 µM TAT resulted in only 12% cell 

death in CCD-19Lu cells and 16% cell death in HepG2 cells after 24 hours. The addition 

of 10 µM supplemental CuCl2 to the growth media dramatically attenuated the effect of 

TAT and resulted in 100% cell death in CCD-19Lu cells in the presence of even 1 µM 

TAT. Similarly, 2 µM TAT in media containing 10 µM supplemental CuCl2 resulted in 

the death of 38% of HepG2 cells. From these data the LD50 values (half the concentration 

that causes maximum toxicity) of DB4-162 and TAT were calculated to be greater than 

500 µM in CCD-19Lu cells (Table 13). In HepG2 cells, the LD50 of DB4-162 was calculated 

to be 172 µM and the LD50 of TAT was found to be greater than 500 µM. However, in the 



 

175 

presence of 10 µM supplemental CuCl2, the LD50 of DB4-162 and TAT decrease to 51 and 

5.9 µM, respectively, in HepG2 and 16.3 and <1 µM in CCD-19Lu. 

The increased toxicity of DB4-162 that is observed in the presence of 

supplemental copper may be due the presence of TAT that results from 

hydrolysis/degradation of the prochelator. To test this hypothesis, the assay media was 

analyzed by LC-MS after incubating with the cells for 4 hours and the concentration of 

intact prochelator was calculated. As seen in Figure 65, less than 50% of the prochelator 

is detected after incubating for 4 hours with the mammalian cells. Because no TAT was 

detected after incubation, the outcome of the prochelator remains unclear. 
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Figure 64: Cytotoxicity of DB4-162 and TAT in CCD-19Lu and HepG2 cells. 

The human lung fibroblast cells, CCD-19Lu, (top) and human liver epithelial 

cells HepG2, (bottom) were allowed to adhere to the bottom of a 96-well plate overnight. 

The growth media was replaced with serum-free media containing CellTox Green dye 

and serial dilutions of the active compounds in the presence and absence of 10 µM CuCl2 

were performed. The cells were then incubated for 24 hours. Exciting at 485 nm, the 

fluorescence emission at 520 nm was recorded. Error bars represent the standard 

deviation about the mean. 
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Table 13: LD50 of DB4-162, TAT, and copper in CCD-19Lu and HepG2 cells. 

 

LD50 (µM) 

 

DB4-162 DB4-162 + Cu TAT TAT + Cu Cu 

CCD-19Lu >500 16.3 (6.4-41.4). >500 <1 >500 

HepG2 172.0 (143.2-202.6) 51.4 (41.9-63.0) >500 5.9 (1.7-19.9) >500 

 

LD50 values of DB4-162 and TAT calculated from the Celltox Green fluorescence 

assay in the presence and absence of 10 µM CuCl2 as well as the LD50 of CuCl2 in media. 

 

 

Figure 65: Concentration of DB4-162 after incubation with mammalian cells. 

The integrated area under the LC-MS UV absorbance peak that corresponds to 

the prochelator was compared to a calibration curve of DB4-162 to calculate the 

concentration of 100 µM DB4-162 present after incubating in LB. Additionally, 100 µM 

DB4-162 was quantified after incubating with CCD-19Lu or HepG2 cells for 4 hours. 

Only 48% of DB4-162 is detected after incubation with CCD-19Lu and 45% of the 

prochelator is intact after incubating with HepG2. By comparison, incubation in PBS for 

24 hours results in 87% of DB4-162 being detected. All samples were prepared in 

triplicate and the error bars represent the standard deviation about the mean of those 

samples. 
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4.4 Discussion 

In the quest to combat antibiotic-resistant bacteria, narrow spectrum antibiotics 

are a prime target of much research. Similarly, the development of clinical inhibitors of 

MBL-activity would be a milestone in the fight against antibiotic resistance. Our 

hypothesis is that the prodrug strategy can be applied to chelators to target the site of 

metal chelation such that it overlaps with the site of resistant bacterial infection. The 

mechanism by which the prochelator is activated by β-lactamase involves the 

nucleophilic attack of the enzyme on the β-lactam protecting group. This attack initiates 

a π-bond movement that releases the chelator payload bound at the 3’ position (Figure 

47). In order to design a prochelator that targets drug-resistant bacteria, a β-lactam 

protecting group was utilized that has been reported to be a substrate for several classes 

of β-lactamase. TAT was selected for the chelator component due to its known metal 

affinity, antimicrobial activity, and its similarity to known inhibitors of MBL-activity. 

We have demonstrated that, like DB4-51 the prochelator DB4-162 is stable in 

aqueous solution at 37 °C (Figure 50). In these conditions, more than 90% of DB4-162 is 

still intact after a 4 hour incubation period. This stability is important as it mitigates the 

off-target effects of global metal chelation therapy. The stability of DB4-162 combined 

with its low toxicity in mammalian cells after 24 hours (Figure 64) suggests that the 

prochelator may be well tolerated in biological systems where the concentration of free 

copper is in the low-µM range.  
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Given the noteworthy antimicrobial activity of many chelators like TAT, 

achieving the selective release of the chelator in the presence of β-lactamase was a 

primary aim for this work. In aqueous media, the prochelator is converted in the 

presence of β-lactamase (Figure 53) or β-lactamase-producing drug-resistant bacteria 

(Figure 61). Once the prochelator is unmasked by β-lactamase, TAT becomes available 

for metal binding. The competitive binding of TAT and copper was observed by 

fluorescence in a calcein assay (Figure 56). Our hypothesis is that this manipulation of 

metallobiology along the host/pathogen interface is used as a selective pressure to 

exacerbate microbial killing. 

The antibacterial activity of DB4-162 was evaluated in bacterial strains that are 

susceptible and resistant to β-lactam antibiotics. The IC50 values of DB4-162 and TAT 

were calculated in order to compare their activities to each other and to clinically 

prescribed antibiotics. The IC50 of TAT is generally low regardless of the strain tested 

(Table 10) while the IC50 values of DB4-162 are lower for the strains that are resistant to 

the β-lactam antibiotic ampicillin (Table 9). The increased activity for DB4-162 in 

resistant bacteria like ESBL E. coli, Klebs, and MRSA may support the spectroscopic 

evidence that the presence of β-lactamase converts the prochelator and releases the 

active compound TAT (Figure 57). Not keeping with this trend, DB4-162 is slightly more 

active against the susceptible UTI89 strain than its resistant pCOM counterpart. 

However, both DB4-162 and DB4-51 are much more active than ampicillin in all of the 
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resistant strains tested. This increased activity indicates that, although DB4-162 and 

DB4-51 contain a β-lactam masking group, the inhibitory activity of these prochelators 

proceeds through a mechanism unrelated to that of traditional β-lactams. 

As with DB4-51, the conversion of DB4-162 in different strains was compared in 

order to form a correlation between high degrees of prochelator conversion and low IC50 

values (Figure 61). However, the results of this experiment with DB4-162 do not form 

such a clear correlation. Based on the IC50 values of DB4-162 in the Klebs clinical isolates 

(Figure 60), one would anticipate that the Klebs isolate most capable at hydrolyzing the 

prochelator would be isolate 9 (IC50 = 46 µM). Indeed, when incubated with Klebs isolate 

9 only 1% of DB4-162 was recoverable (Table 12). Similarly, DB4-162 has the highest IC50 

(162 µM) in isolate 13 and when incubated with that strain 31% of DB4-162 was observed 

to be intact. These observations support the hypothesis that the efficient conversion of 

the prochelator by bacteria that express the β-lactamase enzyme releases TAT at the site 

of the infection where it carries out its therapeutic effects. 

However, the results from DB4-162 in isolate 4 do not fall into the expected trend 

observed with DB4-51 where higher conversion always correlated with lower IC50. When 

incubated with Klebs isolate 4, 57% of DB4-162 was observed to remain intact (Figure 

61). The degree of stability of DB4-162 incubated with isolate 4, together with the 

moderate IC50 (56 µM) of DB4-162 in isolate 4, does not fit the trend observed with the 

other two isolates (Table 12). This observation suggests that either isolate 4 is so sensitive 
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to the effects of TAT that the incomplete conversion of the prochelator has a sufficient 

inhibitory impact on the culture, or that a secondary mechanism of action is taking place 

that does not rely on the prochelator-to-chelator conversion. 

 The exact mechanisms by which TAT and DB4-162 exert their antibacterial 

effects are unknown. Indeed, unlike the prochelator DB4-51, there is little evidence of a 

metal dependence in the activity of DB4-162 in the bacteria that were tested (Table 9). 

The presence of supplemental copper in the growth media resulted in very few changes 

in the IC50 of DB4-162. In fact, the only bacterial strain in which the addition of copper 

caused a dramatic decrease in IC50 was -Bla K-12. Furthermore, the IC50 of DB4-162 only 

increased in 3 of the 7 strains with the addition of BCS to the media. Taken together, 

these results suggest that although DB4-162 is active against several resistant strains, its 

antibiotic mechanism of action does not have a copper component. 

ICP-MS was employed in an attempt to establish the connection between the 

activity of DB4-162 or TAT and intracellular metal concentrations. The results of these 

experiments show a clear increase in the total copper, iron, and zinc content in -Bla K-12 

E. coli when incubated with TAT (Figure 62). This is similar to the effect of pyrithione, 

although pyrithione causes a much larger increase in metal concentration than TAT. 

Incubating -Bla K-12 with DB4-162 resulted in a much more subtle increase in all three 

metals than was seen with TAT which suggests that the prochelator is unable to 

manipulate metals to the same degree as the chelator in the absence of β-lactamase. 
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Interestingly, this trend is reversed in +Bla K-12 E. coli. Again like pyrithione, the 

concentration of cell-associated copper, iron, and zinc all decreased when +Bla K-12 was 

incubated with TAT or DB4-162. The impact of TAT on the concentrations of cell-

associated transition metals may explain the differences in the IC50 values of DB4-162 in 

+Bla and -Bla K-12 (Table 9). 

With an LD50 of more than 500 µM in mammalian cells, only 16% cell death was 

observed in HepG2 cells after a 24-hour incubation period in media containing 500 µM 

TAT. Similarly, DB4-162 has an LD50 value of 172 µM in HepG2 cells and an LD50 greater 

than 500 µM in the CCD-19Lu cell line (Figure 64). However, the addition of 10 µM 

CuCl2 to the growth media caused both the prochelator and chelator to become much 

more toxic than they are in LB alone (Table 13). Although it should be noted that the 

LD50 of the prochelator in copper-supplemented media is greater than the LD50 of TAT 

which caused significant toxicity at concentrations as low as 2 µM in copper-

supplemented media.  

The cytotoxicity of DB4-51 and DB4-162 is dependent upon the concentration of 

copper in the media. In normal media conditions, the LD50 of DB4-162 is greater than 170 

µM in HepG2 cells and greater than 500 µM in CCD-19Lu cells. Likewise, the LD50 of 

DB4-51 is greater than 500 µM in both cell lines. However, it is interesting to note that in 

the absence of supplemental copper both prochelators are active against pathogenic 

bacteria at concentrations much lower than their LD50 levels (Table 10). 
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The increased toxicity of DB4-162 in the presence of supplemental copper may be 

due to hydrolysis/degradation of the prochelator that results in the release of TAT. To 

test this hypothesis, the assay media was analyzed by LC-MS after incubating with 

mammalian cells for 4 hours and the concentration of intact prochelator was calculated. 

As seen in Figure 65, less than 50% of the prochelator is detected after incubating for 4 

hours with the mammalian cells. Because no TAT was detected after incubation, the 

outcome of the prochelator remains unclear. However, the LD50 of DB4-162 is 

significantly higher than the LD50 of TAT in both cell lines suggesting that the activity of 

TAT is at least partially mitigated in the prochelator form. 

4.5 Summary and conclusions 

This work describes an innovative method of turning bacterial resistance into a 

drug target. By conditionally activating chelators in the niche of bacterial infection, DB4-

162 is designed to exert its antibiotic effects on the basis of metallobiology by 

overwhelming the microbial detoxification machinery and/or inhibiting the hydrolytic 

activity of MBLs. To that end, we have described the synthesis of a β-lactamase-

activated prochelator, its stability in aqueous environments, and its conversion in the 

presence of a commercially available β-lactamase. Finally, we have illustrated the 

antibiotic activity of DB4-162 against pathogenic bacteria in relation to known 

antibiotics.  
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While TAT demonstrates inhibitory activity against all the pathogenic bacteria 

that were screened, DB4-162 is more selective in its activity. It was shown that a number 

of resistant bacteria such as MRSA, Klebs, and ESBL E. coli are very susceptible to DB4-

162.  The extent to which the antibacterial activity of DB4-162 depends on β-lactamase 

and/or copper remains to be elucidated. Like DB4-51, DB4-162 is well-tolerated by 

mammalian cells in the absence of high concentrations of labile copper. When 

supplemental copper is not present, DB4-162 has a lower IC50 against pathogenic 

bacteria and a higher LD50 against mammalian cells which suggests that DB4-162 may 

have a favorable therapeutic index. 

 DB4-162 is a first-generation, enzyme-activated prochelator that demonstrates 

the potential for modification of the cephalosporin backbone to elicit the targeted release 

of various metal chelators to combat drug-resistant infections. In the future, new 

analogues based on the blueprint of DB4-162 will be designed to target specific 

resistance enzymes and release various chelators that can inhibit the enzymes that cause 

resistance and inhibit bacterial growth.  
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5. Designing a fluorescent sensor for metals 

 
5.1 Background and significance 

As discussed in the previous chapters, the selective manipulation of metals at the 

host-pathogen interface could prove to be a valuable development in prochelator 

therapy for bacterial infections. Currently, the tools used to monitor intracellular metal 

concentrations have significant limitations. Atomic absorption spectroscopy and 

inductively-coupled mass spectrometry are able to quantify total metal concentrations in 

a sample, but speciation, location, and temporal resolution are lost.294 Only tools that 

allow for the spatial and time-resolved visualization of intracellular processes can 

provide the information needed to expand our knowledge of the dynamic events that 

make up cellular metal homestasis.295 For these reasons, fluorescent sensors are at the 

forefront of this scientific field. A fluorescent sensor performs two simple and distinct 

functions: the recognition of a molecular substrate and a change in fluorescence signal 

(usually a fluorescence quench or increase) that communicates to an observer in the 

macroscopic world that the recognition event has occurred.296 

 
5.1.1 Sensor requirements 

Any fluorescent sensor must be sufficiently stable and fluorescent in a biological 

environment to facilitate its detection. Brighter sensors not only require less excitation to 

produce a measurable signal, but a lower concentration of probe is needed which results 
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in less disturbance of the system in question. The brightness of a sensor is generally 

defined by its extinction coefficient and quantum yield.297 However, due to differences in 

solvent composition, pH, and viscosity these photophysical properties can differ 

dramatically between the cuvette and the living cell.298  

Additionally, the wavelengths of excitation and emission of the sensor determine 

its usefulness in cells. Lower wavelengths of light cause photodamage to cells and a 

number of biomolecules emit light in the UV range which causes interference that make 

the signal from these probes difficult to measure.299 Therefore, successful sensors absorb 

and emit at higher wavelengths to avoid toxicity and background auto-fluorescence. 

Finally, a fluorescent sensor for metals should selectively bind to a metal ion that is able 

to alter the electronic or molecular structure of the fluorophore in order to alter its 

fluorescence emission in a measurable way. Metal binding typically causes either a turn-

off (fluorescence quenching) or turn-on (fluorescence enhancement) response.300 

 
5.1.2 Limitations of existing sensors for biological metals 

 

5.1.2.1 Fluorescent sensors for iron 

Calcein is an example of a commercially available fluorescein-based sensor with 

a metal-binding site similar to EDTA that shows fluorescence quenching upon 

complexation with iron (Figure 66).301 The mechanism of fluorescence quenching 

involves a transfer of electrons between the excited state of the fluorophore and the 
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paramagnetic metal atom being bound that results in a decrease in fluorescence 

intensity.302 While calcein functions modestly in cells, it is not ideal for the task of 

imaging the labile iron pool for several reasons. Calcein shows limited cell permeability 

and exhibits non-specific metal-binding that can lead to off-target responses in the 

complex cellular system. Also, because the recognition event triggers fluorescence 

quenching, a known concentration of a second chelator is required to return the 

fluorescence of calcein in order to calculate the concentration of calcein-bound iron.301 

A second fluorescent sensor for iron, Phen Green SK, contains a 1,10-

phenanthroline chelation site linked to the same fluorescein fluorophore as calcein 

(Figure 66). Phen Green SK has a dramatic fluorescence quench in response to iron 

chelation and was used to monitor the labile iron pool in hepatocytes.303 However, Phen 

Green SK is able to bind Fe2+ and Fe3+ as well as other metals. The off target response of 

the sensor due to non-specific binding makes cellular metal content difficult to quantify. 
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Figure 66: Selected fluorescent sensors for iron.  

 

5.1.2.2 Fluorescent sensors for copper 

The first small-molecule fluorescent probe for detecting copper in cells was 

CTAP-1. This sensor recognizes Cu+ with an azatetrathiacrown binding motif linked to a 

pyrazoline-based dye (Figure 67). CTAP-1 was used to show that the labile copper pool 

in fibroblast cells is localized in the mitochondria in conditions of copper overload.304 

Unfortunately, recent studies have discovered that, due to its lipophilicity, CTAP-1 is 

prone to forming spontaneous dimers or colloidal aggregates in low-µM aqueous 

solutions.305 These sensor-sensor interactions dramatically impact the photophysical 

properties of the fluorophore and, as in the case of CTAP-1 aggregates, quench the 

fluorescence completely. 

Another fluorescent sensor that was developed to detect intracellular copper is 

called Coppersensor-1 (CS1).306 Containing a boron-dipyrromethane (BODIPY) 
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fluorophore and a Cu+-binding site (Figure 67), CS1 undergoes a fluorescence increase 

upon metal-binding. CS1 allowed dynamic changes in intracellular copper to be 

visualized in real time.307 However, no sensor is perfect and recent studies have 

suggested that CS1 may suffer from pH sensitivity. Indeed, uptake into low-pH 

lysosomal compartments was shown to increase the fluorescent signal of CS1.308 This 

finding casts doubt on the ability of CS1 to accurately predict copper concentrations in 

cells. 

 

Figure 67: Selected fluorescent sensors for Cu+. 

 

5.1.3 Advantages of ratiometric sensors 

A properly designed ratiometric sensor could address the shortcomings of 

existing sensors and be very useful when studying cellular metal homeostasis. 

Ratiometric fluorescent sensors are designed to provide two emission signals rather than 

just one. Fluorescent sensors are difficult to quantify because the change in signal cannot 
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be directly attributed to recognition of the analyte due to the impact that environmental 

conditions can have on the sensor. For example, low pH can quench a number or 

fluorophores. If a turn-off sensor becomes concentrated in a low-pH lysosome, the 

subsequent loss of signal might be mistakenly interpreted as analyte recognition. A 

ratiometric sensor solves this problem by including two fluorophores and reporting not 

the emission intensities themselves, but the ratio of the two signals. By including a 

second signal that effectively functions as an internal standard, ratiometric sensors 

control for dye concentration, movement of sample, sample thickness, and 

environmental changes to the sensor. Indeed, there has been much development in the 

area of ratiometric sensing of metals in the last decade.309,310,311,312 

 
5.1.4 Design of a ratiometric sensor, FAPC 

The hypothesis of this project is that ratiometric sensing of biological metals can 

be achieved using a sensor comprised of two different fluorophores attached to opposite 

sides of a metal-binding moiety (Figure 68) and that this sensor can be utilized to 

monitor changes in cellular metal homeostasis. In principle, the fluorophore closest to 

the binding site shows some fluorescence intensity change upon metal binding while the 

distal fluorophore, being separated from the binding site by an inflexible linker, is 

insulated from the binding event and serves as an internal fluorescence intensity 

standard.  
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Figure 68: A general representation of a modular ratiometric sensor.  

The fluorophores (1 and 4) are connected to a metal-receptor (2). In the unbound 

state (top) both 1 and 4 will be fluorescent. Upon chelation (bottom), the paramagnetic 

metal ion (Fe3+ shown here) will quench the proximate fluorophore (1). However, the 

incorporation of a rigid linker (3) should keep the second fluorophore (4) far enough 

from the metal center to preserve its fluorescence. 

 

5.2 Methods and materials 
 

5.2.1 Materials and instrumentation 
 

All reagents were purchased from Sigma Aldrich Corp. unless otherwise stated. 

All solvents were reagent grade unless otherwise stated and all aqueous solutions were 

prepared from nanopure water. Compound stock solutions were prepared in DMSO 

and stored at -20 °C. 1H NMR spectroscopy was performed on a Varian 400 or 500 MHz 

spectrometer. ESI/LC-MS spectra were collected using an Agilent 1100 Series 

spectrometer utilizing an electrospray ionization source, an LC/MSD trap, and a Daly 

conversion dynode detector. UV-Vis spectra were recorded on a Cary 50 UV-Vis 
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spectrophotometer. Fluorescence emission spectra were recorded on a Horiba Scientific 

Fluorolog 3 or Perkin Elmer LS 50B fluorimeter with Spectra ACQ software at 25 °C in a 

1 cm pathlength quartz cell. Cell data was obtained using a Leica SP5 confocal 

microscope with 405 nm Diode laser and spectral detector. HPLC purification was 

performed on a Waters 600 system with a Waters X-Bridge 4.6 × 250 mm, C18 column 

using a water/acetonitrile mobile phase. 

5.2.2 Synthesis 

5.2.2.1 Preparation of 5-Amino-2-Hydroxybenzaldehyde (AHBA).  

The compound was synthesized as previously described.313 Yield: 3.91 g (37%). 

5.2.2.2 Preparation of (E)-N-(6-(diethylamino)-9-(2-(((6-((4-hydroxy-3-(1-(2-

isonicotinoylhydrazono)ethyl)phenyl)amino)-6-oxohexyl)oxy)carbonyl)phenyl)-3H-

xanthen-3-ylidene)-N-ethylethanaminium (RhoA). 

A mixture of t-butylbromohexanate (0.18 g, 0.717 mmol) and rhodamine B base 

(0.114 g, 0.258 mmol) were dissolved in dry DMF (10 mL) and heated to 100 °C while 

stirring. After 48 h the reaction mixture was cooled to room temperature and the solvent 

was removed under reduced pressure. The product from the previous step was 

dissolved in DCM (2 mL) and trifluoroacetic acid (1 mL) and stirred for 2 h. The reaction 

mixture was reduced to dryness under reduced pressure then washed in DCM and 

reduced to dryness again yielding the intermediate, Rho-hexanoic acid. Rho-hexanoic 

acid (0.025 g, 0.042 mmol) was dissolved in dry DMF (5 mL) under N2 while stirring. To 

this solution was added triethylamine (0.014 g, 0.13 mmol) and HBTU (0.02 g, 0.047 
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mmol). After stirring for 30 mins, AHBA (0.01 g, 0.048 mmol) was added and the 

reaction mixture was stirred for 20 h. The solvents were removed under reduced 

pressure and the resulting purple oil was purified via column chromatography in 98:2 

DCM/MeOH yielding Rho-O-Hex-AHBA in moderate yield (0.07 g, 57%). To a stirred 

solution of Rho-O-Hex-AHBA (0.07 g, 0.095 mmol) in toluene (30 mL) and MeOH (3 mL) 

was added two equivalents of isonicotinic hydrazine (0.03g, 0.19 mmol). The reaction 

mixture was heated to reflux (95‒105 °C) under N2 for 28 h. The reaction mixture was 

allowed to cool to room temperature and the volatile components were removed under 

reduced pressure to leave a purple oil. The title compound was isolated via column 

chromatography in 9:1 DCM/MeOH yielding a purple glassy solid (0.047 g, 59%). 1H 

NMR (400 MHz, CD3OD) δ ppm 12.57 (s, 1H), 8.79 (s, 2H), 8.27 (s, 2H), 7.73 (m, 6H), 7.06 

(d, J=8 Hz, 2H), 6.79 (d, J=8.8 Hz , 6H), 3.97 (s, 2H), 3.52 (s, 8H),  2.30 (d, J=24 Hz, 4H), 

1.67 (m, 4H), 1.25 (t, J=33.6 Hz, 18H). ESI-MS (m/z): [M + H]+, calcd for C48H53N6O6+, 

809.40, found 809.6. 
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Scheme 8: Synthesis of RhoA. 

A) t-butylbromohexanate, DMF, 100 °C, 48 h. Et3N, DCM, rt, 1 h. B) AHBA, Et3N, 

HBTU, DMF, rt, 20 h, 57%. C) Isonicotinic acid hydrazide, toluene, MeOH, 100 °C, 28 h, 

59%. 

 

5.2.2.3 Preparation of (E)-N'-(1-(5-amino-2-

hydroxyphenyl)ethylidene)isonicotinohydrazide (AHAPI). 

Previously synthesized AHBA (0.4 g, 2.1 mmol) and isonicotinic acid hydrazide 

(Acros Organics) (0.29 g, 2.1 mmol) were dissolved in a minimum volume of EtOH (20 

mL) and heated to reflux (90 °C) for 2 h. The reaction mixture was vacuum filtered while 

hot to yield a pale yellow powder. Yield: 0.42 g (74%). 1H NMR (400 MHz, CD3OD) δ 

ppm 8.79 (d, J=5.6 Hz, 2H), 7.93 (d, J=6 Hz, 2H), 7.64 (s, 1H), 7.32 (dd, J=7.6 Hz, 1H), 7.10 

(d, J = 8.8 Hz, 1 H), 2.54 (s, 3H). ESI-MS (m/z): [M + H]+ calcd for C14H14N4O2,  271.12, 

found 271.1. 
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Scheme 9: Synthesis of AHAPI. 

5.2.2.4 Preparation of (E)-4-(4-(7-(diethylamino)-2-oxo-2H-chromene-3-

carbonyl)piperazin-1-yl)-N-(4-hydroxy-3-(1-(2-isonicotinoylhydrazono)ethyl)phenyl)-

4-oxobutanamide (APC). 

Portions of diethylaminocoumarin-3-carboxylic acid (0.668 g, 2.56 mmol) was 

dissolved in dry DMF (25 mL) and stirred under N2. To this reaction mixture, 

triethylamine (0.775 g, 7.68 mmol) and HBTU (1.067 g, 2.841 mmol) were added and the 

solution was stirred for 45 min. A portion of boc-piperazine (0.477 g, 2.56 mmol) was 

added and the reaction mixture was stirred for 24 h. The solvent was removed under 

reduced pressure and the resulting intermediate was purified via column 

chromatography in 98:2 DCM/MeOH. Yield: 0.779 g (71%). The intermediate from the 

previous step (0.1 g, 0.233 mmol) was dissolved in a minimum volume of DCM (2 mL) 

and stirred under N2. An aliquot of trifluoroacetic acid (0.5 mL) was added and the 

reaction mixture was stirred for 2 h. The volatile components were removed under 

vacuum and the resulting oil was dissolved in CHCl3 (4 mL) and stirred under N2. 

Portions of triethylamine (0.047 g, 0.466 mmol) and succinic anhydride (0.07 g, 0.7 

mmol) were added and the reaction mixture was stirred for 21 h. The solvent was 
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removed under reduced pressure and the resulting oil was purified via column 

chromatography in 98:2 DCM/MeOH. Portions of the intermediate from the previous 

step (0.1049 g, 0.244 mmol) and HATU (0.0929 g, 0.244 mmol) were dissolved in dry 

DMF (5 mL) while stirring under N2. Two equivalents of triethylamine (0.0493 g, 0.488 

mmol) were added and the reaction mixture was stirred for 1 h. A portion of AHAPI 

(0.0549 g, 0.203 mmol) was added and the solution was heated briefly. The reaction 

mixture was stirred at room temperature under N2 for 21 h then reduced under vacuum. 

The resulting mixture was purified via column chromatography in silica eluting with 

95:5 DCM/MeOH. Yield: 0.040 g (24%). 1H NMR (400 MHz, CD3OD) δ ppm 8.74 (d, J=4.8 

Hz, 2H), 8.70 (s, 1H), 7.95 (s, 2H), 7.89 (d, J=8.8 Hz, 2H), 7.45 (d, J=9.2 Hz, 1H), 7.36 (d, 

J=8.8 Hz, 1H), 6.89 (d, J=8.8 Hz, 1H), 6.76 (d, J=2 Hz, 1H), 6.54 (s, 1H), 3.70 (m, 6H), 3.49 

(q, J=6.8 Hz, 4H), 2.69 (m, 4H),  2.47 (s, 3H), 1.23 (t, J=7.2 Hz, 6H). HR-MS (ESI) (m/z): [M 

+ H]+ calcd for C36H39N7O7, 682.2984; found 682.2984. 



 

197 

 

Scheme 10: Synthesis of APC. 

A) boc-piperazine, Et3N, HBTU, DMF, rt, 24 h, 71%, TFA, DCM, 2 h. B) succinic 

anhydride, Et3N, CHCl3, rt, 21 h. C) AHAPI, Et3N, HATU, DMF, N2, rt, 21 h, 24%. 

 

5.2.2.5 Preparation of (E)-5-(2-(1-(5-(4-(4-(7-(diethylamino)-2-oxo-2H-chromene-3-

carbonyl)piperazin-1-yl)-4-oxobutanamido)-2-hydroxyphenyl)ethylidene)hydrazine-1-

carbonyl)-2-(6-hydroxy-3-oxo-3H-xanthen-9-yl)benzoic acid (FAPC). 

A solution of 5(6)-carboxyfluorescein (0.765 g, 2 mmol) was prepared in dry DMF 

(4 mL) and DCM (20 mL) while stirring under N2. To this solution was added 2 drops of 

N-methylmorpholine and polystyrene-carbodiimide (2 g, 2.72 mmol.) After stirring for 

30 min, hydrazine monohydrate (66 µL, 1.36 mmol) was added dropwise and the 

solution was stirred for 21 h. The reaction mixture was vacuum filtered and washed 

with DCM to remove the resin to give the intermediate in good yield: 0.515 g (97%). 
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Portions of the intermediate from the previous step (0.169 g, 0.43 mmol) were dissolved 

in MeOH (13 mL) and heated to 60 °C while stirring. To this solution was added AHBA 

(0.0809 g, 0.43 mmol) and the reaction mixture was stirred for 22 h. The solvent was 

removed under reduced pressure to yield an orange, glassy solid. A solution of the 

intermediate from the previous step (0.144 g, 0.276 mmol) in DMF (3 mL) was prepared. 

Separately, the intermediate from step B of the APC synthesis (0.119 g, 0.276 mmol) was 

dissolved in DMF (5 mL) under an N2 atmosphere and 1-ethyl-3-(3-

dimethylaminopropyl) carbodiimide (EDC) (0.051 g, 0.331 mmol), hydroxybenzotriazole 

(HOBt) (0.051 g, 0.331 mmol), and triethylamine (0.033 g, 0.331 mmol) were added. After 

stirring for 1 h, the first solution was added to this reaction mixture dropwise over the 

course of several minutes and stirred under N2 for 23 h. At this point another portion of 

1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (0.021 g, 0.138 mmol) was added and 

the reaction mixture was stirred for an additional 18 h. The solvent was removed via 

rotary evaporation and the resulting orange solid was purified via HPLC with a 

water/ACN solvent gradient of 5‒60% ACN over 11 minutes. Yield: 0.0305 g (12%.) 1H 

NMR (500 MHz, (CD3)2SO) δ ppm: 12.95 (s, 1H), 11.64 (s, 1H), 10.19 (s, 1H), 9.89 (s, 1H) 

8.56 (s, 1H), 8.31 (d, J=8 Hz, 1 H), 8.26 (d, J=8 Hz, 1 H), 8.17 (d, J=8.5 Hz, 1 H), 8.02 (s, 1H), 

7.96 (s, 1H), 7.52 (d, J=8.5 Hz, 1 H), 7.47 (d, J=8.5 Hz, 1 H), 6.89 (d, J=8.5 Hz, 1 H), 6.85 (d, 

J=9 Hz, 1 H), 6.77 (d, J=8 Hz, 1 H), 6.72 (s, 1H), 6.65-6.57 (m, 4H), 3.53-3.45 (m, 15H), 2.52 
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(t, J=8.5 Hz, 4H), 1.14 (t, J=7 Hz, 6H). HR-MS (ESI) (m/z): [M + H]+ calcd for C52H50N6O12, 

935.3246; found 935.3245. 

 

Scheme 11: Synthesis of FAPC.  

A) Diethylaminocoumarin, boc-piperazine, Et3N, HBTU, DMF, rt, 24 h, 71%. 

TFA, DCM, 2 h. B) Succinic anhydride, Et3N, CHCl3, rt, 21 h. C) 5(6)-carboxyfluorescein, 

DCM, NMM, PS-carbodiimide, hydrazine monohydrate, 21 h, 97%. D) AHBA, MeOH, 

60 °C, 22 h. E) Product from B, DMF, N2, EDC, HOBt, Et3N, 1 h, product from D, rt, 23 h, 

EDC, 18 h, 12%. 

5.2.2.6 Preparation of (E)-2-(2-(2-(4-(7-(diethylamino)-2-oxo-2H-chromene-3-

carbonyl)piperazin-1-yl)ethoxy)ethoxy)-N-(4-hydroxy-3-(1-(2-

isonicotinoylhydrazono)ethyl)phenyl)acetamide  (APEGC). 

Portions of tert-butyl 4-(2-(2-hydroxyethoxy)ethyl)piperazine-1-carboxylate (0.64 

g, 2.35 mmol) and KI (0.08 g, 0.47 mmol) were dissolved in dry THF (10 mL) and cooled 

to 0 °C under N2. To this mixture was added sodium hydride (0.11 g, 4.70 mmol) and 

ethyl bromoacetate (0.71 g, 4.23 mmol). After 1 h, the reaction mixture was stirred at 

room temperature for 24 h. The reaction was quenched with a saturated aqueous 

solution of ammonium chloride (20 mL). After aqueous workup in ethyl actetate, the 
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intermediate was isolated via column chromatography in 95:5 DCM/MeOH. Yield: 

0.67g, 1.86 mmol, 79%. The intermediate from the previous reaction (0.23 g, 0.56 mmol) 

was dissolved in MeOH (2 mL) and 1 M NaOH (4 mL) and stirred at room temperature 

for 4 h. The reaction mixture was acidified with HCl and extracted into ethyl actetate to 

yield a yellow oil. The intermediate from the previous step (0.18 g, 0.54 mmol) was 

dissolved in DCM (2 mL) and TFA (0.5 mL) and stirred under N2 at room temperature 

for 4 h. The volatile components were removed under reduced pressure and the 

resulting oil was dissolved in dry DMF (5 mL) Seperately, 7-(diethylamino)coumarin-3-

carboxylic acid (0.14 g, 0.54 mmol) was dissolved in anhydrous DMF (5 mL), Et3N (0.16 

g, 1.62 mmol) and HBTU (0.23 g, 0.59 mmol) and stirred under N2 for 4 h. The first 

solution was added dropwise to the second and the combined reaction mixture was 

stirred at room temperature for 20 h. The volatile components were removed under 

vacuum and the resulting oil was purified via column chromatography in silica using 

10:1 CHCl3/MeOH. Yield: 0.24 g, 0.5 mmol, 93%. The intermediate from the previous 

step (0.24 g, 0.5 mmol), Et3N (0.10 g, 1.0 mmol), and HATU (0.23 g, 0.60 mmol) were 

dissolved in dry DMF (7 mL) and N2. After 1.5 h AHAPI (0.14 g, 0.5 mmol) was added 

and stirred under N2 for 24 h. The title compound was isolated by column 

chromatography in silica using 95:5 DCM/MeOH. Yield: 0.27 g, 0.36 mmol, 73%. 1H 

NMR (400 MHz, Methanol-d4) δ 8.77 (s, 3H), 7.98 – 7.88 (m, 5H), 7.45 (d, J = 9.0 Hz, 1H), 

6.92 (d, J = 8.8 Hz, 1H), 6.52 (s, 1H), 4.19 (s, 2H), 3.83 – 3.73 (m, 11H) 3.54 – 3.47 (m, 6H), 
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3.40 – 3.34 (m, 1H), 3.23 (q, J = 7.4 Hz, 4H), 3.01 (s, 6H), 2.52 (s, 4H), 1.22 (t, J = 7.1 Hz, 

6H). ESI-MS (m/z): [M + H]+ calcd for C38H45N7O8, 728.3; found 728.4. 

  

 

Scheme 12: Synthesis of APEGC. 

A) THF, ethyl 2-bromoacetate, KI, NaH, 0 °C, 1 h, rt, 24 h, 79%. B) DCM, TFA, N2, 

rt, 4 h. HBTU, Et3N, 7-(diethylamino)coumarin-3-carboxylic acid, rt, 20 h, 93%. C) DMF, 

HATU, Et3N, AHAPI, rt, 24 h, 73%. 

 

5.2.2.7 Preparation of 7-methoxy coumarin (MOC). 

The title compound was synthesized as previously described.314 Yield: 0.12 g 

(85%). 
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5.2.2.8 Preparation of 4-(4-(7-methoxy-2-oxo-2H-chromene-3-carbonyl)piperazin-1-yl)-

4-oxobutanoic acid (PO-MOC). 

Portions of 7-methoxy courmarin (0.6 g, 2.7 mmol) were dissolved in anhydrous 

DMF (25 mL) while stirring under N2. To this solution was added Et3N (0.83 g, 8.18 

mmol) and HBTU (1.14 g, 3.0 mmol) and the solution was stirred at room temperature 

for 1 h at which time boc-piperazine (0.51 g, 2.73 mmol) was added and the reaction 

mixture was allowed to stir for 20 h. The solvent was removed under vacuum and the 

intermediate was isolated via column chromatography in 2:98 MeOH/DCM. Yield: 0.94 

g, 2.41 mmol, 88%. The intermediate from the previous step (0.6 g, 1.55 mmol) was 

dissolved in DCM (10 mL) and trifluoroacetic acid (2 mL). The reaction mixture was 

stirred at room temperature for 1.5 h at which time the volatile components were 

removed via rotary evaporation. The resulting oil was dissolved in CHCl3 (25 mL) and 

Et3N (0.313 g, 3.09 mmol) and stirred for 5 min. To this mixture was added succinic 

anhydride (0.464 g, 4.64 mmol) and the mixture was stirred for 23 h. The volatile 

components were removed via rotary evaporation yielding a yellow oil that was 

purified by column chromatography in silica eluting with 95:5 DCM/MeOH. Yield: 0.36 

g, 0.938 mmol, 61%. 1H NMR (400 MHz, CDCl3) δ ppm: 7.98 (d, J = 16.8 Hz, 1H), 7.46 (d, J 

= 8.8 Hz, 1H), 7.31 – 7.23 (m, 1H), 6.91 (d, J = 9.4 Hz, 2H), 6.85 (d, J = 2.4 Hz, 1H), 3.91 (s, 

3H), 3.79 (d, J = 19.9 Hz, 3H), 3.63 (s, 2H), 3.41 (s, 2H), 2.73 (s, 3H), 2.66 (td, J = 7.7, 6.4, 3.8 

Hz, 1H). ESI-MS (m/z): [M + H]+ calcd for C19H20N2O7, 389.13; found 389.1. 
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Scheme 13: Synthesis of PO-MOC. 

A) 7-methoxy coumarin, Et3N, HBTU, DMF, 1 h. Boc-piperazine, rt, 20 h, 88%. B) 

Product from A, TFA, DCM, rt, 1.5 h. Et3N, CHCl3, succinic anhydride, rt, 23 h, 61%. 

 

5.2.2.9 Preparation of (E)-N-(4-hydroxy-3-(1-(isonicotinoyldiazenyl)ethyl)phenyl)-4-(4-

(7-methoxy-2-oxo-2H-chromene-3-carbonyl)piperazin-1-yl)-4-oxobutanamide 

(APMOC). 

Portions of PO-MOC (0.164 g, 0.42 mmol) and HBTU (0.16 g, 0.42 mmol) were 

dissolved in anhydrous DMF (8 mL) under dry N2. To this mixture was added Et3N 

(0.072 g, 0.71 mmol) and the reaction was stirred at room temperature for 1 h at which 

time AHAPI (0.095 g, 0.35 mmol) and Et3N (0.036 g, 0.35 mmol) were added. The 

reaction was heated to 40 °C and stirred for 24 h. The volatile components were removed 

under reduced pressure and the title compound was isolated via column 

chromatography in silica eluting in 2-10% MeOH in DCM. Yield: (0.03 g, 0.047 mmol, 

13.5%) 1H NMR (400 MHz, CDCl3) δ ppm: 12.81 (s, 1H), 11.65 (s, 1H), 9.95 (s, 1H), 8.76 (s, 

2H), 8.14 (d, J = 7.4 Hz, 2H), 7.95 (d, J = 15.5 Hz, 2H), 7.83 (d, J = 5.0 Hz, 3H), 7.67 (dd, J = 

8.6, 4.3 Hz, 3H), 7.01 (q, J = 12.2, 8.8 Hz, 3H), 6.83 (d, J = 8.8 Hz, 1H), 3.84 (s, 3H), 3.67 – 
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3.58 (m, 3H), 3.45 – 3.38 (m, 6H),  3.06 – 2.98 (m, 4H), 2.42 (s, 3H), 1.16 (t, J = 7.2 Hz, 7H). 

ESI-MS (m/z): [M + H]+ calcd for C33H32N6O8, 641.23; found 641.2. 

 

Scheme 14: Synthesis of APMOC. 

PO-MOC, HBTU, Et3N, DMF, AHAPI, 40 °C, 24 h, 13%. 

 

5.2.2.10 Preparation of (E)-2-(6-hydroxy-3-oxo-3H-xanthen-9-yl)-4-(2-(1-(2-hydroxy-5-(4-

(4-(7-methoxy-2-oxo-2H-chromene-3-carbonyl)piperazin-1-yl)-4-

oxobutanamido)phenyl)ethylidene)hydrazine-1-carbonyl)benzoic acid (FAPMOC). 

A solution of 5(6)-carboxyfluorescein (0.765 g, 2 mmol) was prepared in dry DMF 

(4 mL) and DCM (20 mL) while stirring under N2. To this solution was added 2 drops of 

N-methylmorpholine and polystyrene-carbodiimide (2 g, 2.72 mmol.) After stirring for 

30 min, hydrazine monohydrate (66 µL, 1.36 mmol) was added dropwise and the 

solution was stirred for 21 h. The reaction mixture was vacuum filtered and washed 

with DCM to remove the resin to give the intermediate in good yield: 0.515 g (97%). 

Portions of the intermediate from the previous step (0.169 g, 0.43 mmol) were dissolved 
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in MeOH (13 mL) and heated to 60 °C while stirring. To this solution was added AHBA 

(0.0809 g, 0.43 mmol) and the reaction mixture was stirred for 22 h. The solvent was 

removed under reduced pressure to yield an orange, glassy solid. A solution of the 

intermediate from the previous step (0.11 g, 0.21 mmol) in anhydrous DMF (2 mL) was 

prepared. Portions of PO-MOC (0.074 g, 0.19 mmol), 1-Ethyl-3-(3-

dimethylaminopropyl)carbodiimide (0.04 g, 0.23 mmol), and HOBt (0.04 g, 0.23 mmol) 

were dissolved in anhydrous DMF (5 mL) under N2. After stirring at room temperature 

for 1 h, the two solutions were combined dropwise over several minutes and N,N-

Diisopropylethylamine (70 µL, 0.40 mmol) was added. The reaction was protected from 

light and stirred under N2 at room temperature for 46 h. The volatile components were 

removed under vacuum to yield an orange oil which was purified via column 

chromatography in silica using 95:5 DCM/MeOH. The resulting solid was dissolved in 

1:1 ACN/H2O and purified via HPLC to yield the title compound in low yield (0.005 g, 

0.006 mmol, 11%). 1H NMR (400 MHz, CDCl3) δ ppm: 9.82 – 9.44 (m, 2H), 8.21 – 8.11 (m, 

13H), 7.89 (t, J = 8.8 Hz, 1H), 7.63 (dd, J = 28.4, 8.8 Hz, 1H), 7.43 (q, J = 9.2, 7.9 Hz, 1H), 

7.33 (q, J = 9.2, 7.7 Hz, 1H), 7.10 – 6.95 (m, 1H), 6.72 (s, 1H), 6.64 – 6.52 (m, 1H), 3.84 (s, 

1H), 3.54 (hept, J = 6.5 Hz, 3H), 3.07 (q, J = 7.3 Hz, 3H), 2.55 (s, 1H). ESI-MS (m/z): [M + 

H]+ calcd for C48H39N5O13, 894.25; found 894.2. 
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Scheme 15: Synthesis of FAPMOC. 

A) DMF, DCM, NMM, N2H4, PS-carbodiimide, rt, 21 h, 97%. B) MeOH, AHBA, 

60 °C, 22 h. C) PO-MOC, DMF, EDC, HOBt, DIPEA, rt, 46 h, 11%. 

 

5.2.3 Mammalian culture 

Cell culture reagents including minimal essential medium (MEM), fetal bovine 

serum (FBS), penicillin Streptomycin (pen-strep), Triton X-100, glutamate, and 0.25% 

trypsin- Ethylenediaminetetraacetic acid (EDTA) were purchased from Gibco. CellTox 

Green LDH Cytotoxicity Detection Kit was purchased from Promega. ARPE-19 cells 

were purchased from the Duke Cancer Institute Cell Culture Facility. All work was 

performed in a laminar-flow hood using aseptic techniques according to Franz lab cell 

culture protocol. Approximately 60,000 cells were transferred to a 35 mm MatTek glass-
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bottom dish in 1:1 Dulbecco's Modified Eagle's Medium (DMEM) and Ham's F12 

medium containing 10% fetal bovine serum, 1% penicillin/ streptomycin, and 1% 

glutamate and incubated at 37 °C with 5% CO2 and humidity for two days or until the 

cells were about 80% confluent. At that time the growth media was removed and the 

cells were rinsed with MEM. An aliquot of MEM (2 mL) containing 10 µM FAPC was 

then added to the dish. The dish was then incubated at 37 °C for 30 minutes to one hour. 

At this time the MEM was removed and the cells were rinsed twice with 2 mL PBS 

before adding 2 mL MEM and imaging the cells. 

5.2.4 Fluorescence microscopy 

All microscopy was performed using a Leica SP5 inverted confocal fluorescence 

microscope located in the Duke Light Microscopy Core Facility. Data was acquired 

using the LAS AF software. The 405 nm diode laser was used as the excitation source. 

An HCX PL APO 63× 1.2 WATER objective was used for all images with a pinhole of 2 

AU and a zoom factor of 2. The detector PMT was adjusted to record emission 

wavelengths in the 415‒470 and 520‒600 nm ranges. The smart gain was adjusted (<800 

V) to visualize the fluorescence signal and then kept constant for all images. The offset 

was adjusted to minimize saturation and maintained for all images. Data was processed 

in MetaMorph by performing region measurement of a whole cell and transferring that 

region to at least 5 cells per dish. The average intensities in those regions were then 

calculated. 
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5.3 Results 

 
5.3.1 Spectroscopic characterization of FAPC and its components 

Intermediate components of the ratiometric sensor, FAPC, can function as a 

single-output metal sensor. These intermediates contain a fluorophore such as 

diethylaminocoumarin (DAC) or fluorescein connected to an AHAPI metal-binding site 

by a linker. The fluorescence spectra of the DAC-containing intermediates APC (AHAPI-

Piperazine-Coumarin) and APEGC (AHAPI-PEG-Coumarin) shown in Figure 69 were 

recorded and their response to added Cu2+ was measured in aqueous solution. Exciting 

the diethylaminocoumarin at 420 nm produces an emission signal centered at 480 nm. 

When APC was equilibrated with 2 equivalents of CuCl2 a 21% decrease in fluorescence 

intensity resulted (Figure 70). In contrast, APEGC was equilibrated with only 1 

equivalent of CuCl2 and the fluorescence emission was reduced by 78% (Figure 71). 

 

Figure 69: Structures of coumarin-containing FAPC intermediates. 
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Figure 70: Fluorescence spectrum of APC with and without CuCl2.  

The fluorescence spectrum of a solution of 2 µM APC in pH 7.4 PBS was 

collected following excitation at 420 nm. To this solution was added 4 µM CuCl2 and the 

fluorescence spectrum was recorded after equilibrating for 1 hour. 

 

 

Figure 71: Fluorescence spectrum of APEGC with and without CuCl2. 

The fluorescence spectrum of a solution of 2 µM APEGC in pH 7.4 PBS was 

collected following excitation at 420 nm. To this solution was added 2 µM CuCl2 and the 

fluorescence spectrum was recorded after equilibrating for 1 hour. 
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Likewise, the fluorescence spectrum of the intermediate compound FHA 

(Fluorescein-Hydrazine-AHAPI) shown in Figure 72 was recorded in aqueous solution. 

This fluorescein-containing compound has a strong absorbance in the 300-500 nm range 

and exciting at 330 nm produces a strong emission signal centered at 520 nm (Figure 73). 

Incubation of an aqueous solution of FHA with 1 equivalent of CuCl2 caused a 15% 

decrease in fluorescence emission. 

 

 

Figure 72: Structure of the fluorescein-containing FAPC intermediate, FHA. 
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Figure 73: Fluorescence spectrum of FHA with and without CuCl2. 

The fluorescence spectrum of a solution of 1.5 µM FHA in pH 7.4 PBS was 

collected following excitation at 330 nm. To this solution was added 1.5 µM CuCl2 and 

the fluorescence spectrum was recorded after equilibrating for 1 hour. 

 

5.3.2 Testing FAPC in vitro 
 

The complete, first-generation ratiometric probe, FAPC (Fluorescein-AHAPI-

Piperazine-Coumarin) contains both coumarin and fluorescein fluorophores. Therefore, 

FAPC has a broad absorbance band from 275‒450 nm in PBS (Figure 74). The 

fluorescence emission spectrum of FAPC is complicated by the presence of FRET-pairing 

between the two fluorophores. Exciting the fluorescein at 495 nm produces a fluorescein 

emission centered at 520 nm and exciting the diethylaminocoumarin at 420 nm produces 

a coumarin emission centered at 480 nm. However, because fluorescein has an 

absorbance band in the 450‒500 range, exciting at 420 nm also produces a fluorescein 
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emission signal centered at 520 nm (Figure 75). Therefore, exciting FAPC at 420 nm 

produces two emission signals centered at 480 and 520 nm. 

 

Figure 74: UV-Vis absorbance spectrum of 2 µM FAPC in pH 7.4 PBS. 
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Figure 75: Excitation and emission of the ratiometric sensor FAPC. 

The ratiometric sensor, FAPC consists of a fluorescein (red) fluorophore 

covalently linked to the AHAPI metal-binding site. A piperazine-containing linker (blue) 

separates the binding site and a coumarin fluorophore (orange). With this design, 

excitation of the coumarin at 420 nm produces coumarin emission centered at 480 nm as 

well as fluorescein emission at 520 nm due to efficient FRET-pairing of the two 

fluorophores. 

 

Incubating an aqueous solution of FAPC with 2 equivalents of CuCl2 results in a 

90% decrease in the emission signal centered at 520 nm (Figure 76). However, under the 

same conditions the emission signal centered at 480 nm decreased by 40%. Although 

neither signal remains constant during the Cu2+-binding event, FAPC was further 

studied for its potential to recognize metal ions in aqueous solutions. 
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Figure 76: Fluorescence spectrum of FAPC titrated with CuSO4. 

The fluorescence spectrum of a solution of 2 µM FAPC in pH 7.4 PBS was 

collected following excitation at 420 nm. To this solution was added 0.2‒4 µM CuSO4 

and the fluorescence spectrum was recorded after equilibrating for 1 hour. 

 

When FAPC is excited at 420 nm it produces two emission signals centered at 480 

nm and 520 nm. The ratio of the emission intensities at these two wavelengths 

(I520/I480) can be calculated as the probe is titrated with metal in order to visualize the 

ratiometric change. As seen in Figure 77, titrating FAPC with CuSO4 produces a 4-fold 

decrease in the I520/I480 ratio with a clear inflection point when equimolar Cu2+ has 

been added to the probe. Adding excess Cu2+ did not significantly alter the I520/I480 

ratio. This is consistent with a 1:1 binding stoichiometry.  
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Figure 77: FAPC fluorescence ratio vs equivalents of CuSO4. 

 

The I520/I480 ratio of FAPC was monitored in the presence of various metal ions 

in order to determine the selectivity of the probe. The fluorescence spectrum of FAPC 

was recorded in the presence of 4 equivalents of various metals and the ratiometric 

change was calculated. As seen in Figure 78, while the ratio decreases slightly in the 

presence of excess Al3+ and Co2+, only Ni2+ was able to produce a decrease of more than 

50%. However, the addition of 1 equivalent of Cu2+ to these solutions caused the 

I520/I480 ratio to decrease by 85%, resembling the I520/I480 of FAPC when only copper 

was added. This result suggests that the ratiometric change of FAPC is selective for Cu2+ 

although some off-target response is expected in the presence of high concentrations of 

Ni2+. 
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Figure 78: FAPC fluorescence ratio versus various metals. 

A 2 µM solution of FAPC in pH 7.4 PBS was excited at 420 nm and the 

fluorescence emission spectrum was recorded. To this solution was added 4 equivalents 

CuCl2, AgNO3, AlCl3, CaCl2, CoCl2, FeCl3, MgCl2, MnCl2, NiCl2, or ZnCl2 and the 

solution was scanned after equilibrating for 1 h. To each of these solutions was added 1 

equivalent of CuCl2 and the fluorescence was measured after equilibrating for 1 h.  

 

 Although the recognition of Cu2+ by FAPC has been demonstrated in relatively 

simple conditions (in PBS), biological systems are much more complex. The cellular 

environment contains numerous reductants capable of reducing Cu2+ to Cu+ which may 

prevent FAPC binding. Additionally, intracellular proteins with high affinities for metal 

ions could compete with FAPC for copper. Unfortunately, with so many variables, 

knowing the impact of any one cellular component on the I520/I480 ratio of FAPC is 

extremely difficult. Therefore, the ratiometric response of FAPC to Cu2+ was challenged 
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with various competitive chelators and cellular reductants in an attempt to characterize 

the probe’s behavior in a much more complex and challenging environment. 

 As seen in Figure 79, FAPC was incubated with 1 equivalent of CuCl2 and the 

fluorescence emission spectrum was recorded. From these emission spectra the I520/I480 

ratio of FAPC was calculated. This Cu-FAPC solution was divided into multiple samples 

and equilibrated with 50 or 100 equivalents of intracellular ligands (cysteine and 

histidine), high-affinity Cu+-chelators (BCS and BCA), or the reductant ascorbate (Figure 

79, top). Other solutions were equilibrated with 250 or 500 equivalents of the 

intracellular reductant glutathione, in order to reflect the high concentration of 

glutathione that have been observed in some cells (Figure 79, bottom).50  

Added alone, 50 equivalents of histidine were sufficient to return the ratio by 

more than 50% of its original value. This suggests that excess histidine is able to out-

compete FAPC for Cu2+. In contrast to histidine, even 100 equivalents of cysteine, BCS, 

and BCA were unable to alter the ratio of FAPC. While ascorbate alone was unable to 

alter the I520/I480 ratio, the addition of at least 50 equivalents of ascorbate to solutions 

already equilibrated with cysteine, BCS, or BCA were able to increase I520/I480 ratio 

which indicates that copper is being removed from the FAPC binding site. However, the 

addition of 250 equivalents of glutathione showed almost full recovery of the I520/I480 

ratio. This suggests that a large excess of glutathione is able to reduce Cu2+ which 

prevents FAPC from binding. 
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Figure 79: FAPC fluorescence ratio challenged by ligands and reductants. 

A 2 µM solution of FAPC in pH 7.4 PBS was excited at 420 nm and the 

fluorescence emission spectrum was recorded. To this solution was added 1 equivalent 

of CuCl2 and the fluorescence was recorded after equilibrating for 1 h. To this solution 

was added 50/100 equivalents of L-ascorbic acid, L-cysteine, L-histidine, BCS, and BCA 

(top) or 250/500 equivalents of glutathione (bottom) and the fluorescence spectra were 

recorded after equilibrating for 1 h. To each solution was added 50/100 equivalents of 

ascorbate and the fluorescence spectra were recorded after equilibrating for 1 h. 
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5.3.3 Imaging FAPC in cells 

Confocal fluorescence microscopy techniques were utilized in order to measure 

the fluorescence of FAPC throughout the cytosol of mammalian cells. The fluorescence 

intensity was measured in two wavelength ranges as shown in Figure 80. When 

supplemental copper was added to the cell media, the fluorescence in the 415‒470 range 

decreased, but not to the same extent as the fluorescence decreased in the 520‒600 nm 

range. The ratio of the emission intensities (I520/I480) in this experiment decreased by 

75% when copper was added. Unfortunately, repeated attempts to replicate this result 

were met with conflicting outcomes. 
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Figure 80: FAPC fluorescence in ARPE-19 cells. 

ARPE-19 cells were incubated in MEM containing 5% DMSO and 10 µM FAPC 

for 30 minutes at 37 °C. The cells were washed with PBS (2×2 mL) and incubated in 

MEM while imaging. To the MEM was then added 10 µM CuCl2 and the dishes were 

imaged again. The images above show a color-added representation of the fluorescence 

intensity recorded in the wavelength ranges shown (415‒470 nm and 520‒600 nm). 

 

 5.3.4 Testing FAPMOC in vitro 

 

Based on the shortcomings of FAPC, a second-generation ratiometric sensor was 

designed to increase the resolution between the two emission signals and reduce FRET-

pairing between the fluorophores. Thus, diethylaminocoumarin (ex: 405‒420 nm, em: 

430‒540 nm) was replaced with methoxycoumarin (ex: 300‒350 nm, em: 380‒450 nm). 

The intermediate component of this second-generation sensor was synthesized to 

connect 7-methoxycoumarin-3-carboxylic acid (MOC) with the AHAPI metal-binding 
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site via a linker (Figure 81). This component was given the acronym APMOC (AHAPI-

Piperazine-MOC). 

 

Figure 81: Structures of MOC and the coumarin-containing FAPMOC intermediate, 

APMOC. 

The UV-Vis absorbance spectrum of methoxycoumarin-containing component 

APMOC was recorded in PBS. As seen in Figure 82, the methoxycoumarin intermediate 

has a broad absorbance band centered about 320 nm. The fluorescence spectrum of the 

coumarin-containing intermediates, APMOC, was recorded and its response to added 

Cu2+ was measured in aqueous solution. Exciting the methoxycoumarin at 330 nm 

produces an emission signal centered at 405 nm (Figure 83). Compared to 

diethylaminocoumarin, this represents a blueshift of about 80 nm from the fluorescein 

emission. When APMOC was equilibrated with 1 equivalents of CuCl2 a 20% decrease in 

fluorescence intensity resulted.  
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Figure 82: UV-Vis absorbance spectrum of 60 µM APMOC in pH 7.4 PBS. 

 

Figure 83: Fluorescence spectrum of APMOC titrated with CuCl2. 

The fluorescence spectrum of a solution of 4 µM APMOC in pH 7.4 PBS was 

collected following excitation at 330 nm. To this solution was added 4 and 20 µM CuCl2 

and the fluorescence spectrum was recorded after equilibrating for 1 hour. 
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The second-generation fluorescent sensor, FAPMOC (Fluorescein-AHAPI-

Piperazine-MethOxyCoumarin) contains both methoxycoumarin and fluorescein 

fluorophores. Therefore, FAPMOC has a broad absorbance bands from 250‒350 and 450-

530 nm in PBS (Figure 85). Like its precursor, the fluorescence spectrum of FAPMOC is 

complicated by the presence of FRET-pairing between the two fluorophores. Although 

the overlap of the methoxycoumarin emission band and the fluorescein excitation band 

is dramatically decreased, there is still sufficient FRET-pairing to produce two emission 

signals by exciting the coumarin moiety. Exciting the fluorescein at 495 nm produces a 

fluorescein emission centered at 520 nm. Similarly, exciting the methoxycoumarin 

moiety at 330 nm produces a coumarin emission centered at 405 nm. However, because 

fluorescein has an absorbance band in the 450‒500 nm range, exciting at 405 nm also 

produces a fluorescein emission signal centered at 520 nm. Therefore, exciting FAPMOC 

at 330 nm produces two emission signals centered at 405 and 520 nm (Figure 86). 

 

Figure 84: Structure of the ratiometric sensor FAPMOC. 
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Figure 85: UV-Vis absorbance spectrum of 3.2 µM FAPMOC in pH 7.4 PBS. 

An aqueous solution of FAPMOC was titrated with 2 equivalents of CuCl2. 

Incubating FAPMOC with 1 equivalent of Cu2+ resulted in a 60% decrease in the 

emission signal centered at 520 nm (Figure 86). However, under the same conditions, the 

coumarin emission signal centered at 405 nm decreased by 26%. Although neither signal 

remains constant during the Cu2+-binding event, the methoxycoumarin emission signal 

decreased less than was observed in the sensor that contains diethyaminocoumarin. 

FAPMOC was further studied for its potential to recognize metal ions in aqueous 

solutions. 
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Figure 86: Fluorescence spectrum of FAPMOC titrated with CuCl2. 

The fluorescence spectrum of a solution of 0.8 µM FAPMOC in pH 7.4 PBS was 

collected following excitation at 330 nm. To this solution was added 0.08‒1.6 µM CuCl2 

and the fluorescence spectrum was recorded after equilibrating for 1 hour. 

 

The I520/I480 ratio of FAPMOC was monitored in the presence of various metal 

ions in order to determine the selectivity of the probe. The fluorescence spectrum of 

FAPMOC was recorded in the presence of 4 equivalents of various metals and the 

ratiometric change was calculated. As seen in Figure 87, the emission ratio decreases by 

25% in the presence of excess Ni2+ and Fe3+ was able to produce a decrease of 50%. 

However, the addition of 1 equivalent of Cu2+ to these solutions caused the I520/I480 

ratio to decrease by 50%. This result suggests that the ratiometric change of FAPC is 

selective for Cu2+ and Fe3+ although some off-target response is expected in the presence 

of high concentrations of Ni2+. 
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Figure 87: FAPMOC fluorescence titrated with various metals. 

A 2 µM solution of FAPMOC in pH 7.4 PBS was excited at 330 nm and the 

fluorescence emission spectrum was recorded. To this solution was added 4 equivalents 

of AgNO3, AlCl3, CaCl2, CoCl2, FeSO4, MgCl2, MnCl2, NiCl2, or ZnCl2 and the solution 

was scanned after equilibrating for 1 h. To each of these solutions was added 1 

equivalent of CuCl2 and the fluorescence was measured after equilibrating for 1 hour.  

 

 Attempts to visualize the ratiometric fluorescence response of FAPMOC in cells 

were unsuccessful. Although the emission signal at 520 nm was easily measurable, the 

emission intensity centered at 405 nm was too weak to be reliably differentiated from the 

baseline emission of the media. Given the strong fluorescence emission of MOC in 

aqueous solution, its weak emission when incorporated into the ratiometric sensor was 

unexpected. Therefore, the fluorescence emission spectra of MOC, FAPMOC, and 2 

MOC-containing intermediates were compared (Figure 88). It was observed that the 
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methoxycoumarin emission intensity decreased proportionally to the size of the 

coumarin-containing molecule (Figure 89). 

 

Figure 88: Comparison of FAPMOC and its coumarin-containing 

intermediates. 
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Figure 89: Overlay of fluorescence spectra of equimolar MOC-containing molecules. 

Top) The overlaid fluorescence emission spectra of MOC and MOC-containing 

molecules. Each sample was prepared in pH 7.4 PBS, diluted until the absorbance at 330 

nm was 0.2, and excited at 330 nm. Bottom) The fluorescence emission of 

methoxycoumarin at 405 nm decreases as the size of the coumarin-containing molecule 

increases. 
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Another factor that is likely to contribute to the decrease in fluorescence intensity 

of MOC-containing intermediates is the absorbance of the metal-binding site. As shown 

below, an aqueous solution of HAPI has a broad absorbance band in the 250‒350 nm 

range. Because MOC absorbs in the same range, it is likely that some of the excitation 

energy is being lost to the binding site of APMOC and FAPMOC which is non-

fluorescent. 

 

Figure 90: UV-Vis absorbance spectrum of 50 µM HAPI in pH 7.4 PBS. 

 

5.4 Discussion 

In this chapter we have outlined the potential of fluorescent sensors to monitor 

changes in metal homeostasis in living cells with high spatial and temporal resolution. 

The modular design of a ratiometric sensor like FAPC makes the replacement of 

individual components relatively simple. This allows the user to optimize the sensors 
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photophysical properties, such as emission wavelengths and intensity, as well as its 

metal selectivity. 

The design and synthesis of the ratiometric probes, FAPC and FAPMOC, has 

been described and their absorbance and fluorescence properties have been discussed. 

An aqueous solution of FAPC shows a 60% decrease in the I520/I480 emission ratio in 

the presence of 4 equivalents of Ni2+ and an 85% decrease when equilibrated with 1 

equivalent of Cu2+. When this ratiometric change was challenged with competitive 

ligands and reductants it was found to only be fully reversed in the presence of a large 

excess of glutathione. Finally, FAPC was imaged in mammalian cells. However, the 

results from these cell experiments were highly inconsistent. Although one example was 

shown where the FAPC I520/I480 ratio decreases in response to copper-supplemented 

media, numerous experiments failed to replicate this result. In those experiments the 

fluorescence signal was generally weak and no fluorescence change was observed with 

added metal. 

Unfortunately, both of the sensors described in this chapter demonstrated 

significant shortcomings that prevent them from measuring intracellular metals. The 

first sensor, FAPC, exhibits a ratiometric decrease in the presence of added Cu2+ in vitro. 

However, our inability to reproduce the detection of Cu2+ in cells casts significant doubt 

on the utility of FAPC as an intracellular probe. The presence of significant FRET-pairing 

between diethylaminocoumarin and fluorescein is responsible for the weak fluorescence 
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intensity of the coumarin at 480 nm. This weak coumarin emission makes reliably 

measuring the coumarin signal difficult because it so close to the fluorescein emission 

peak. It is likely that the emission of diethylaminocoumarin (480 nm) simply overlaps 

too much with the fluorescein emission (520 nm) for the two signals to be differentiated. 

This difficulty makes the measurement of the ratio between the two signals impossible. 

The second ratiometric sensor, FAPMOC, contains a methoxycoumarin instead 

of the diethylaminocoumarin used previously. This substitution was made in an attempt 

to blueshift the coumarin emission away from the fluorescein excitation and emission 

bands in order to decrease FRET-pairing between the two fluorophores and facilitate 

differentiation between the two eission signals. Indeed, there is significantly less overlap 

between the fluorescence emission band of methoxycoumarin and fluorescein than there 

was with diethylaminocoumarin. Unfortunately, any beneficial effects of this 

substitution are negated by the dramatic loss of coumarin emission in the final probe. 

The weak coumarin fluorescence observed in FAPMOC is likely due to several 

factors. First, it has been shown that the AHAPI metal-binding site has an absorbance 

band that overlaps the absorbance band of methoxycoumarin. Thus, it is likely that a 

portion of the excitation energy intended for the coumarin molecule is instead being 

absorbed by the non-fluorescent binding moiety effectively decreasing the amount of 

excitation energy absorbed by the coumarin.  
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Another factor contributing to the loss of coumarin emission results from altering 

the coumarin substituents and the increasing size of the coumarin-containing molecule. 

The coumarin substituents have a large impact on the intermolecular charge transfer of 

coumarin.315 Replacing the MOC carboxylic acid O atom with the piperazine N to form 

PO-MOC likely resulted in a loss of H-bonding stability in aqueous solution.316 As the 

metal-binding site is added to form APMOC and the fluorescein is then added to make 

FAPMOC the molecular size continues to increase. With increased bulk, the resonance of 

the coumarin excited state is further altered by increased torsional strain in solution and 

the stability of the excited state is likely to decrease as a direct consequence.315  

 
5.5 Future work 

The development of a Cu2+-selective ratiometric sensor for real-time visualization 

of cellular metal homeostasis is a challenging task. Although two probes have been 

developed and described, we have outlined in this chapter a number of obstacles to 

achieving the goal utilizing these probes. FAPC was designed to have a modular 

composition enabling various components to be exchanged in order to modify the 

probe’s properties. While the design behind the sensor is viable, the two probes this 

design has produced could benefit from further improvements. 

First, a linker is needed that can truly isolate the distal fluorophore from the 

metal-binding site. This stability would improve the dynamic range of the sensor by 

providing a constant signal that functions as an internal standard for the probe. Second, 
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the coumarin component of the sensor should be replaced with a fluorophore whose 

excitation and emission spectra are more redshifted and less sensitive to quenching. 

Some cyanine dyes have a strong absorbance band around 600 nm and an emission band 

centered at 620 nm. Loss of the coumarin signal due to quenching and/or FRET pairing 

has been identified as a major flaw with both FAPC and FAPMOC. Replacing the 

coumarin with a fluorophore like cyanine would theoretically prevent interaction with 

the fluorescein thus increasing its emission intensity. 
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Appendix A 

NMR spectra of DB4-51, DB4-162, and their intermediates. 

 

Figure 91: 1H NMR of Ph-cephem-MeCl-PMB 
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Figure 92: 13C NMR of Ph-cephem-MeCl-PMB 
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Figure 93: 1H NMR of Ph-cephem-pyrithione-PMB 
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Figure 94: 13C NMR of Ph-cephem-pyrithione-PMB 
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Figure 95: 1H NMR of Ph-cephem-pyrithione 
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Figure 96: 13C NMR of Ph-cephem-pyrithione 
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Figure 97: 1H NMR of Ph-cephem-thiazolethione-PMB 
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Figure 98: 13C NMR of Ph-cephem-thiazolethione-PMB 
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Figure 99: 1H NMR of Ph-cephem-thiazolethione 
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Figure 100: 13C NMR of Ph-cephem-thiazolethione 
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