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Pathogenic bacteria are rapidly becoming antibiotic resistant, at a rate much faster 

than the production and FDA approval of new antibiotics that can combat these extreme 

resistant infections.  One way to overcome antibiotic resistance is to design inhibitors that 

shut down current resistance pathways in order for traditionally useful antibiotics to be 

reintroduced in combination with the new inhibitor to cure these types of infections.  One 

major contributor to antibiotic resistance are enzymes known as β-lactamases, which 

render the current most widely prescribed class of antibiotics inactive.  This work 

describes the purification of the enzyme Bla2, a metallo-β-lactamase which confers 

antibiotic resistance to Bacillus anthracis.  Aspects of the enzyme’s activity and stability 

are investigated to find an optimal setting in which potential inhibitors can be analyzed.  

Three classes of inhibitors are investigated against this enzyme: compounds containing 

hydroxamate residues, a compound containing a zinc binding group, and a set of 

DNA/PNA aptamers previously developed by SELEX technology.  The hydroxamate 

compound N-hydroxy-3-((6-(hydroxyamino)-6-oxohexyl)oxy)benzamide exhibited



 
 

promising inhibitory activity against Bla2 as well as inhibition of growth of Escherichia 

coli cells expressing the enzyme.  The compound that contains the zinc binding group, 

known as thiomaltol, inhibits Bla2 more strongly than when employed against other 

metal containing enzymes and is a reversible, slow-binding inhibitor of Bla2, which may 

provide a clinical advantage for this compound when co-administered with a β-lactam 

antibiotic.  Also, DNA/PNA aptamers were examined against Bla2 and have some 

inhibitory activity against the enzyme as well as Bacillus subtilis cells expressing Bla2.  

In addition to Bla2, a truncated version of the metallo-β-lactamase NDM-1 from 

Klebsiella pneumoniae was purified and kinetically characterized in order to aid in future 

inhibitor design of this potent enzyme.  In conclusion, various metallo-β-lactamases were 

successfully purified, characterized, and various classes of inhibitors were investigated 

against Bla2 which have potential as lead compounds to direct future efforts in novel 

antibiotic design. 
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CHAPTER ONE 
 

Introduction 
 
 

While humans have always been concerned with health and wellbeing, it is 

Hippocrates who is credited with the birth of western medicine.1  He was the first to 

categorize illness as acute or chronic, and was the first to identify many diseases 

especially relating to respiratory health.2  Since then there have been many major medical 

advances in the areas of diagnostics and treatment of human disease.  The germ theory as 

described in the late 19th century was one such pivotal moment, in which Louis Pasteur 

and later Robert Koch explained that many diseases are caused by micro-organisms 

present in our everyday environment, and therefore not caused by spontaneous 

generation.1,3  Proof of this theory relied on the ability to visualize these micro-organisms 

using microscopy, a technique developed by Anton van Leeuwenhoek in the 1670s.1,3,4  

The germ theory changed the way doctors treated patients and brought about the practice 

of sterilization, which drastically increased life expectancy and overall human health.3,5 

The micro-organisms seen by Anton van Leeuwenhoeck under his microscope 

included algae, single-celled plants and animals, and bacteria.4,6  Bacteria are the 

organisms that make up prokaryotic life and are characterized by their lack of a 

membrane-bound nucleus.7  They are almost always unicellular and are divided into two 

classes, archaea and bacteria or eubacteria.7  There are two types of bacteria, gram-

negative and gram-positive, which differ based on the composition of their cell walls.7,8  

The ability to distinguish between gram-negative and gram-positive bacteria was made 
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possible by Hans Christian Gram.  The method was published in 1884, but was an 

experiment which he first considered to be a failure.9  Dr. Gram’s intention was to 

develop a stain that would uniformly identify all bacteria; however the particular 

composition of the dye he used in the 1884 study did not show the same affect against all 

the bacteria he tested.9  The cell walls of gram-positive bacteria contain a thick layer of 

peptidoglycan, and it is thought that peptidoglycan is responsible for retaining the Gram 

stain containing crystal violet and these cells appear purple/blue after staining.7,8  Gram-

negative cells walls are composed of an outer and inner cell wall that encase a thin layer 

of peptidoglycan, so the Gram stain is not retained and these cells appear pink/red after 

staining.7,8  This distinction is important when diagnosing clinical infections, as only 

certain types of bacteria can cause certain types of infections.  Identifying which type of 

bacteria has infected a patient can quickly narrow down treatment options, making Gram 

staining a crucial medicinal tool. 

It was not until over 40 years after Gram staining was reported that the first 

antibiotic penicillin was identified, and another twelve years passed before penicillin was 

tested for its efficacy against infection.1,10  Penicillin was first discovered by Alexander 

Flemming in 1928 when he noticed the mold Penicillium notatum had grown on a 

bacteria plate and the region directly surrounding the mold growth was clear of bacterial 

colonies.10  Work with this antibiotic was continued by Howard Florey and Ernst Chain 

who eventually isolated enough penicillin, the active agent within the Penicillium mold, 

for tests in mice and later in humans, and the three men shared the Nobel Prize for 

physiology or medicine in 1945.10,11  Since then many other types of antibiotics have 

been discovered and have dramatically improved public health.  The current major 
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classes of antibiotics are cell wall synthesis inhibitors (penicillins, cephalosporins, 

vancomycin, bacitracin), protein synthesis inhibitors (tetracyclines, macrolides, 

aminoglycosides, lincosamides, streptogramins, oxazolidinones), and DNA 

replication/repair inhibitors (ciprofloxacin, rifampin, and fluoroquinolones).12  β-lactam 

containing antibiotics are among the most highly purchased antibiotics in the US, with 

total sales of over $23 billion in 2009 alone (Figure 1).13  

 
 
 

 

 

 

 

 

 

 

 
 
 

 
Figure 1: Antibiotic sales by class in 2009 in US$ billions.  Reprinted by permission from 
Macmillan Publishers Ltd: Hamad, B. The antibiotics market. Nature Reviews Drug 
Discovery 9, 675-676, copyright 2010. 
 
 
 The inherent problem when using an antibiotic to resolve a bacterial infection is 

that while most of the bacteria cells will die as a result of exposure to an antibiotic, there 

may be cells within the population that possess an innate ability to defend themselves and 

would therefore be able to survive a round of the prescribed antibiotic.14  The bacteria 
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cells that survive initial antibiotic challenge will proliferate and can spread to other 

patients, which broadens the reach of the antibiotic resistant strain and renders that 

particular antibiotic ineffective.14  If they do not already possess innate resistance, there 

are three main mechanisms bacteria may acquire in order to become insensitive to 

antibiotics.15  These include obtaining an enzyme-encoding gene that destroys the 

antibiotic, acquiring an efflux pump which pumps the antibiotic out of the cell so that it 

cannot be effective, or they can begin producing altered targets so that the antibiotic is 

either not able to bind or access its original target and therefore is harmless for the cell.15  

Some of the most clinically relevant bacterial infections that have attained strong 

antibiotic resistance include methicillin-resistant Staphylococcus aureus (MRSA), 

extended-spectrum β-lactamase (ESBL)-producing Enterobacteriaceae, carbapenemase-

producing Enterobacteriaceae, and multidrug-resistant Pseudomonas aeruginosa.14,16  

The threat of these antibiotic resistant infections is especially apparent to patients 

undergoing extended surgical procedures or those who are receiving chemotherapy and 

dialysis.14  These patients are already at a high risk of contracting an infection during 

their necessary procedures, and if that infection were to be multidrug resistant it may 

likely result in death. 

 Unfortunately, the rate of new antibiotic approval is not equal to the rate of the 

spread of antibiotic resistant bacteria throughout the human population.17  There are 

various reasons for the deficit of antibiotic development, the first of which is that 

potential sales of these drugs are not attractive or lucrative enough for pharmaceutical 

companies to invest time and money into antibiotic research.18  Bacterial infections are 

generally considered acute and their treatment course may only last 5-10 days, which to 
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drug companies may not be as worthwhile as developing treatments for chronic diseases 

in which the drug therapy is administered over a lifetime.  If a company were to take an 

interest in developing new antibiotics, it is complex and extremely costly to take the drug 

through the Food and Drug Administration (FDA) approval process.18  In addition to the 

expense of FDA approval, the drugs are only approved to treat certain diseases that arises 

as a symptom of the bacterial infection instead of being approved to treat the bacterial 

strain the drug targets18, which would not allow the new antibiotic to be used to its full 

potential.   

In spite of the challenges of antibiotic drug design and approval, it is important 

for antibiotic resistance research to continue and for new drugs to be identified to combat 

the existing and ever-changing antibiotic resistant bacteria.  There are two main methods 

that can be implemented to aid in new antibiotic development.  One method of 

confronting this problem would be to develop drugs that shut down current resistance 

pathways that are evident in the present literature.  One major contributor to current 

bacterial antibiotic resistance are enzymes known as β-lactamases, which hydrolyze the 

β-lactam bond of β-lactam antibiotics and render these antibiotics useless.19  Developing 

inhibitors of these enzymes would allow traditionally functional β-lactam antibiotics to 

be clinically reintroduced by co administering the original antibiotic with the new β-

lactamase inhibitor in order to eliminate a patient’s bacterial infection.  An alternative 

method would be to determine new antibacterial drug targets, and once a new target has 

been identified and validated new antibiotics can be screened to kill bacteria infections in 

a way unlike the currently available antibiotics.  The development of new antibacterial 

targets and concurrently potential new antibiotics would help relieve the existing 
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antibiotic selection pressure.17  Especially for gram-negative bacteria, the identification 

and validation of new targets would allow a plethora of researchers to contribute their 

efforts to the pandemic, worldwide threat that bacteria pose to public well-being. 

 This body of work is focused on describing multiple metallo-β-lactamases 

(MBLs) from various bacteria species and employing the initial technique mentioned 

above to design potential inhibitors against these MBLs and investigate their 

effectiveness in vitro.  The MBL from Bacillus anthracis known as Bla2 was isolated and 

various inhibitors containing moieties such as hydroxamates and other zinc binding 

groups were employed to probe inhibition of enzyme functionality and their effect on the 

growth of bacteria cells containing the Bla2 gene.  In addition, the MBL from Klebsiella 

pneumonia known as NDM-1 was purified and biochemically characterized to increase 

the library of enzymes against which inhibitors can be tested and to broaden the current 

body of knowledge about this particular enzyme.  Previously aptamers were developed 

against Bla2 by Dr. Sang Gong Kim, and those aptamers were modified and tested 

against the purified enzyme as well as Bacillus subtilis cells expressing the Bla2 gene.   
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CHAPTER TWO 
 

Purification Development and Characterization of the Zinc-dependent Metallo-β-
lactamase from Bacillus anthracis 

 
This chapter published in part as: Schlesinger, S.R., Kim, S.G., Lee, J.S., and Kim, S.K. 

(2011) Purification development and characterization of the zinc dependent metallo-beta-
lactamase from Bacillus anthracis, Biotechnology Letters, 33, 1417-1422.   

 
 

Abstract 
 

Metallo-β-lactamase from Bacillus anthracis (Bla2) catalyzes the hydrolysis of β-

lactam antibiotics which are commonly prescribed to combat bacterial infections.  Bla2 

contributes to the antibiotic resistance of this bacterium.  An understanding of it is 

necessary to design potential inhibitors that can be introduced with current antibiotics for 

effective eradication of anthrax infections.  We have purified Bla2 using Ni2+-affinity 

chromatography with over 140-fold increase in activity with a yield of 3.5%.  The final 

specific activity was 19,000 units/mg.  Purified Bla2 displays different Km, Vmax, and 

(kcat/Km) with penicillin G and cephalexin as substrates and is also sensitive to pH, with 

maximum activity between pH 7.0–9.0.  The IC50 (50% inhibition concentration) value of 

EDTA against Bla2 is 630 nM, which can be understood by observing its three-

dimensional interaction with the enzyme. 

 
Introduction 

 
Anthrax is caused by the gram-positive bacterium Bacillus anthracis.  There are 

three forms of infection by this bacterium, the most serious of which is respiratory 

infection caused by inhalation of anthrax spores and must be treated with antibiotics 
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immediately otherwise the infection will become fatal.20,21  In the past, anthrax has been 

treated with β-lactams, tetracyclines and quinolones, but recent clinical isolates have 

shown resistance to multiple antibiotics, especially against the broad spectrum β-lactam 

antibiotics.20,22  This resistance is thought to be conferred in part by the production of β-

lactamases that catalyze the hydrolysis of the β-lactam bond.  They can be divided into 

four classes: A–D.  Classes A, C, and D are serine enzymes while class B includes zinc 

metalloenzymes, also referred to as metallo-β-lactamases,19 and can be further 

categorized into three subgroups: B1–B3.19  The B1 enzymes require one or two Zn2+ for 

activity, where the tightly bound Zn2+ is referred to as Zn1 and the less tightly bound Zn2+ 

is called Zn2.19  The B2 enzymes require only one Zn2+ for full activity.19  Lastly, the B3 

enzymes require two Zn2+ for full activity but the main difference between the B1 and B3 

enzymes is that the second Zn2+ in B3 is coordinated to another His in place of a Cys.19   

B. anthracis produces a class B1 zinc metalloenzyme, referred to as Bla2,20 which 

is a combined penicillinase, cephalosporinase and a carbapenemase.20,23  Bla2 shares 92% 

amino acid similarity with the group B1 MBL from B. cereus (hereafter abbreviated 

BcII).22,23  Because of the high sequence homology, the mechanisms of these two 

enzymes are seemingly identical; however, kinetic analysis of Bla2 and the mechanism of 

Zn2+ binding revealed those of BcII to be different from Bla2.23–26   

Current purification methods of Bla2 involve an intricate multistep process.23  

Here we describe an improved purification method of Bla2 and characterize it with 

respect to enzyme stability, optimum pH and temperature conditions and report enzyme 

kinetic parameters using a penicillin derivative and a cephalosporin derivative as 

substrates.  Also we report the susceptibility of Bla2 to the chelating agent 
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ethylenediaminetetraacetic acid (EDTA) in the form of an IC50 determination along with 

an in silico docking experiment to explore the compound’s three dimensional interactions 

with the enzyme. 

 
Materials and methods 

 
 

Purification of metallo-β-lactamase (Bla2) 

Bla2 was purified according to Materon et al.23 with several modifications.  1 mM 

ZnSO4 was included in the growth media and both the pellet and supernatant were stored 

separately at -80°C after cell harvest.  The cell pellet was resuspended in 30 mM 

Tris/HCl (pH 8.0), 100 mM NaCl and 1 mM ZnSO4 (Buffer A) and either the 

resuspended cells or original supernatant was French pressed four times at 12,000 psi to 

break the bacterial cell walls which resulted in a solution of about 30 mL.  The cell lysate 

was ultracentrifuged at about 20,000xg for 20 min at 4°C and the supernatant was filtered 

before column chromatography.  The filtrate was loaded on a Ni2+-affinity column (GE 

Healthcare) attached to a liquid chromatography system (BioLogic LP, Bio-Rad) 

previously equilibrated with 30 mL Buffer A.  After loading, the column was washed 

with a linear gradient of 1–3% Buffer B (30 mM Tris/HCl [pH8.0], 500 mM NaCl, 1 mM 

ZnSO4 and 500 mM imidazole) over 60 min followed by elution of the protein with a 

linear gradient ranging from 3 to 50% Buffer B over 60 min.  The recombinant protein 

was eluted with 120 mM NaCl and 20 mM imidazole.  Collected fractions were 

concentrated using an Ultra-15 centrifugal filter (EMD Millipore) while adding excess 

Buffer A to remove imidazole and bring the final salt to 100 mM NaCl.  Glycerol was 

added to 10% (v/v) and the resulting solution was stored at -80°C.  The protein 

Sandra_Harman
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concentration was measured by the Bradford method with bovine serum albumin as a 

standard.27  The protein was estimated to be >95% pure by 12% SDS-PAGE when 

stained with coomassie brilliant blue R-250. 

To assay the activity of the final purification product, it was necessary to 

exchange the storage buffer to one containing 50 mM 3-(N-Morpholino)propanesulfonic 

acid (MOPS) (pH 7.0), 50 μM ZnSO4 and 30% (v/v) glycerol.  This was done by using 

centrifugation and an Ultra-15 centrifugal filter (EMD Millipore) three times with the 

MOPS assay buffer in great excess to remove any traces of the original buffer.  

 
Enzyme assay with penicillin G and cephalexin  

Bla2, in 50 mM MOPS buffer (pH 7.0), 50 μM ZnSO4 and 30% (v/v) glycerol, 

was assayed in a mixture that contained 500 μl 100 mM MOPS (pH 7.0), 10 μL 0.061 mg 

Bla2/mL, varying volumes of 50 mM penicillin G (in 50 mM MOPS, pH 7.0), and water 

to give a 1 mL reaction volume (a final buffer concentration of 50 mM MOPS).  The 

assay was performed at 25°C and reactions were initiated by addition of enzyme.  

Reactions were monitored by measuring the decrease in absorbance at 232 nm due to the 

hydrolysis of penicillin G (ε232nm = 1,100 M-1 cm-1)24.  Averages are reported based on 

three independent measurements.  One activity unit is defined as the amount of enzyme 

required to catalyze the hydrolysis of 1 μM penicillin G in 1 min at 25°C. 

Cephalexin was also used as substrate to describe the cephalosporinase activity of 

the enzyme.  Reaction conditions were similar to that of the penicillin G assay: the 

reaction was monitored at 260 nm [ε260nm = 7,460 M-1 cm-1]28 and one unit of activity was 

defined as the amount of enzyme required to catalyze the hydrolysis of 1 μM substrate in 

1 min at 25°C. 
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Stability, temperature and pH effects 

To assess enzyme stability, Bla2 was incubated at 25°C and activity was checked 

periodically up to 72 h.  To determine the effect of temperature on enzyme activity, the 

enzyme was incubated at 25°C and 60°C and assayed with 2 μl 1 M penicillin G under 

previously stated conditions every 30 min for up to 4 h.  To test the activity between the 

pH range from 5.5 to 6.5, 50 mM 2-(N-Morpholino)ethanesulfonic acid (MES) was used, 

50 mM MOPS was employed for the pH range between 6.5 and 7.9, and 50 mM N-

[Tris(hydroxymethyl)methyl]-3-aminopropanesulfonic acid (TAPS) was used for the pH 

range from 7.9 to 9.5. 

 
IC50 determination with EDTA 

To examine the effects of chelation by EDTA, an enzyme assay was performed in 

the form of an IC50 determination, which defines the concentration of inhibitor necessary 

to inhibit 50% of the enzyme’s activity.  The assay was performed under previously 

stated conditions after incubating the reaction mixture for 10 min with varying 

concentrations of EDTA from 100 to 1,000 nM before initiating the reaction with 

penicillin G.  The conditions were also similar to that of Poirel et al.29 with respect to the 

reaction temperature of 30°C. 

 
Computational docking simulations 

We applied the Dundee PRODRG server30 to generate a topological description of 

EDTA.  This server converted 2D compounds drawn by the JME editor to 3D coordinates 

in PDB format, adding hydrogen atoms.  The 3D structures of the substrate, in PDB 

format, were then docked with a homology modeling-based structure of Bla2 obtained 
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from the SWISS-MODEL server using AutoDock4.0.31,32  A grid map of 62 × 62 × 62 Å 

points with 0.375 Å grid spacing was centered on the potential binding pocket and was 

calculated around the docking area by running AutoGrid.  The Lamarckian genetic 

algorithm was used as the search method, and the docking parameters were set to 100 

automated docking runs for a 150 population size with a 2,500,000 maximum number of 

energy evaluations for each docking experiment.  The results showed the binding 

energies and hydrogen-bond interactions between the substrate and the enzyme. 

 
Results and discussion 

 
 

Enzyme purification 

Although the construct used to express Bla2 was designed with a six-histidine 

extension at the C-terminus,23 the previously reported purification process avoided the 

use of Ni2+-affinity chromatography.23  We have therefore attempted to use the Ni2+-

column to improve Bla2 purification.  The purified Bla2 in the presence of 1 mM ZnSO4, 

indicated by (+) in Figure 2, appeared as one primary band on SDS-PAGE at approx. 27 

kDa after purification by the Ni2+-affinity column, which is close to the calculated MW 

of 27,197 Da and the previously reported 28 kDa.23  The purified product that did not 

include ZnSO4 in the purification buffers, indicated by (-) in Figure 2, appears as multiple 

bands, which indicates lack of stability of the protein in the absence of ZnSO4.  The 

enzyme purified in the presence of ZnSO4 exhibited a specific activity of 1.9 x 104 

units/mg with a yield of 3.5% and more than a 140-fold increase in specific activity over 

the course of the purification (Table 1).  This shows that the application of the Ni2+ 
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affinity column combined with adding 1 mM ZnSO4 in the washing and elution steps is 

effective for Bla2 purification (Figure 2). 

Table 1: Purification of Bla2.  The total activity after each step of the purification 
pathway was measured using penicillin G as a substrate. 

 

 Volume 
(mL) 

Total 
protein (mg) 

Total activity 
(units) 

Spec. act. 
(units/mg) 

Purification 
(-fold) 

Yield 
(%) 

Cell extract 30 492 65300 133 1 100 
Ultracentrifugation 12.5 165 17800 108 1 27.3 
Ni2+-column 12 0.31 4740 15300 110 7.2 
Buffer exchange 0.55 0.12 2300 19000 140 3.5 
 
The buffer exchange step is the final step in the pathway, and represents the total activity of the enzyme in 
its storage buffer.  Total activity represents the amount of activity units present in the total volume of a 
particular purification step. 

 
 
 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: Coomassie blue stained 12% SDS-PAGE of purified Bla2.  The elution from 
Ni2+-column contains highly purified and soluble Bla2.  The plus sign indicates that 
ZnSO4 was included in the growth medium and purification buffers while the minus sign 
indicates lack of ZnSO4.  The molecular weight of Bla2 is approximately 27 kDa. 

Sandra_Harman
Sticky Note
Triple space above and below all tables and figures.  Just missed the above for this table.  
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Kinetic parameters and effect of buffers on the activity of the enzyme 

For the enzyme activity assay, the previously reported buffer conditions in our 

hands resulted in enzyme precipitation.  To prevent this, we used 50 mM MOPS buffer 

(pH 7.0) for the enzyme assay, which was previously used for BcII,33 and also the ZnSO4 

content was adjusted to 50 nM.  The penicillin derivative, penicillin G, and the 

cephalosporin derivative, cephalexin, were used for the enzyme activity assay.  The 

Michaelis-Menten curve from which the kinetic values for penicillin G were obtained can 

be seen in Figure 3, where the hyperbolic curve generated by plotting reaction velocities 

vs substrate concentration was analyzed by the Michaelis-Menten equation.  The Km and 

Vmax values of Bla2 for penicillin G were 776 μM and 1.39 x 106 μM min-1 mg-1 

respectively.  This leads to a calculated kcat of 6.28 x 105 s-1 and a catalytic efficiency 

(kcat/Km) of 809 μM-1s-1.  The Km and Vmax values of Bla2 for cephalexin were 168 μM 

and 1.06 x 104 μM min-1 mg-1, resulting in a calculated kcat of 4.83 x 103 s-1 and a 

catalytic efficiency of 28.6 μM-1 s-1.  The previously reported Km value for 

phenoxymethopenicillin is close to that of our value of Km for penicillin G, indicating that 

purification was successful and the purified Bla2 is congruous with previously published 

results.23  

 
Effect of temperature and pH on activity and stability of the enzyme 

BcII is a thermostable protein even at 60°C,28 but some β-lactamases are unstable 

at 60–70°C.28,34,35  Hence, it is of interest to examine whether or not Bla2 is thermostable.  

At 60°C, the enzyme precipitated after 30 min with a complete loss in activity after 60 

min while the enzyme at 25°C was still over 90% active after 60 min.  We conclude that 

although Bla2 shares 92% amino acid sequence similarity with BcII,22,23 Bla2 is not  
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Figure 3: Michaelis-Menten kinetic evaluation of enzymatic activity of purified Bla2 with 
penicillin G as a substrate.  The Km was determined to be 776 μM and the Vmax 1.39 x 106 
μM min-1 mg-1. 

 

thermostable.  The most likely explanation is that the 8% sequence difference, which 

includes variations in the amino acids near the second Zn2+ binding site,36 may contribute 

to the lack of thermostability.  The observation of significant differences in kinetic 

parameters between Bla2 and BcII23,24 strongly supports the notion that the 8% difference 

has substantial impact on thermostability.  Even one single amino acid difference 

between proteins that are otherwise identical may change the thermostability of an 

enzyme.37   

The enzyme was most active between pH 7.0 and 9.0, with maximum activity at 

pH 7.9 (see Figure 4).  Most MBLs use buffers with a pH ranging between 6.5 and 

7.0,23,29,33,38 and Bla2 retains more than 95% of its original activity after 4 h, suggesting 

that Bla2 is stable at pH 7.0. 
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Figure 4: pH dependence of Bla2 at 25°C.  The enzyme was incubated in various pH 
buffers for 10 min at 25°C before being assayed with 2000 μM penicillin G as a 
substrate.  Averages are reported based on three independent measurements. 
 
 
IC50 of EDTA against Bla2 
 

We examined the effect of inhibition of Bla2 by EDTA to weigh against its effect 

on different MBLs from various genera.29,38  The IC50 of EDTA against Bla2 is 

approximately 630 nM (Figure 5).  Therefore, Bla2 appears more susceptible to EDTA 

than other MBLs such as DIM-1 from Pseudomonas stutzeri and VIM-1 and VIM-13 

from Pseudomonas aeruginosa, whose IC50 values are 175, 9.3 and 253 μM, 

respectively.29,38  To better understand the interaction between EDTA and the active site 

Zn2+, in silico modeling was performed (Figure 6), where the X-ray structure of BcII was 

used as a template (92% amino acid sequence identity between Bla2 and BcII).  The 

lowest predicted binding energy was -2.56 kcal/mol and two hydrogen-bond interactions 

occurred between a carboxylate of EDTA and the backbone amine hydrogen of Lys200 

(2.178 Å) and a carboxylate of EDTA and the amine hydrogen of Asn209 (2.087 Å).  

Lys200 is involved in the coordination of Zn2, which is thought to be more weakly bound  
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Figure 5: Determination of IC50 of EDTA against Bla2.  The enzyme (10 μl 0.061 mg/mL 
Bla2) was incubated with various EDTA concentration in buffer [final 50 mM MOPS 
(pH 7.0)] for 10 min at 30°C before being assayed with 2,000 μM penicillin G as a 
substrate.  The IC50 value is approximately 630 nM. 

 
 

Figure 6: Docking simulation of the homologous modeling based model of BcII and Bla2 
with EDTA.  (A) A stick model of the BcII active site with EDTA.  (B) A stick model of 
the Bla2 active site with EDTA. 

A 

B 
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than the first zinc, and this combined with the fact that Asn209 is involved in substrate 

binding may explain why Bla2 is more susceptible to EDTA than other MBLs. 

In conclusion, a new, simple method of purifying the metallo-β-lactamase Bla2 

from Bacillus anthracis has been demonstrated.  Purification by Ni2+-affinity 

chromatography combined with 1 mM ZnSO4 proved successful under new buffer 

conditions.  Successful characterization of the enzyme was completed, including a 

complete analysis of pH and temperature stability.  Analysis of inhibition by the 

frequently used EDTA showed the enzyme is quite susceptible to this compound, and we 

suggest this may be due to its hydrogen-bond interactions with active site residues 

involved in both zinc and substrate binding. 
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CHAPTER THREE 
 
Investigation of the Hydroxamate Functionality against Metallo-β-lactamase Containing 

Escherichia coli 
 
 

Introduction 
 

Metallo-β-lactamases are responsible for conferring β-lactam resistance in several 

genera of bacteria and are rapidly spreading throughout the bacterial population.  To 

combat the antibacterial resistant infections that MBL-containing bacteria cause, an 

inhibitor of these enzymes could be employed in combination with the previously 

functional β-lactam antibiotic to shut down the resistance mechanism and allow the 

antibiotic to perform its original function and therefore resolve the infection.  Previous 

efforts to inhibit MBLs have been placed on the design of carboxylic acid and thiol-

containing compounds that typically act by either displacing the water molecule 

necessary for activity or act as irreversible inhibitors.39  The limitation of the compounds 

previously described is that they are typically very specific for their target of interest and 

do not show promising potential as broad-spectrum MBL inhibitors.   

Due to the crucial role that the Bla2 active site zinc ions play in reaction catalysis, 

one plausible method of enzyme inhibition is to chelate these metal ions by small 

molecules.  This would disrupt the mechanism of action of the enzyme and therefore 

render it inactive.  Inhibitors designed to interact with Bla2 and chelate the enzyme’s 

catalytic zinc ions have the potential to be employed as broad-spectrum inhibitors against 

MBLs from all types of bacteria, as all MBLs employ at least one Zn2+ for enzyme 

activity.  The hydroxamic acid functional group has been extensively investigated with 
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matrix metalloproteinase (MMP) targets, and when linked to a substrate analog (a peptide 

backbone in the case of MMPs) inactivate the catalytically essential zinc ion of these 

enzymes.40  Hydroxamate containing compounds have also been investigated against 

MBLs, as targets against the MBL from Aeromanas hydrophila and various other MBLs, 

whose Ki values are within the micromolar range.41,42 

Here we investigate if small molecules that contain hydroxamic acid functional 

groups are able to inhibit the metallo-β-lactamase Bla2 from Bacillus anthracis.  Novel 

hydroxamic acid-containing compounds were synthesized by Dr. Hyunshun Shin and her 

undergraduate researchers at McMurry University, and the effectiveness of inhibition of 

Bla2 by these compounds was investigated using kinetic analysis.  In addition, their 

ability to inhibit growth of E. coli cells containing a plasmid that harbors the MBL gene 

was investigated by way of a minimum inhibitory concentration (MIC) determination.   

 
Materials and Methods 

 
 
Construction of E. coli containing the Bla2 gene 
 
 The pET24a(+) plasmid containing the Bla2 gene from Bacillus anthracis was 

generously provided by Dr. Timothy Palzkill at Baylor College of Medicine.  The 

plasmid was cloned into One Shot® BL21 Star™ (DE3) Chemically Competent E. coli 

(Invitrogen™).  Cells were incubated with plasmid on ice for 20 minutes, followed by 

heat shocking for 42 sec at 42°C and returning to ice for 10 minutes.  Transformed cells 

were then diluted 15X in LB broth and shaken at 37°C and 215 RPM for 1.25 h.  

Following the recovery step, 100 μL of cells were plated on agar plates containing 50 

μg/mL kanamycin and grown overnight at 37°C. 
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Inhibition Studies 
 
 The enzyme assay of Bla2 with the substrate penicillin G was conducted as 

described in Chapter Two within the materials and methods section.  To determine 

inhibition constants for both compound 4 and 7, whose structures are shown in Figure 7 

and 8 respectively, enzyme was incubated with a fixed concentration of inhibitor over a 

range of 0-0.8 μM of compound 4 and a range of 0-1.0 μM of compound 7.  The inhibitor 

was incubated with 0.13 μg/mL Bla2 for ten minutes before initiating the reaction with 

penicillin G over a concentration range of 400-1600 μM.  The resulting data was 

analyzed for mode of inhibition by Lineweaver-Burk plots and fit using nonlinear 

regression by SigmaPlot version 11.0, using the competitive inhibition equation.  IC50 

determinations were performed by incubating reaction mixture as described previously 

with either compound 4 or 7 at various concentrations for ten minutes followed by 

initiation of the reaction with 780 μM penicillin G.  

 
Minimum Inhibitory Concentration Analysis 
 

The MIC of ampicillin, β-mercaptoethanol (βME), compound 4 and 7 was 

determined for E. coli BL21 cells with or without the Bla2 plasmid [pET24a(+)] 

according to CLSI standards.43  Bacterial cells were incubated in BBLTM Trypticase Soy 

Broth for 3-5 h, followed by dilution to a McFarland standard of 0.5 (OD600 = 0.1) and 

further diluted 1:100 in normal saline.  Ampicillin was prepared fresh each day to a final 

stock concentration of 24 μg/mL and was serial diluted twofold in Mueller-Hinton broth, 

and βME solutions were prepared similarly from a starting stock concentration of 17.2 

mg/mL.  A volume of 50 μL of ampicillin was added to the wells of a 96-well microplate 

with 50 μL βME, 50 μL of MH Broth containing various concentrations of compound 4 
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or 7, or with 50 μL additional MH broth for ampicillin MIC tests.  After addition of 

50 μL of bacterial cell samples to each well, solutions of compound 4 and 7 were 

prepared by dissolving the compound with 15% dimethyl sulfoxide (DMSO) in water, 

followed by dilution to final stock concentration in MH broth without additional DMSO 

and immediate addition to the microplate.  After adding the final constituent, wells were 

mixed and the plate was measured at 620 nm with a Thermo Scientific Multiscan 

MCC/340 microplate reader after 20 seconds of shaking at 1200 rpm.  Plates were 

incubated at 37°C for 24 h with measurements taken every 4 h (except hour 16). 

 
Results and Discussion 

 
 

Approach to Synthesizing Compounds 4 and 7  

 Two small molecules were designed and synthesized based on metal ion chelation 

by mono and bis-hydroxamic acid moieties at the terminal ends of a molecule in order to 

find an inhibitor for a zinc containing metalloenzyme.  Detailed synthesis pathways are 

described in Appendix A.  In summary, Dr. Shin’s lab performed the synthesis of 3-

(heptyloxy)-N-hydroxybenzamide 4 as a mono hydroxamic acid possessing-compound.  

Commercially available compounds 1 and 2 were used as starting compounds towards the 

synthesis of compound 4.  3-(heptyloxy)benzoate 3 was prepared by refluxing compound 

1 and 2 for three hours in a solution of potassium bicarbonate and acetone.  The crude 3 

was purified by column chromatography with 1: 9 ethyl acetate: hexanes.  The 

subsequent microwave-assisted reaction was performed in the presence of potassium 

hydroxide and hydroxyl amine in methanol to provide 3-(heptyloxy)-N-

hydroxybenzamide 4 in a 17% yield as diagramed in Figure 7.  For a bis-hydroxamic 
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acid-containing compound, Dr. Shin’s lab synthesized N-hydroxy-3-((6-(hydroxyamino)-

6-oxohexyl)oxy)benzamide 7 using commercially available compounds 1 and 5 as 

starting materials.  Methyl 3-((6-methoxy-6-oxohexyl)oxy)benzoate 6 was prepared by 

combining compounds 1 and 5 under microwave-assisted reaction in the presence of 

potassium bicarbonate in acetone to provide 6 in a 70% yield.  The subsequent 

microwave-assisted reaction of 6 was performed in the presence of potassium hydroxide 

and hydroxyl amine in methanol to yield N-hydroxy-3-((6-(hydroxyamino)-6-

oxohexyl)oxy)benzamide 7 in an 11% yield as diagramed in Figure 8. 

 
 

 

 

 

 
 
 

Figure 7: Synthesis of compound 4 

 
 

 

 

 

 

 
 

Figure 8: Synthesis of compound 7 
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Inhibition Studies 
 

To dissolve compounds 4 and 7 for kinetic analysis, 15% (v/v) DMSO was used.  

Although the concentration of DMSO was less than 1% in the inhibition test itself, the 

effect of DMSO concentration on the activity of Bla2 was determined to decide whether 

or not DMSO has a significant effect on enzyme activity.  This was performed in a 

collaborative effort with Megan Hermann, an honors undergraduate researcher in our lab, 

and the results presented were obtained in conversations with her.  This assay was 

performed by comparing the activity of Bla2 with various percentages of DMSO in the 

assay buffer vs. the activity of Bla2 without the influence of DMSO, in this case known 

as fractional activity.  No significant effect on Bla2 activity was observed in the presence 

of up to 2% DMSO, followed by a sigmoidal decrease in activity at DMSO 

concentrations higher than 2%.  This can be seen in Figure 9, where fractional activity of 

Bla2 is plotted against the concentration of DMSO used in the activity assay.  Thus, the 

particular concentration of DMSO used in the inhibition assays has no effect on enzyme 

inhibition.  

 

 

 

 

 

 

 

 
Figure 9: Affect of DMSO concentration on enzyme activity of Bla2 
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To examine the possibility of inhibition of Bla2 activity by compounds 4 and 7, 

IC50 values were obtained.  Concentrations of compound 4 were used from a range of 

1.0 pM to 100 μM and compound 7 from a range of 0.34 pM to 100 μM to determine IC50 

values.  Data was collected by Megan Hermann.  The enzyme activity observed in the 

presence of the compounds were fit to a concentration-response plot with the equation 

vi/vo = 1/(1 + ([I]/IC50)h), where I is inhibitor and h is the Hill coefficient (the Hill 

coefficients used were between 0.5 and 1).  Although an IC50 value was not able to be 

obtained for compound 4 as it did not noticeably inhibit the penicillinase activity of Bla2 

within the concentration range applied, Figure 10 shows the result of inhibition by 

compound 7.  From this concentration-response plot it was determined that the IC50 value 

of compound 7 is 0.48 ± 0.2 nM.    

 

 

 

 

 

 

 

 

 

 
 
Figure 10: Affect of compound 7 on the penicillinase activity of Bla2. Concentrations of 
compound 7 range from 0-1.0 μM. 
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In an effort to understand the mode of inhibition that compound 7 exhibits with 

Bla2, an inhibitory enzyme assay was performed using a range of substrate 

concentrations with a few select concentrations of compound 7.  Figure 11 shows 

Lineweaver-Burk plots of inhibition of Bla2 activities by compound 7 obtained by Dr. 

Sung-Kun Kim as determined by plotting the inverse of initial velocity versus the inverse 

of substrate concentration used in the assay for each inhibitor concentration.  The plots 

are composed of a nest of lines that intersect at the y-axis, and such a signature 

Lineweaver-Burk plot is indicative of competitive inhibition.  Ki values were determined 

on the basis of the plots in Figure 11, by fitting the data to the equation v = Vmax S/[Km·(1 

+ 1/Ki) + S] which indicates competitive inhibition.  A Ki value of 0.18 ± 0.06 nM was 

determined for compound 7. 

 

 

 

 

 

 

 

 

 
 
 
 
Figure 11: Investigation of the inhibition mode of compound 7 against Bla2. The 
concentrations of compound 7 are 0 (circle), 0.2 nM (square), 0.4 nM (triangle) and 0.8 
nM (diamond). Assays were performed in 50 mM MOPS, pH 7.0.  
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In an effort to further resolve the mode of inhibition of compound 7, 10 μM 

ZnSO4 was added to the assay solution and the assays were repeated.  The comparison of 

Ki values in the presence or absence of additional ZnSO4 would suggest whether 

compound 7 binds to the active site of the enzyme or simply binds to zinc ions.  If the 

compound binds to Bla2 specifically then no change in Ki is expected; however, if the 

inhibitor only binds to zinc ions, then it is expected that the addition of high 

concentrations of zinc would bind the free inhibitor in the assay solution and therefore 

not allow the inhibitor to bind to the enzyme.  This would increase the concentration of 

inhibitor necessary to reach 50% enzyme inhibition and greatly reduce the inhibitory 

ability of compound 7.  The inhibition assay in the presence of additional free zinc ion 

resulted in a slightly increased IC50 value (0.52 ± 0.3 nM), but within the error range the 

IC50 values in the presence and absence of additional free zinc ions are almost identical.  

This observation combined with the Lineweaver-Burk analysis would lead us to conclude 

that the inhibitor is specifically interacting with the active site of the enzyme to cause 

inhibition of penicillinase activity. 

Previous studies have identified various compounds with low μM to nM IC50 

values; for example, mercaptoacetic acid thiol ester compounds inhibit various MBLs 

with an IC50 as low as 2 μM, while disubstituted succinic acids with various hydrophobic 

substituents have shown inhibition as low as 2.7 nM against IMP-1 from Pseudomonas 

aeruginosa.39,44,45  To our knowledge this is the first report of inhibitors containing 

hydroxamic acids specifically against Bla2 from B. anthracis, and picomolar range has 

not yet been achieved by those inhibitors that have been previously reported against 

MBLs.  Thus, compound 7 show great promise not only for potential use against β-
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lactam-antibiotic resistant anthrax infections, but also may serve as a broad spectrum 

inhibitor due to its competitive inhibition pattern and picomolar Ki value.  This 

probability should be investigated by examining the effect of compound 7 against 

purified MBLs from various bacteria to confirm the competitive inhibition pattern and 

determine its inhibitory efficacy. 

 
Minimum Inhibitory Concentration of Compound 4 and 7 against E. coli 

 The minimum inhibitory concentration (MIC), or the lowest concentration at 

which no bacteria growth is detectable, was determined for ampicillin, βME in 

combination with 0.5 μg/mL ampicillin, and either compound 4 or 7 in combination with 

0.5 μg/mL ampicillin.  The MIC tests were performed with E. coli cells that either did or 

did not contain a plasmid encoding for Bla2.  It was determined that 12 h was the best 

incubation time and gave the most reproducible results.  The MIC for ampicillin against 

wild type E. coli was 0.25 μg/mL, and was 4.0 μg/mL against E. coli expressing Bla2, 

which can be seen in Table 2.  This is to be expected, as ampicillin is a β-lactam 

antibiotic and is able to be broken down by Bla2, therefore it requires a much higher 

concentration of ampicillin to stop the growth of bacteria cells that are expressing Bla2 

vs. the concentration necessary to inhibit wild type cell growth.  The MIC for βME  + 

ampicillin against wild type E. coli was ≈ 350 μg/mL  with 0.5 μg/mL ampicillin (this 

value was consistent over multiple tests) and ≈ 720 μg/mL against E. coli expressing Bla2 

in the presence of 0.5 μg/mL ampicillin, as is evident in Table 3.  βME is presented as a 

control, as it was previously mentioned that βME has an IC50 value of 159 μM against 

Bla2.  Seeing as this compound has some inhibitory effect against Bla2, it is expected to 

deter bacteria cell growth.  The MIC value of 720 μg/mL is over four times the IC50 value    
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Table 2: OD620 of bacteria cell solutions under various concentrations of ampicillin over 24 h.  Bold values are indicative of the MIC 
value at the 12 h measurement.  

 
 
 

 

 

 

 
 

 
Table 3: OD620 of bacteria cell solutions under the influence of 0.5 μg/mL ampicillin with various concentrations of βME over 20 h.  

Bold values are indicative of the MIC value at the 12 h measurement. 
 

  
Concentration of βME, mg/mL 

Bacteria Time, h 5.72 2.87 1.43 0.717 0.358 0.179 0.0896 0.0448 0.0224 0 

Wild type 
E. coli 

4 0.035 0.037 0.041 0.041 0.041 0.041 0.043 0.043 0.043 0.067 
8 0.036 0.041 0.041 0.043 0.042 0.042 0.045 0.046 0.048 0.214 
12 0.038 0.041 0.043 0.05 0.054 0.074 0.085 0.09 0.107 0.269 
20 0.039 0.043 0.044 0.147 0.17 0.191 0.194 0.236 0.296 0.273 

E. coli +  
Bla2 

4 0.041 0.041 0.043 0.046 0.043 0.044 0.047 0.047 0.052 0.083 
8 0.042 0.044 0.046 0.05 0.045 0.047 0.048 0.051 0.078 0.219 
12 0.042 0.044 0.045 0.051 0.065 0.079 0.096 0.097 0.13 0.272 
20 0.044 0.044 0.046 0.091 0.166 0.156 0.249 0.258 0.35 0.371 

  
Concentration of ampicillin, μg/mL 

Bacteria Time, h 32 16 8 4 2 1 0.5 0.25 0.125 0.0625 0 

Wild type 
E. coli 

4 0.04 0.042 0.041 0.042 0.044 0.045 0.045 0.051 0.157 0.199 0.23 
12 0.045 0.045 0.043 0.045 0.048 0.049 0.05 0.062 0.151 0.206 0.292 
24 0.143 0.122 0.07 0.073 0.333 0.327 0.112 0.209 0.168 0.227 0.29 

E. coli +  
Bla2 

4 0.04 0.041 0.041 0.043 0.045 0.044 0.054 0.175 0.204 0.218 0.252 
12 0.047 0.045 0.045 0.048 0.124 0.053 0.147 0.247 0.268 0.291 0.371 
24 0.103 0.099 0.099 0.093 0.221 0.291 0.221 0.293 0.239 0.293 0.329 
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against purified Bla2, signifying βME can inhibit cell growth within a micromolar 

concentration range but may have nonspecific interactions with the cell that increase the 

concentration of βME necessary to determine an MIC value. 

Finally, compound 4 and 7 were tested in combination with various 

concentrations of ampicillin to determine the lowest concentration of ampicillin that can 

be used in combination with the lowest concentration of potential inhibitor in order to 

prevent cell growth.  While compound 4 did show some inhibition of cell growth, the 

concentration of both the compound and ampicillin necessary was variable between 

experiments and did not show an exactable MIC value at twelve hours incubation time.  

This is consistent with the fact that the enzyme did not reach 50% inhibition over the 

applied concentration range, and while there was some inhibition of growth at various 

concentrations of compound 4 and ampicillin it could be due to nonspecific interactions 

of the compound with the bacteria cells.  This might explain why there is no obvious 

cessation of growth from one concentration of compound 4 to another under these 

experimental conditions, and therefore why there was no obvious experimental MIC 

value.  On the other hand, administration of compound 7 with various concentrations of 

ampicillin resulted in a measurable MIC value of 32 μg/mL in the presence of 0.5 μg/mL 

ampicillin after 12 h incubation, which can be seen in Table 4.  This is the lowest 

concentration of ampicillin at which cells show some growth at lower concentrations of 

compound 7 and no growth at higher concentrations, where at higher concentrations of 

ampicillin bacteria growth is almost completely inhibited.  This result is in harmony with 

the observation that compound 7 inhibits Bla2 more effectively than compound 4 in vitro.  

While the MIC value is considerably high when compared to the determined IC50 value, 
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Table 4: OD620 of bacteria cell solutions under the influence of various ampicillin (Amp) concentrations over a range of 
concentrations of compound 7.  Bold values are indicative of the MIC value at the 12 h measurement. 

 

  
Concentration of compound 7, μg/mL 

E. coli + Bla2 Time, h 256 128 64 32 16 8 4 2 1 0.5 0 

0.5 μg/mL Amp 
4 0.043 0.045 0.043 0.044 0.045 0.047 0.046 0.046 0.045 0.046 0.09 
8 0.048 0.042 0.042 0.044 0.046 0.056 0.058 0.062 0.062 0.06 0.194 

12 0.047 0.044 0.047 0.051 0.093 0.099 0.109 0.132 0.128 0.122 0.238 

1.0 μg/mL Amp 
4 0.041 0.044 0.042 0.04 0.043 0.044 0.041 0.041 0.04 0.041 0.093 
8 0.043 0.042 0.042 0.041 0.045 0.044 0.042 0.042 0.042 0.042 0.242 

12 0.044 0.043 0.043 0.045 0.053 0.061 0.06 0.062 0.063 0.079 0.312 

2.0 μg/mL Amp 
4 0.039 0.042 0.042 0.042 0.041 0.043 0.043 0.04 0.039 0.039 0.092 
8 0.041 0.041 0.041 0.042 0.041 0.044 0.042 0.042 0.039 0.039 0.218 

12 0.042 0.042 0.043 0.045 0.049 0.064 0.063 0.062 0.063 0.061 0.274 

3.0 μg/mL Amp 
4 0.044 0.044 0.043 0.043 0.042 0.044 0.045 0.041 0.04 0.043 0.096 
8 0.049 0.044 0.043 0.042 0.042 0.045 0.046 0.042 0.04 0.043 0.232 

12 0.05 0.048 0.046 0.044 0.043 0.046 0.048 0.044 0.043 0.046 0.293 

4.0 μg/mL Amp 
4 0.043 0.042 0.041 0.04 0.042 0.041 0.041 0.041 0.041 0.04 0.091 
8 0.044 0.042 0.041 0.041 0.043 0.043 0.042 0.041 0.042 0.04 0.228 

12 0.043 0.044 0.043 0.043 0.045 0.045 0.044 0.043 0.044 0.043 0.307 
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this could possibly be due to nonspecific binding of the compound to the E. coli cell wall 

which diminishes the concentration of free compound that is able to interact and inhibit 

the enzyme.  The nonspecific binding requires the use of higher concentrations of 

compound 7 in order to saturate nonspecific binding and generate a free concentration of 

compound 7 to interact with and inhibit Bla2.  Once the free concentration of compound 

7 is within enzyme inhibition range, ampicillin will no longer be hydrolyzed by Bla2 and 

can employ its mechanism of action to inhibit bacterial cell growth. 

 
Conclusion 

 
 We have described the successful synthesis of two novel compounds containing 

one or two hydroxamate functional groups, compound 4 and 7.  These compounds were 

originally synthesized as potential metalloenzyme inhibitors, and were employed in this 

study in order to examine their inhibition of Bla2’s penicillinase activity.  Although 

compound 4 did not show any inhibitory activity in vitro, compound 7 shows highly 

effective inhibition of Bla2 by competitive inhibition in the picomolar range.  Its potent 

inhibitory activity combined with the competitive mode of action against Bla2 

accentuates its feasibility as a broad spectrum inhibitor.  While Bla2 is the metallo-β-

lactamase produced by the gram-positive bacterium Bacillus anthracis, these enzymes 

are becoming increasingly present in gram-negative bacteria such as NDM-1 from 

Klebsiella pneumoniae, Pseudomonas aeruginosa, Enterobacteriaceae etc., so an MIC 

test was performed against E. coli expressing Bla2 to determine if the compounds could 

be used in combination with ampicillin to inhibit gram-negative bacteria cell growth.  

This led to positive results for compound 7 which was successful at impeding bacterial 

cell growth in the presence of a low concentration of ampicillin.  To further develop these 
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compounds, the hydroxamic acid functional group could be replaced with other zinc 

binding groups such as carboxylic acids or other bidentate chelators, as bidentate 

chelators have been shown to more highly affect metalloenzyme models than 

monodentate chelators.40  Moreover, some hydroxamic acids have not shown outstanding 

results in previous clinical trials as they are not specific enough for their target enzyme 

and as a result caused undesirable side effects.  Modifications are ongoing at McMurry 

University under Dr. Shin’s guidance to include various bidentate chelators to potentially 

avoid complications in the long term.  The promising inhibitor compound 7 should be 

tested further to understand its mode of action in MIC testing as well as investigate its 

cytotoxicity looking forward to clinical application.   
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CHAPTER FOUR 
 

Kinetic Characterization of a Slow-Binding Inhibitor of Bla2: Thiomaltol 
 

This chapter published in part as: Schlesinger, S.R., Bruner, B., Farmer, P.J., and Kim, 
S.K. (2013) Kinetic characterization of a slow-binding inhibitor of Bla2: thiomaltol, 

Journal of Enzyme Inhibition and Medicinal Chemistry, 28, 137-142.   
 
 

Abstract 
 

The increasing prevalence of drug resistant bacteria is a pandemic problem.  

Metallo-β-lactamases (MBLs) are one of main causes of drug resistance due to hydrolysis 

of β-lactam antibiotics.  Thus, the development of effective inhibitors of MBLs remains 

urgent.  The compound thiomaltol was used as a lead compound to investigate its ability 

to inhibit metallo-β-lactamase from Bacillus anthracis (Bla2), which causes anthrax.  

Kinetic evaluation with nitrocefin as a substrate indicates that thiomaltol inhibits Bla2 in 

a time-dependent manner with an IC50 value of 290 μM after 20 min preincubation.  

Progress curve analysis and reversibility tests suggest that thiomaltol is a reversible, 

slow-binding inhibitor with a Ki of 85 ± 30 μM.  Furthermore, studies on the modality of 

inhibition and in silico analysis indicate thiomaltol to be a competitive inhibitor.  The 

results demonstrate that thiomaltol is a promising lead compound for slow binding 

inhibitor design of Bla2.  

 
Introduction 

 
Anthrax is an infection caused by the bacterium Bacillus anthracis, and if 

inhalation anthrax, the most serious of the three forms of infection, is not treated soon 

after exposure it is often fatal.21  Not only is inhalation anthrax lethal due to misdiagnosis 
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in its early stage, but also because many recent cases have shown antibiotic resistance, 

especially against broad spectrum β-lactam antibiotics.20,21  This is due in part to the 

emergence of β-lactamases which hydrolyze the β-lactam bond of these antibiotics and 

are divided into four subclasses, A-D.19  The enzymes in class B are known as metallo-β-

lactamases and require either one or two Zn2+ for activity.19,46  Anthrax is capable of 

producing a class B1 β-lactamase, known as Bla2, which acts as a penicillinase, 

cephalosporinase and carbapenemase.20  Although there are metal-independent β-

lactamase inhibitors commercially available which are co-administered with current 

antibiotics to cure some antibiotic resistance infections, there are no inhibitors of the class 

B metallo-β-lactamases.47  

In an attempt to design inhibitors against Bla2 from B. anthracis, we looked to 

recent developments with other zinc-dependent metalloenzymes, specifically matrix 

metalloproteinases (MMPs).  These enzymes employ one tri-histidine bound Zn2+ in the 

hydrolysis of connective tissue in the body.48  MMPs have acquired attention because 

while they are positively implicated in processes such as growth and wound repair, they 

serve in detrimental processes such as cancer and arthritis.48  Inhibitors against MMPs 

(MPIs) are generally designed with a peptidic backbone to mimic the substrate and a zinc 

binding group (ZBG) which inactivates the catalytic Zn2+.40  The focus of the ZBG has 

previously been placed on hydroxamic acid which is powerful against MMPs, but 

undesirable side effects have held these compounds back from becoming effective 

drugs.40,48,49  Recent MPIs have been designed to replace the existing use of hydroxamic 

acid; of the new ZBGs, the compound thiomaltol (also known as Htma, Figure 12) is a 

promising new ZBG that has shown 120-fold increase in inhibition of the MMP 
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stromelysin over the inhibition caused by acetohydroxamic acid as the ZBG of the MPI.48  

This compound has further been investigated against other enzymes such as lethal factor 

from B. anthracis and mammalian carbonic anhydrases, but it has yet to be investigated 

against metallo-β-lactamases.50,51  In this work, we have determined the possibility of the 

inhibition of Bla2 by thiomaltol using kinetic analysis. Furthermore, an in silico analysis 

was performed to gain insight into the binding interaction between Bla2 and thiomaltol.  

 
 
 
 
 
 
 
 
 
 
Figure 12: Chemical structure of 3-hydroxy-2-methyl-4H-pyran-4-thione, also known as 
thiomaltol.   

 
 

Materials and methods 
 
 

Thiomaltol and Bla2 preparation  
 

The enzyme Bla2 was purified as previously described.52  The purity of the 

product after Ni2+ chromatography was determined by SDS-PAGE and enzyme was 

stored at -20°C in 50 mM MOPS (pH 7.0) with at least 10% (v/v) glycerol.  Thiomaltol 

solutions were prepared by dissolving powdered thiomaltol in distilled water, which 

resulted in a typical thiomaltol concentration of 6 mM which was then diluted to various 

concentrations to assay enzyme activity. 

Thiomaltol was prepared from maltol and diphosphorus pentasulfide (P2S5) as 

previously reported.53  A yellow powder/crystalline mixture was purified by silica 
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column chromatography eluting with dichlormethane, collecting the yellow band.  Rotary 

evaporation gave a yellow solid in a 40% yield.   

Bla2, in 50 mM MOPS and 30% (v/v) glycerol, was assayed for substrate activity 

by adding enzyme at a final concentration of 0.13 μg/mL to solutions ranging from 10-

70 μM nitrocefin in 50 mM MOPS (pH 7.0) to a final volume of 1 mL in acrylic cuvettes 

at 25°C.  Reactions were monitored by observing the increase in absorbance at 485 nm 

due to the hydrolysis of nitrocefin (ε485nm = 15,900 M-1cm-1)54 and were performed in 

triplicate.  

To assess the ability of thiomaltol to inhibit the activity of Bla2, concentrations of 

thiomaltol ranging from 0-750 μM were incubated with enzyme for various time periods 

at the final reaction volume less the volume of nitrocefin necessary to initiate the 

reaction.  Each mixture was incubated anywhere from 0-60 minutes in 10 min intervals 

before initiating reactions with a nitrocefin (final concentration 36 μM).  Reactions were 

monitored by observing the increase in absorbance at 485 nm and were performed in 

triplicate.  These kinetic profiles were used to determine the approximate IC50 value (the 

concentration of inhibitor necessary to inhibit 50% of enzyme activity) at each increment 

of preincubation time, from 0-60 min at 10 min intervals.  

 
Slow-binding inhibition 
 

Progress curves for slow-binding inhibition analysis were obtained by adding 

nitrocefin (final concentration 36 μM) to a solution containing enzyme (0.13 μg/mL) and 

varying concentrations of the inhibitor thiomaltol in buffer (50 mM MOPS [pH 7.0]; final 

volume 1 mL) in acrylic cuvettes.  Hydrolysis of the substrate was monitored for up to 

3 min. The progress curves were nonlinear least squares fitted to Eq. 1,55  
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[P] = vst + ((vi - vs)/kobs)(1 - exp(-kobst))   (1) 

where vi represents the initial rate, vs the steady-state rate, and kobs is the apparent first-

order rate constant characterizing the formation of the steady-state enzyme-inhibitor 

complex.  The obtained kobs, vi, and vs were further analyzed according to Eq. 2 for a one-

step association mechanism  

kobs
app = kon

app [I] + koff    (2) 

where kon and koff are the association and dissociation rate constants, respectively.  Slope 

and intercept values, obtained by linear regression of the kobs versus inhibitor 

concentration plot (Eq. 2), yielded the association and dissociation rate constants kon and 

koff, respectively, and the inhibition constant (Eq. 3).  

Ki
app

  = k off/k on
app    (3) 

kon
true was determined from the slope of the plot and then corrected for substrate 

competition using: 

kon
true = kon

app (1 + [S]/Km)  (4) 

To obtain Ki
true value, 

Ki
true = koff/kon

true  (5) 

Also, the modality of inhibition of Bla2 by thiomaltol was investigated.  The 

enzyme (0.13 μg/mL) was tested for nitrocefin activity in the presence of 100 µM 

thiomaltol, while the substrate concentration was varied from 0.25Km (9 µM) to 5Km 

(180 µM).  The resulting progress curves were fit to Eq. 1 to obtain kobs values at the 

various substrate concentrations, which were then used to determine if the inhibitor acts 

competitively, noncompetitively, or uncompetitively.  
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Reversibility tests  
 
 Mass spectrometry studies were completed to judge whether or not thiomaltol 

covalently modified the enzyme.  Samples of Bla2 at a concentration of approximately 

150 μM were analyzed with or without incubating for 30 minutes with 650 μM thiomaltol 

and analyzed by mass spectrometry.  Samples were analyzed on an Accela liquid 

chromatograph coupled to an LTQ Orbitrap Discovery mass spectrometer (Thermo 

Electron, Bremen, Germany) using positive electrospray ionization (+ESI).  Protein 

samples (150 µM, 50 mM MOPS,  pH 7.0) were diluted 1:10 into mobile phase and then 

injected (10 µL) into the LC system consisting of a 15 cm x 2.1 mm (5 µm, 80 Å) 

Extended-C18 column (Agilent Technologies, Palo Alto, CA).  A binary mobile phase 

gradient containing 0.1 % (v/v) formic acid in water (A) and acetonitrile (B) was applied 

as follow: 97% A for 2 min, to 98% B in 3 min, held for 1.5 min, back to 97% A in 

0.5 min, and equilibrated for 3 min at 97% A.  Additional chromatographic parameters 

were as follows: column temperature 30°C; flow rate 400 µL/min.  Full-scan mass 

spectra (m/z range: 200 – 4000) of eluting compounds were obtained on the Orbitrap 

mass analyzer and processed using Xcalibur v.2.0.7 software.  Electrospray source 

conditions were: sheath and auxiliary gas flow 60 and 10 arbitrary units (a.u.), 

respectively; heated capillary temperature 275°C; electrospray voltage 4.5 kV; capillary 

voltage 27 V; tube lens voltage 240 V. 

To assess the reversibility of Bla2 inhibition by thiomaltol, the enzyme at a final 

assay concentration of 0.13 µg/mL was incubated with 159 μM and 1.59 mM thiomaltol, 

which corresponds to the IC50 value at 60 min preincubation time and ten times the IC50 

value, respectively.  After incubating with both concentrations for 60 min, the 
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thiomaltol/enzyme mixture was diluted 50 times into 50 mM MOPS buffer (pH 7.0) and 

enzyme activity was assayed by the addition of nitrocefin (final concentration 36 μM, 

final assay volume 1 mL).  

 
In silico analysis 

The homology model of Bla2 was calculated using Modeller.56  In this 

calculation, a total of 149 homology-modeled structures for Bla2 were calculated.  A 

high-resolution crystal structure (1.35 Å resolution) of BcII (1mqoA)57 was used as a 

template to compute the model of Bla2, and two zinc ions were inserted based on the 

coordination of the template structure 1mqoA.  To verify the homology model, 

PROCHECK and QMEAN program were used.58,59 

Docking studies were performed with the molecular mechanics CDOCKER in 

Discovery Studio 3.0 from Accelrys, where CDOCKER employs CHARMm.60  Ten 

different conformers of thiomaltol were defined and placed in potential binding sites (five 

different binding sites were automatically defined) by CDOCKER.  Energy calculation 

was carried out and provides van der Waals, electrostatic energies and binding energy.  

The binding energy was calculated by the result of complex energy minus the sum of 

ligand energy and receptor energy. 

 
Results and discussion 

 
 

Kinetic characterization 
 

Nitrocefin was used as a substrate for all Bla2 activity tests due to its distinct 

increase in absorbance at 485 nm upon lactam hydrolysis, which does not interfere with 

the absorbance profile of thiomaltol (ε356nm  = 22000 M-1cm-1).  The Km and Vmax values 
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of Bla2 for nitrocefin were determined to be 36 ± 6 μM and 2.26 x 105 ± 

1.3 x 104 µM min-1mg-1, respectively.  The previously reported Km value for nitrocefin is 

close to that of our value of Km.61 

As work on MMPs has developed, hydroxamic acid moieties have been used as 

control against which to judge effectiveness of inhibition.  In our case, the compound 

acetohydroxamic acid (AHA) was used as a metal chelator in an effort to chelate the 

active site Zn2+ ions and therefore diminish activity.  However, up to 50 mM AHA was 

tested with up to 90 min preincubation time with no evidence of Bla2 inhibition, 

suggesting that a simple hydroxamic acid moiety is not specific enough to inhibit the 

activity of Bla2 (Figure 13).  This is congruent with the high μM IC50 values that AHA 

exhibits against various MMPs, and so it is not unusual that there was no significant 

inhibition effect seen on Bla2.62 

An initial attempt to test inhibition for the compound thiomaltol was made by 

determining an IC50 value.  After 20 min preincubation with a mixture of Bla2 and 

thiomaltol, the substrate nitrocefin was added and compared to activity of Bla2 after 20 

min preincubation without inhibitor.  With various concentrations of thiomaltol, the IC50 

value was determined to be 290 µM (Figure 14A).  To investigate the possibility that the 

amount of inhibition depends over the course of time, the preincubation time was varied 

to 10, 20, 30, 40, 50, and 60 min, and thiomaltol displayed increasing potency with 

increasing preincubation time, with IC50 values falling to 367, 290, 235, 204, 168, and 

159 μM, respectively (Figure 14B).  This implies that thiomaltol acts as a time dependent 

inhibitor of Bla2, at concentrations similar to those affective against the MMP 

stromelysin.48  
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Figure 13: Enzymatic assay of Bla2 with nitrocefin as a substrate and various 
concentrations of AHA monitored at 356 nm.  The enzyme (0.13 μg/mL) was incubated 
with either 30 mM AHA (shown in red) for 60 minutes, 50 mM AHA (green) for 60 
minutes or assayed immediately with 100 mM AHA (blue) by adding 40 μM nitrocefin to 
initiate the reaction.  
 

Slow binding inhibition 
 

To determine whether or not thiomaltol acts as a slow-binding inhibitor, progress 

curves were examined.  In Figure 15A, curvature of the reaction’s progress curve over 

time in the presence of thiomaltol was observed, whereas a linear progress curve was 

observed in the absence of thiomaltol, which indicates typical reaction kinetics in the  
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Figure 14: Activity of Bla2 under various concentrations of thiomaltol. (A) Fractional 
activity of Bla2 after incubating 0.13 μg/mL enzyme with various concentrations of 
thiomaltol for 20 min, followed by assaying enzyme activity with 36 μM nitrocefin.  (B) 
Fractional activity of Bla2 after preincubation with ●50 mM thiomaltol, ○250 mM 
thiomaltol, ■500 mM thiomaltol and □750 mM thiomaltol with extrapolated IC50 values 
of 367 μM at 10 min, 289 μM at 20 min, 235 μM at 30 min, 204 μM at 40 min, 168 μM 
at 50 min, and 159 μM at 60 min preincubation time, respectively.  
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presence of a slow-binding inhibitor.  There are two mechanisms of slow-binding 

inhibition possible:55 the first is one-step slow-binding inhibition (       ); and the 

other is two-step slow binding inhibition, also known as enzyme isomerization slow 

binding inhibition (            ).  To distinguish between the one-step slow-

binding and the isomerization slow-binding, the association and dissociation constants of 

the slow-binding inhibitor were determined by plotting the apparent first-order rate 

constant kobs against inhibition concentration.  Depending on the inhibition mechanism, 

the plot could be a straight line, indicating direct slow-binding inhibition, or a hyperbolic 

line, indicating an isomerization slow binding mechanism.  Figure 15B shows the plot of 

the kobs against inhibition concentration.  The data gave a good fit to Eq. 2 by a linear 

function, indicating the inhibitor displays one-step slow-binding inhibition.  Finally, to 

determine the true potency of the inhibitor, the Ki value, or the dissociation constant for 

the EI complex, was calculated using Eq. 5.  The kinetic parameters are listed in Table 5.   

 
Table 5: Summary of true potency and kinetic constants of thiomaltol for Bla2 

 
 Ki 

 (M) kon 
 x 102 (M-1 s-1) koff  x 10-2 (s-1) Half-life (s) 

Thiomaltol 85 ± 30 2.0  ± 0.2 1.7 ± 0.4 41 ± 14 
 
 
Once the one-step slow-binding mechanism was elucidated, we investigated the modality 

with which the inhibitor interacts with the enzyme.  By observing the effect that substrate 

concentration has on the kobs value, it becomes clear whether the inhibitor is competitive, 

noncompetitive, or uncompetitive.  Our results indicate that as substrate concentration 

increases relative to Km, the kobs value decreases (Figure 16), which is indicative of 

competitive inhibition. 
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Figure 15: Slow binding behavior for thiomaltol with Bla2.  (A) Progress curves were 
obtained by adding substrate nitrocefin (final concentration 36 M) to a solution of Bla2 
(0.13 μg/mL) containing various concentration of thiomaltol in 50 mM MOPS (pH 7.0).  
The lines represent nonlinear least-squares fit to Eq. 1.  (B) Plot of the observed apparent 
first-order rate constant as a function of inhibitor concentration.  The data are fit to Eq. 2 
by a linear function from which the values of kon and koff are estimated from the values of 
the slope and y intercept, respectively. 

 
 

A 
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Figure 16: Modality of inhibition of Bla2 by thiomaltol.  Enzyme (0.13 μg/mL) was 
assayed in the presence of 100 µM thiomaltol, while the substrate concentration was 
varied from 9-180 µM.  Progress curves were fit to Eq 1. and resulting kobs values were 
plotted against [S]/Km to determine mode of inhibition.   

 
 

Reversibility tests 

To investigate the reversibility of thiomaltol inhibition, mass spectrometry was 

used.  Samples of enzyme were incubated with and without thiomaltol for thirty minutes 

and the resulting spectra were deconvoluted to determine the molecular weight of each 

sample and therefore possibly observe covalent modification of the enzyme by 

thiomaltol.  However, spectral analysis indicated that both samples were of the same 

molecular weight (Figure 17), which indicates no covalent modification. 

In addition to the mass spectrometry analysis of possible covalent modification, a 

dilution method was used to determine the reversibility of inhibition.  For the 50-fold 
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Figure 17: Reversibility test of Bla2 with thiomaltol. (Top panel) Mass spectrum of 
approximately 150 μM Bla2 only after being incubated for 30 minutes in 50 mM MOPS. 
The deconvoluted molecular weight was calculated to be 25,169.0 ± 1.4 Da. (Bottom 
panel) Mass spectrum of Bla2 after being incubated 30 minutes in the presence of 650 
μM thiomaltol. Deconvolution resulted in a calculated molecular weight of 25,168.2 ± 
1.3 Da. 
 
 
dilution of the 1.59 mM, 60 min preincubated mixture of Bla2 and thiomaltol (Figure 18), 

almost 100% of the reaction was inhibited immediately after addition of substrate 

because almost all the enzyme seems to be bound to thiomaltol.  After 150 s, the rate of 

product formation was two times greater than the initial rate, showing that the inhibitor 
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was being released from the enzyme-inhibitor complex and enzymatic activity was 

indeed recovering.  Therefore, the results by mass spectrometry and a dilution method 

strongly suggest that thiomaltol should be a slowly reversible inhibitor of Bla2.  

 

  
Figure 18: Reversibility tests.  Bla2 (0.13 µg/mL) was incubated with 159 μM and 1.59 
mM thiomaltol for 60 min, followed by 50X dilution into 50 mM MOPS (pH 7.0) and 
assayed with 36 µM nitrocefin. 
 
 
In silico analysis 

Given that the primary sequence identity and similarity between Bla2 and the 

template structure BcII were determined to be 89.5% and 92.6%, respectively, using 

EMBOSS pairwise alignment algorithms, the model structure of Bla2 is highly likely to 

be reliable.  In order to evaluate quality of the model, we also employed PROCHECK.58  

The analysis by PROCHECK indicates that there are 99.2% residues located in the “core” 

and “allowed” regions and only two residues (0.8%) were located in the “disallowed” 

regions (Figure 19), where glycine and proline were ignored.  In addition to 
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PROCHECK, QMEAN59 was used to estimate the quality of the Bla2 model.  The z-

score QMEAN for the Bla2 model was 1.74, in which the range of the z-score is set 

between 0 and 1 with higher value to mean a better quality of the model.  The z-score for 

Bla2 is apparently very high.  Based on these analyses, it is concluded that the homology 

model of Bla2 appears to be validated.  

 

Figure 19: Ramachandran plot of homology-modeled Bla2.  Amino acids are represented 
as circles, except glycines which are represented as triangles.  Labeled residues are in the 
disallowed regions. 
 
 
To model the inhibition of the enzyme, binding energies were calculated for ten 

conformers of thiomaltol docked with homology modeled-structures of Bla2, and the 

docking result with the most negative binding energy was chosen.  The binding energy 

was -39.2 kcal/mol, and the electrostatic and van der Waals energies were -4.7 and 0.41 

kcal/mol, respectively.  As shown in Figure 20, this lowest energy docking of thiomaltol 
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at the active site of Bla2 is due primarily to hydrogen bonding.  In this model, a 

coordinate bond between Zn2 and the hydroxyl O of thiomaltol was predicted at a 

distance of 2.176 Å, within known range of similar bonds.63  One might argue the 

hydroxyl group of thiomaltol should be deprotonated to be involved in metal chelating, 

however without strong docking evidence of complexation to the Zn we contend that 

thiomaltol remains protonated.  While there is literature precedence for thiomaltol to act 

as a bidentate chelator in inhibition of Zn containing enzymes such as carbonic anhydrase 

I,51 the Ki values determined in those examples were two orders of magnitude smaller 

than that found here for Bla2.  Our model suggests that the inhibition is not primarily due 

to the chelation of zinc, but rather due to weaker interactions with the zinc as well as 

other amino acids at the active site such as hydrogen bonds between thiomaltol and the 

amino acids Lys200 and Cys197.  The hydrogen of the amino group of Lys200 hydrogen 

bonds with sulfur of thiomaltol with a distance of 2.094 Å, and the hydrogen of the 

hydroxyl group of thiomaltol and the sulfur of the sulfhydryl group of Cys197 forms 

hydrogen bonds as well (2.246 Å).  The amino acids are known to be essential for 

enzyme catalysis based on the mechanism analysis of BcII.64     

 
Conclusion 

 
Thiomaltol was used as a lead compound to inhibit the activity of Bla2 from B. 

anthracis¸ with the intention of chelating the two active site Zn2+ ions and diminishing 

the ability of Bla2 to hydrolyze its substrate.  The compound was found to inhibit Bla2 in 

a time-dependent manner with an IC50 value of 290 μM after 20 min preincubation, and is 

most likely a competitive, reversible, slow-binding inhibitor with a Ki of 85 ± 30 μM.  

The IC50 value observed are better than or comparable to those of other thiol-containing 
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Figure 20: Docking simulation of the homologous modeling-based mold of Bla2 with the 
inhibitor thiomaltol.  The dashed line represents hydrogen bonding.  Oxygen is colored in 
red, sulfur is colored in yellow, and hydrogen is colored in gray. 
 
 
compounds against IMP-1 from P. aeruginosa, which emphasizes thiomaltol’s use as a 

lead compound.65  Also, the IC50 value after 60 min preincubation is superior to that of 

the inhibition seen against MMP-3.48  Because slow binding inhibitors are able to shut 

down the activity of the metallo-β-lactamase Bla2 for a significant time period, in 

systemic circulation the slow binding inhibitor thiomaltol may exhibit a significant 

clinical advantage over rapidly reversible inhibitors.  However, thiomaltol should be 

developed further to enhance its specificity for the enzyme as well as fully understanding 

the role of chelation in Bla2’s inhibition.  
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CHAPTER FIVE 
 

Purification and Kinetic Characterization of New Delhi Metallo-β-lactamase from 
Klebsiella pneumonia 

 
 

Abstract 
 

A new metallo-β-lactamase, New Delhi metallo-β-lactamase (NDM-1), has 

recently emerged that confers resistance to almost all β-lactam antibiotics.  It was 

originally identified in Klebsiella pneumoniae but has quickly spread to other bacterial 

species, posing a serious threat to human health.  The crystal structure was recently 

solved, but a complete characterization of the enzyme is necessary to aid in inhibitor 

development to begin effectively combating these extreme resistant infections.  Herein 

we describe purification of a truncated version of NDM-1 using Ni2+-affinity 

chromatography with a final product that exhibits a 73-fold increase in activity over cell 

extract, a specific activity of 11 units/mg and an overall yield of 10%.  The purified 

enzyme exhibits similar kinetic values to those previously published with penicillin G 

and nitrocefin as substrates, and is stable over a pH range of 5.5-9.0.  The IC50 value of 

βME and EDTA are 219 µM and 100 nM, respectively, and the interaction of these 

inhibitors with NDM-1 is investigated by a docking simulation. 

 
Introduction 

 
In 2009, a new metallo-β-lactamase was discovered in a Swedish patient who had 

recently undergone surgery in India.66  This enzyme, named New Delhi metallo-β-

lactamase or NDM-1, confers resistance to almost all β-lactam antibiotics including 
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carbapenems and the only antibiotics that these infections are sensitive to are colistin and 

tigecycline.66–68  Both of these antibiotics are considered last resort and their use is only 

suggested in cases in which traditional treatments have been ruled out.69,70  Recently the 

FDA released a communication warning against the increased risk of death from 

tigecycline use, further diminishing the potential uses of this antibiotic.70  Not only is the 

enzyme able to hydrolyze a multitude of substrates and only susceptible to worst-case 

approved antibiotics, but it is also carried on the plasmid blaNMD-1 which contains other 

antibiotic resistance mechanisms and is easily transferrable between bacterial species.71,72  

Since its initial detection, blaNMD-1 has emerged throughout the world excluding Central 

and South America, and this permeability combined with its effectiveness against β-

lactams deems the investigation of NDM-1 vital to human health.73  

Although the crystal structure of NDM-1 from Klebsiella pneumoniae reveals that 

the enzyme adopts the traditional αβ/βα sandwich of most MBLs, it only shares 38% 

sequence homology with its closest homologue, VIM-4.74  This large variation in 

sequence may contribute to deviations in the enzyme’s characteristics from other 

members of the MBL family, which introduces the need for complete characterization of 

the enzyme.  Understanding the enzyme’s biochemical characteristics will help initiate 

the search for and design of inhibitors against the enzyme which have the potential to be 

used as antibiotics and stop the spread of this highly resistant strain of bacteria.  Herein 

we describe the expression and purification of a truncated version of NDM-1 from K. 

pneumoniae and fully characterize the enzyme’s stability and response to pH and 

temperature changes.  Both penicillin G and nitrocefin are used as substrates to 

characterize the kinetic activity of NDM-1, and EDTA and βME are used to examine the 
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inhibition of NDM-1’s penicillinase activity.  The IC50 of these compounds is described 

as well as an in silico investigation of the interaction between NDM-1 and the inhibitors 

to further understand the inhibition of the enzyme’s penicillinase activity.  

 
Materials and Methods 

 
 
Cloning and Cell Culture Conditions 
 

The gene coding for NDM-1 from K. pneumoniae was cloned into pET100 using 

the Champion™ pET Directional TOPO® Expression Kit from Invitrogen, with the first 

28 amino acids removed due to the presence of a signal peptide.  The forward primer 

sequence used for amplifying the NDM-1 gene was 5’-

CACCGGTGAAATCCGCCCGACGATT-3’ and the reverse primer sequence was 5’-

TCAGCGCAGCTTGTCGGCCAT-3’.  The final sequence of the expressed NDM-1 gene 

is shown in Figure 21.  Transformed E. coli cells were cultured at 37°C and 215 rpm in 

1 L Luria-Bertani medium containing 50 μg/mL ampicillin.  Cultures were grown to an 

OD600 of 0.6, followed by induction of protein expression by addition of a final 

concentration of 1 mM IPTG and additional growth at 31°C for 6 h.  Cells were harvested 

at 4,750 rpm for 20 min at 4°C and stored at -80°C overnight. 

 
Purification and Verification of NDM-1 
 

Harvested cells were resuspended in 30 mM Tris/HCl (pH 8.0) with 100 mM 

NaCl and lysed by passing them through a French press four times at 12,000 psi.  The 

cell lysate was centrifuged at 20,000 rpm for 20 min at 4°C and the supernatant was 

filtered and loaded onto a Ni2+-affinity column (GE Healthcare) attached to a liquid 

chromatography system (BioLogic LP, Bio-Rad) previously equilibrated with  
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1   ggtgaaatccgcccgacgattggccagcaaatggaaactggcgaccaacggtttggcgat 60   
     M  E  T  G  D  Q  R  F  G  D  G  E  I  R  P  T  I  G  Q  Q  

 

61  ctggttttccgccagctcgcaccgaatgtctggcagcacacttcctatctcgacatgccg 120  

     W  Q  H  T  S  Y  L  D  M  P  L  V  F  R  Q  L  A  P  N  V  

 

121 ggtttcggggcagtcgcttccaacggtttgatcgtcagggatggcggccgcgtgctggtg 180  

     I  V  R  D  G  G  R  V  L  V  G  F  G  A  V  A  S  N  G  L  

 

181 gtcgataccgcctggaccgatgaccagaccgcccagatcctcaactggatcaagcaggag 240  

     A  Q  I  L  N  W  I  K  Q  E  V  D  T  A  W  T  D  D  Q  T  

 

241 atcaacctgccggtcgcgctggcggtggtgactcacgcgcatcaggacaagatgggcggt 300  

     T  H  A  H  Q  D  K  M  G  G  I  N  L  P  V  A  L  A  V  V  

 

301 atggacgcgctgcatgcggcggggattgcgacttatgccaatgcgttgtcgaaccagctt 360  

     T  Y  A  N  A  L  S  N  Q  L  M  D  A  L  H  A  A  G  I  A  

 

361 gccccgcaagaggggatggttgcggcgcaacacagcctgactttcgccgccaatggctgg 420  

     H  S  L  T  F  A  A  N  G  W  A  P  Q  E  G  M  V  A  A  Q  

 

421 gtcgaaccagcaaccgcgcccaactttggcccgctcaaggtattttaccccggccccggc 480  

     P  L  K  V  F  Y  P  G  P  G  V  E  P  A  T  A  P  N  F  G  

 

481 cacaccagtgacaatatcaccgttgggatcgacggcaccgacatcgcttttggtggctgc 540  

     D  G  T  D  I  A  F  G  G  C  H  T  S  D  N  I  T  V  G  I  

 

541 ctgatcaaggacagcaaggccaagtcgctcggcaatctcggtgatgccgacactgagcac 600  

     G  N  L  G  D  A  D  T  E  H  L  I  K  D  S  K  A  K  S  L  

 

601 tacgccgcgtcagcgcgcgcgtttggtgcggcgttccccaaggccagcatgatcgtgatg 660  

     A  F  P  K  A  S  M  I  V  M  Y  A  A  S  A  R  A  F  G  A  

 

661 agccattccgcccccgatagccgcgccgcaatcactcatacggcccgcatggccgacaag 720  

     I  T  H  T  A  R  M  A  D  K  S  H  S  A  P  D  S  R  A  A  

 

721 ctgcgctga 729  

     L  R  *  

 

Figure 21: Final sequence of NDM-1 from Klebsiella pneumonia cloned into the pET100 
vector from Invitrogen. 
 

resuspension buffer (Buffer A).  The column was washed with 3% 30 mM Tris/HCl 

(pH 8.0), 100 mM NaCl and 500 mM imidazole (Buffer B) for 60 minutes followed by 

protein elution with a gradient of 3-50% Buffer B over 60 minutes.  The protein eluted 

with 100 mM imidazole and collected fractions were concentrated using a Macrosep® 

centrifugal filter (Pall) while exchanging the buffer with Buffer A to remove imidazole 
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from the protein sample.  After three concentration/buffer exchange steps, 10% (v/v) 

glycerol was added and protein was stored at -20°C.  The concentration of the protein 

was then measured using a Bradford assay with bovine serum albumin as a standard,27 as 

well as checked for purity with a 12% SDS-PAGE with coomassie blue staining.  

 
Enzyme Assay 
 

NDM-1 was assayed for penicillinase activity in 10 mM 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES) (pH 7.5) and 50 μM ZnSO4 with varying 

volumes of 10 mM penicillin G at 25°C.  The final reaction volume was 1 mL and was 

performed in triplicate in quartz cuvettes.  Reactions were monitored by the hydrolysis of 

penicillin G which results in a decrease in absorbance at 232 nm (ε232nm = 1,100 M-1cm-

1).24  One unit of activity is defined as the amount of enzyme required to hydrolyze 1 μM 

penicillin G in 1 min at 25°C.  

Nitrocefin was used as an additional substrate as described above in acrylic 

cuvettes, and the reaction was monitored by the increase in absorbance at 485 nm due to 

the hydrolysis of nitrocefin (ε485nm= 15,900 M-1cm-1).54  One unit of activity is defined as 

the amount of enzyme required to hydrolyze 1 μM nitrocefin in 1 min at 25°C.  

 
Enzyme Stability, Temperature, and pH Sensitivity 
 

To determine the stability of the enzyme, NDM-1 was incubated at 25°C and was 

assayed with 750 μM penicillin G every 24 h for 48 h.  For temperature studies, the 

enzyme was incubated with 10 mM HEPES in the total reaction volume minus substrate 

at 25°C or 60°C for 10, 30, and 60 minutes followed by assaying activity with the 

addition of 750 μM penicillin G.  The enzyme’s sensitivity to pH was investigated by 
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performing the enzyme assay as above at pH 5.5-6.7 with 50 mM MES, pH 6.8-8.0 with 

50 mM HEPES, and pH 8.0-9.0 with 50 mM TAPS.  

 
Enzyme Inhibition with EDTA and βME 
 

The effect of EDTA and βME on enzyme activity was observed by monitoring 

inhibition of penicillinase activity using 250 μM penicillin G as the substrate with 

concentrations of EDTA ranging from 1-500 nM and concentrations of βME ranging 

from 1-5000 μM.  The assay was performed under previously stated conditions after 

incubating the reaction mixture for 10 min with varying concentrations of the inhibitors 

before initiating the reaction with penicillin G.  The data was analyzed in the form of an 

IC50 curve to determine the concentration of inhibitor necessary to inhibit 50% of the 

enzyme’s activity.  

 
Computational Docking of EDTA 
 

The three dimensional structure of EDTA in PDB format was obtained from 

European Bioinformatics Institute (http://www.ebi.ac.uk/).  The inhibitor in its 3D 

format, either βME or EDTA, was docked with a 3D crystal structure of NDM-1 (PDB 

3ZR9) using AutoDock Vina.75  A grid map of 14 x 14 x 14 Å points with 1.000 Å grid 

spacing was centered on the potential binding pocket and was calculated around the 

docking area by running AutoGrid Vina, which utilizes an Iterated Local Search global 

optimization algorithm as the search method.  Docking was completed by Myung Cho, a 

Master’s student in our lab, and results were obtained in conversations with him.  The 

results showed the binding energies and hydrogen bond interactions between the 

inhibitors and the enzyme. 
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Results and Discussion 
 
 
Purification and Activity of the Enzyme 

The gene coding for NDM-1 with the first 28 amino acids removed was 

successfully cloned and expressed in E. coli within the pET100 vector.  The first 28 

amino acids were removed due to the presence of a signal peptide that was identified 

using the SignalP 4.1 server.76  Figure 22 shows purified NDM-1 appears as one primary 

band at an approximate molecular weight of 30 kDa and is over 95% pure.  The 

molecular weight was measured by mass spectrometry and results were obtained in 

conversation with Myung Cho.  The MW was calculated to be 29,742.7 Da (Figure 23) 

which is in agreement with the molecular weight estimated by the gel and the calculated 

MW of 29,731.3 Da based on the amino acid sequence.  The purification procedure 

resulted in a final yield of 10% and a 73 fold increase in purity over the cell extract, with 

a final specific activity of 11 units/mg (Table 6).  

 
 
 

 

 

 

 

 

 
 
 
Figure 22: Purification of NDM-1 as seen by 12% SDS-PAGE.   

Sandra_Harman
Sticky Note
Figure legends one line or less should be centered beneath the figure.  
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Figure 23: Mass spectrum of NDM-1.  (Top panel) HPLC chromatograph of purified NDM-1.  (Bottom panel) Mass spectrum of 
NDM-1.  Deconvolution resulted in a calculated molecular weight of 29,742.7 Da.   
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Table 6: Purification of NDM-1.  The total activity after each step of the purification 
pathway was measured using penicillin G as a substrate. 

 

Protein fraction Volume 
(mL) 

Total 
protein 
(mg) 

Total 
activity 
(units) 

Specific 
activity 

(units/mg) 

Purification 
(-fold) 

Yield 
(%) 

Cell extract 33.2 1990 9930 0.15 1.00 100 
Ultracentrifugation 23.7 1240 7310 0.25 1.65 73.6 
Ni2+ column 20.3 55.7 2140 1.9 13 21 
Buffer exchange 3.10 30.1 1030 11 73 10 

 
 
The purified protein was then subjected to kinetic analysis, with penicillin G and 

nitrocefin as substrates, to determine if the six histidine extension or the removal of the 

first 28 amino acids affected its kinetic characteristics.  The assay was performed in 

10 mM HEPES (pH 7.5) as described previously at 25°C.66  The substrate penicillin G 

was found to have a Km of 48.5 ± 14 μM and a Vmax of 22.4 ± 2.07 μmol min-1mg-1.  This 

resulted in a calculated kcat of 11.1 ± 1.0 s-1 and a catalytic efficiency, or kcat/Km, of 0.229 

± 0.094 µM-1s-1 (Table 7).  These values are in agreement with previously reported 

values, with a Km of 16 μM, a kcat of 11 s-1, and a kcat/Km, of 0.68 µM-1s-1.66  Kinetic assay 

with nitrocefin resulted in a Km of 1.20 ± 0.23 μM and a Vmax of 0.898 ± 0.035 μmol   

min-1mg-1.  From these values, the kcat was calculated to be 0.445 ± 0.017 s-1 and a 

catalytic efficiency of 0.371 ± 0.072 µM-1s-1, which are consistent with recently 

published values of Km = 2.0 ± 0.4 μM, a kcat of 1.1 ± 0.1 s-1, and a kcat/Km, of 0.56 µM-1s-

1.72  From the results of the kinetic characterization, NDM-1 was successfully purified 

and is concordant with NDM-1 purified by various other researchers.   

 
Table 7: Kinetic parameters of NDM-1 

 
Substrate Km (µM) kcat (s-1) kcat/Km (µM-1s-1) 
Penicillin G 48.5 ± 14 11.1 ± 1.0 0.229 ± 0.094 
Nitrocefin 1.20 ± 0.23 0.445 ± 0.017 0.371 ± 0.072 
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Stability of the Enzyme Against Temperature and pH 
 

There are some MBLs that are temperature stable and some that are not, so 

characterizing NDM-1’s response to temperature is an important piece of describing the 

enzyme.28  The purified enzyme was found to be stable at 25°C as it retains over 95% of 

its activity after 24 and 48 h of incubation.  However, the enzyme rapidly denatures at 

60°C, losing 50% of its activity after 30 min and 80% after 60 min preincubation (Figure 

24).  Therefore, NDM-1 does not appear to be a thermostable MBL.  This may be due in 

part to its sequence dissimilarity from the MBL family, but is similar to the temperature 

effect observed with Bla2 in Chapter Two.  Upon probing penicillinase activity over a pH 

range of 5.5-9.0, NDM-1 retained 100% of its activity from 6.5-9.0, and slightly 

increased its activity at pHs 5.5 and 6, which were the most acidic pHs tested (Figure 25).  

This is dissimilar to the pH profile observed for Bla2 as seen in Chapter Two, showing 

that the enzyme is more stable over a range of pHs than other MBLs, such as Bla2 and 

BcII, and can hydrolyze its substrate over a wide pH range.52,77   

Subsequent to determining the pH profile of the purified enzyme, the inhibitory 

effect of βME and EDTA on the penicillinase activity of NDM-1 was examined.  βME is 

expected to inhibit the enzyme if there is an important disulfide bond that when reduced 

alters its enzymatic activity or if the compound is able to displace the nucleophilic 

hydroxide that participates in the MBL reaction mechanism.  On the other hand, EDTA is 

expected to inhibit NDM-1 more specifically by chelating the Zn2+ ions within the 

enzyme’s active site, thereby disrupting its catalytic mechanism and drastically reducing 

or eliminating the enzyme’s activity.  The IC50 value of EDTA was 100 nM, whereas 

βME was over 2000 fold less potent with an IC50 value of 218 μM (Figure 26), showing 
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Figure 24: Activity of purified NDM-1 in response to temperature.  Activity over the 
course of 60 min at 25°C is shown by ■ and activity over the course of 60 min at 60°C is 
shown by   . 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 25: pH dependence of NDM-1 at 25°C. The enzyme was incubated in various pH 
buffers for 10 min at 25°C before being assayed with 250 μM penicillin G. Averages are 
reported based on three independent measurements.  ▲ indicates MES buffer, ● indicates 
HEPES buffer, and ■ indicates TAPS. 
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Figure 26: Inhibition of NDM-1 penicillinase activity by various compounds.  The 
enzyme concentration was held constant at 1.95 μg enzyme in 10 mM HEPES (pH 7.5) in 
a 1 mL reaction volume.  Data represents the average of three experiments and error bars 
represent standard deviation.  (A) Inhibition of NDM-1 by EDTA over a concentration 
range of 5-100 nM.  The resulting IC50 value was 100 nM.  (B) Inhibition of NDM-1 by 
βME with concentrations ranging from 1-5000 μM.  The resulting IC50 value was 218 
μM.  
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NDM-1 activity is particularly sensitive to the metal chelator EDTA.  This observation 

may guide future inhibitor design to include metal chelating moieties within the lead 

compounds, while maintaining specificity for the enzyme in order to minimize off-target 

activity within the body. 

 
Structural insight into enzyme inhibition by βME and EDTA 
 

To investigate why EDTA is so much more effective as an inhibitor of NDM-1 

over βME, a computational docking study was performed using Autodock Vina, the 

advantage of which is the two orders of magnitude improvement in speed and a 

significantly increased accuracy over Autodock 4.0.75  After the addition of the 

appropriate charges and polar hydrogens, the docking of βME and EDTA to NDM-1 was 

carried out.  The lowest energy conformer of βME and EDTA was selected for docking 

with the enzyme.  The binding sites of both βME and EDTA can be seen in Figure 27, 

where βME is depicted in blue and EDTA is depicted in green.  The outcome of docking 

NDM-1 with βME includes as many as 8 different binding sites, only two of which are 

located near the active site.  This corroborates the micromolar IC50 value of βME, 

showing that this inhibitor is not specific for NDM-1 and is not effective enough to 

significantly reduce enzyme activity.  In contrast, EDTA only bound to one site on the 

enzyme, with a binding free energy to the Zn2 binding site of -4.9 kcal/mol.  The specific 

binding of EDTA to the active site can be seen in Figure 28, which demonstrates the 

active site pocket in which EDTA fits.  Two hydrogen bond interactions occurred 

between the carboxylate of EDTA and the amine hydrogen of Asn220 (2.101Å) and 

Lys211 (2.979Å).  Several residues involved in van der Waal interactions with the 

inhibitor are listed in Table 8.  These interactions are similar to those observed for Bla2 
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Figure 27: Ribbon diagram of NDM-1 docked with both βME and EDTA.  Both 
compounds are shown as stick models.  βME is shown in blue and EDTA is shown in 
green. 
 
 
with EDTA52 shown in Chapter Two.  The docking simulation demonstrates that this 

particular inhibitor fits well within the active site as opposed to βME which binds to 

multiple sites on the enzyme, and is oriented in such a way that it can effectively inhibit 

the enzyme’s activity by interacting with key residues involved in substrate binding, zinc 

coordination, and possibly chelates the enzyme’s zinc ions.  The potency of inhibition by 

EDTA combined with its fit into the binding pocket of Bla2 should guide future inhibitor 

design to find compounds that may mimic these effects. 

 
Table 8: Computational docking of NDM-1 with EDTA 

 

Ligand Binding energy 
(kcal/mol) Hydrogen bond and length (Å) van der Waals 

interaction residues 

EDTA -4.9 Asn220: HN – O19 (2.101) 
Lys211: HN – O17 (2.979) 

Met67, Val73, Trp93, 
Asp124, Cys208, Gly219, 

His250 
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Figure 28: Docking interaction of NDM-1 with EDTA.  The inhibitor is shown as a stick 
model and the enzyme as a surface model, with interacting amino acids labeled in black. 

 
 

In conclusion, the metallo-β-lactamase NDM-1 from Klebsiella pneumonia was 

successfully expressed and purified with the first 28 amino acids removed.  Kinetic 

analysis with both penicillin G and nitrocefin as substrates reveal that our version of the 

protein has similar activity to those previously published,66,72 indicating that the removal 

of the signal peptide and the addition of the six histidine extension did not greatly affect 

the enzyme’s kinetic activity.  The pH profile of the enzyme reveals it is stable over a 

wide pH range and has slightly increased activity at more acidic pHs.  The enzyme’s 

temperature stability was characterized, revealing that the enzyme is stable over time at 

room temperature but is not thermostable.  The compound EDTA is a more effective 
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inhibitor of NDM-1 activity versus βME, due to its low nanomolar IC50 value and 

potential hydrogen bond interactions with important residues at the enzyme active site.  

With the full characterization of the enzyme complete, screening for inhibitors can begin 

with investigating thiomaltol and the hydroxamate-containing inhibitors to determine if 

they inhibit NDM-1 as well or better than Bla2 and therefore have the potential to be 

applied as broad-spectrum inhibitors. 
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CHAPTER SIX 
 

Investigation of Novel DNA/PNA Aptamers against Bacillus subtilis containing Bla2 
 

This chapter published in part as: Schlesinger, S.R., Lahousse, M. J., Foster, T. O., and 
Kim, S.K. (2011) Metallo-β-lactamases and Aptamer-Based Inhibition, Pharmaceuticals, 

4, 419-428.  
 
 

Introduction 
 

 The main approach of the research presented thus far regarding inhibition of Bla2 

is rational design of potent small molecules that are thought to act by chelating the Zn2+ 

within the enzyme active site and therefore inactivating the enzyme.  Another approach to 

enzyme inhibitor design is to use combinatorial chemistry to synthesize a large 

population of molecules that can be screened against a target of interest in order to 

rapidly identify potential lead compounds for inhibition.  One of the most promising 

combinatorial chemistry techniques is known as SELEX,78 or systematic evolution of 

ligands by exponential enrichment (Figure 29).  This SELEX method is also known as in 

vitro selection or in vitro evolution, allowing the simultaneous screening of a large 

number of nucleic acid molecules.  It was first reported by three separate research groups 

within two years of one another.78–80 

 In the SELEX procedure, functional nucleic acid molecules are selected from the 

mainly non-functional pool of oligonucleotides by column chromatography or other 

selection techniques such as a gel shift assay.79–81  The functional nucleic acids are called 

aptamers, which are usually short single-stranded (ss) nucleic acids such as ssDNA and  
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Figure 29: Scheme of SELEX.  Target molecules are incubated with a library of 
oligonucleotides.  The separation occurs by the degree of binding affinities of the 
oligonucleotides.  The bound oligonucleotides are amplified by PCR.  The iterative 
process is performed to find functional aptamers. 
 

RNA.80  A pool of oligonucleotides typically containing a random nucleotide region 

flanked on either side by two primer sequences is constructed.  This pool is subjected to 

incubation with a target molecule of interest, such as an enzyme or protein, followed by a 

separation phase in which unbound oligonucleotides are removed from the system and 

the target bound to high affinity nucleotides is selected for.  These high affinity 

nucleotides are then unbound from the target and amplified via polymerase chain reaction 

(PCR), where the process is then repeated multiple times using the most recent pool of 

oligonucleotides amplified by PCR.  Many of the selected aptamers display affinities for 

their target comparable to those observed for monoclonal antibodies.  However, unlike 

antibodies, facile modification of the selected aptamers can improve their binding to 
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target molecules and enhance the stability of the aptamers against nuclease activity under 

physiological conditions.82 

The application of aptamers has been significant in the medical and 

pharmaceutical research fields.  A recent example of a commercial product developed 

using SELEX technology is an aptamer against vascular endothelial growth factor 

(VEGF).  In fact, this is the only commercially available aptamer-based therapy.  The 

anti-VEGF aptamer blocks vessel growth and inhibits neovascularization83,84 with very 

high affinity (dissociation constant, Kd = 50 pM)85 (this aptamer affinity is as good as the 

antibody affinity (Kd = 54 pM) for VEGF86).  The aptamer tightly binds to abnormally 

over-expressed VEGF and thus the binding reaction from VEGF to a receptor cannot 

proceed.  This aptamer, known as Macugen®, was approved by the (FDA) in 2004 and is 

currently used to cure age-related macular degeneration.87,88 

Although the anti-VEGF aptamer is based on RNA SELEX, recently we reported 

that ssDNA SELEX for the B. cereus metallo-β-lactamase was used to find ssDNA 

aptamers which act as inhibitors of the enzyme, thus providing the possibility of an 

antibacterial drug against this specific β-lactam resistant bacterial infection.33  Other 

potential drug candidates using ssDNA SELEX technology have been developed.  For 

example, thrombin, a protein that serves an essential role in regulation of the coagulation 

pathway in humans, has been targeted for the development of ssDNA aptamers; a ssDNA 

aptamer of thrombin has been identified and shows a very promising anticoagulant drug 

activity.89,90  Anti-inflammatory aptamers for L-selectin,89 viral infection prevention 

aptamers for Hemagglutinin from the influenza virus,91 and anti-progressive renal disease 



71 

aptamers for platelet-derived growth factor92 have been developed using ssDNA SELEX 

technology as well.   

One of the main hurdles of developing DNA and RNA aptamers for clinical use is 

their susceptibility to nuclease degradation.  Nucleases are ever present in the body and 

destroy foreign DNA they find within a host, which diminishes the ability of a nucleic acid 

based aptamer to be used systemically.  One way to strengthen DNA aptamers once they are 

found is to convert them into Peptide Nucleic Acids (PNA), invented in 1991 by Drs Nielsen, 

Egholm, Berg, and Buchardt.93  In PNA,  the negative phosphate backbone of the DNA 

molecule is replaced with a pseudo-peptide backbone which is neutral (Figure 30).93,94  This 

synthetic backbone of PNA confers resistance to nuclease degradation as it does not contain 

the chemical structure necessary for nuclease activity, and has other improvements over 

DNA depending on the application for which the PNA will be used.95   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 30: Backbone structure of DNA (left) and PNA (right) 
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Dr. Sang Gong Kim, a postdoctoral student in our lab, previously applied ssDNA 

SELEX technology to identify potential aptamer-based inhibitors against Bla2 from Bacillus 

anthracis.  Using a DNA library with a 30 nucleotide random region flanked by two 15 

nucleotide long primers, he identified a handful of aptamers with tight binding affinity for the 

Bla2 target.  Here we characterize the potential inhibitory activity of the aptamers against 

Bla2 by examining their kinetic influence on the enzyme in both DNA and PNA form.  The 

secondary structure of the DNA aptamers is determined by circular dichroism to determine if 

EDTA has an effect on the structure of the aptamers.  Also a bacterial growth study was 

performed employing both traditional nucleic acid and PNA aptamers with Bacillus subitilis 

as the Bla2 expression system. 

 
Materials and Methods 

 
 

Inhibition Studies 
 
 The enzyme Bla2 was purified as previously mentioned in Chapter Two.  DNA 

aptamers discovered by Dr. Sang Gong Kim were synthesized and provided as a 

lyophilized powder by Integrated DNA Technologies (Coralville, IA) and the full 

sequences of the tested aptamers are listed in Table 9.  PNA versions of the found 

aptamers as well as the PNA form of SG 4-2 containing a cell penetration peptide (CPP) 

were synthesized and provided by Bio-Synthesis, Inc. (Lewisville, TX).  Aptamers were 

dissolved in either 1X Tris-EDTA (TE) buffer or in 10 mM Tris (pH 8.0) only.  Enzyme 

assays were performed with 675 nM Bla2 in 50 mM MOPS (pH 7.0) with 750 nM 

penicillin G as the substrate.  Enzyme was added to a solution of MOPS containing up to 
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10 μM of any given aptamer and reactions were initiated by addition of penicillin G.  The 

reactions were allowed to proceed five minutes before reaction rates were measured.   

 
DNA Secondary Structure Analysis by Circular Dichroism 
 
 The circular dichroism spectra from 220-310 nm were obtained for each aptamer 

except SG 3-1 on a Jasco J-810 spectrophotometer with a 1 cm pathlength quartz cuvette.  

Two concentrations of either 1 μM or 10 μM aptamer were used in a buffer solution of 

50 mM MOPS (pH 7.0).  Aptamers were heated at 90°C for five minutes and allowed to 

cool to room temperature before spectra were taken to remove the possibility of any 

supersecondary structures.  Measurement parameters included a data pitch of 1 nm, a 

scanning speed of 200 nm/min, a response time of 0.5 sec and a bandwidth of 1 nm.  

Buffer only was used as a baseline and was subtracted from all CD spectra 

measurements.    

 
Minimum Inhibitory Concentration Determination with SG 4-2 DNA/PNA Aptamers 
 

The MIC of ampicillin, 1X TE buffer, ampicillin + βME, and ampicillin + SG 4-2 

DNA or SG 4-2 PNA containing a cell penetrating peptide were determined for Bacillus 

subtilis cells with or without the presence of the Bla2 gene according to CLSI 

standards.43  The vector pHT01 containing the Bla2 gene was constructed and 

transformed into Bacillus subtilis cells by Soo-Keun Choi in the Systems and Synthetic 

Biology Research Center of the Korea Research Institute of Bioscience and 

Biotechnology located in Daejeon, Republic of Korea.  Cells were incubated with 

shaking at 37°C for 24 hours in LB media with or without chloramphenicol (5 μg/mL) as 

a selection agent.  The culture was diluted and a portion was plated on agar plates with or 
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without chloramphenicol (30 μg/mL) and incubated at 37°C for 12 h to determine the 

colony forming unit (CFU) of the 24 h culture.  After determining the CFU, the 

remaining 24 h culture was diluted approximately 106 bacteria per mL, of which 50 μL 

was used for MIC determination.  Ampicillin was prepared fresh each day to a final stock 

concentration of 24 μg/mL and was serial diluted twofold in Mueller-Hinton broth, and 

βME solutions were prepared similarly from a starting stock concentration of 

17.2 mg/mL.  Aptamers were dissolved in 10 mM Tris (pH 8.0) resulting in a stock 

concentration of 15 μM.  A volume of 50 μL of the solution containing various amounts 

of antibiotic or inhibitor was added to the wells of a 96-well microplate, followed by 

addition of 50 μL of bacterial cells to each well and 50 μL of MH broth.  After adding the 

final constituent, wells were mixed and the plate was measured at 620 nm with a Thermo 

Scientific Multiscan MCC/340 microplate reader after 20 seconds of shaking at 

1200 rpm.  Plates were incubated at 37°C and were measured at various times for up to 

24 h. 

 
Results and Discussion 

 
 Previously, DNA SELEX was performed by Dr. Sang Gong Kim against purified 

Bla2 from Bacillus anthracis.  This resulted in the identification of six unique DNA 

aptamers whose sequences are listed below in Table 9.  The sequences were analyzed by 

Mfold96 for potential formation of secondary structures, and within each sequence a loop 

and linear region were identified.  These sequences were synthesized separately for 

evaluation of inhibition of Bla2 to determine if either structural region would have a 

greater inhibition effect individually versus the aptamer as a whole, as it was previously 

identified that a 10mer region of a 30mer ssDNA aptamer was found to be an effective 
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inhibitor of BcII from Bacillus cereus.33  The sequences of the loop and linear regions are 

listed in Table 10.  Sequences that comprise the loop regions are represented by SG #-

1and sequences that comprise the linear regions are represented by SG #-2. 

 
Table 9: DNA sequences of the six unique aptamers identified by Dr. Sang Gong Kim 

against Bla2 
 

Aptamer  Sequence (30-mer) 
SG1 5’-GAC GTA GAC ACT TGG CGC GAA GAT GCA TGG-3’ 
SG2 5’-CAA CCA GGG AGG GAG ACG CGC AAC CTT CTG-3’ 
SG3 5’-CGA GGG AGA CGC GAA CCT TCT CGC CTT GGG-3’ 
SG4 5’-GGC AAC GGT ACG AAA GAT AAC ATG TAG TGG-3’ 
SG5 5’-TTC CCG CGG CCG CCA TGG CGG CCG GAG CTG-3’ 
SG6 5’-TGC TCC CGG CCG CCA TGG CGG CCG CGG GAA-3’ 

 

Table 10: DNA sequences of the loop and linear regions of the aptamers identified 
against Bla2 

 
Aptamer Sequence 
SG1-1 5'-GCG AAG ATG C-3' 
SG1-2 5'-GAC GTA GAC ACT TGG C-3 
SG2-1 5'-CCA GGG AGG-3' 
SG2-2 5'-GAG ACG CGC AAC CTT CTG-3' 
SG3-1 5'-GCG AAC CTT CTC GC-3' 
SG3-2 5'-CGA GGG AGA C-3' 
SG4-1 5'-CGG TAC G-3' 
SG4-2 5'-AAA GAT AAC ATG TAG TGG-3' 

SG5/6-1 5'-CGG CCG CCA TGG CGG CCG-3' 
 

For kinetic evaluation, the enzyme was first subjected to DNA aptamers dissolved 

in 1X TE buffer which is comprised of 10 mM Tris (pH 8.0) with 1 mM EDTA. Under 

these buffer conditions, all DNA aptamers showed IC50 values between 20-200 nM after 

30-45 minutes preincubation with the enzyme, which indicates strong inhibition of Bla2 

by the various DNA aptamers.  This data was observed by Meagan Hermann and was 

obtained in communication with her.  One of the most promising aptamers, SG 2-2, was  
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Figure 31: Inhibition of Bla2 by modified SG 2-2 aptamers. (A) IC50 curve of SG 4-2 
PNA against Bla2, IC50 ≈ 240 pM (B) IC50 curve of SG 4-2 Arg-PNA against Bla2, IC50 ≈ 
520 pM (C) IC50 curve of SG 4-2 OMe RNA against Bla2, IC50 ≈ 330 pM 
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selected for initial modifications to circumvent the known obstacles of DNA aptamers.  

This aptamer was synthesized in solely PNA form, in PNA form with a nine arginine 

linker attached at the 5’ end, and as 2’ O-Methyl RNA with the same nine Arg linker at 

the 5’ end.  When Bla2 was subjected to the modified SG 2-2 aptamers dissolved in 1X 

TE, a markedly improved IC50 value of ~ 250-500 pM was observed as shown in Figure 

31 with no preincubation time necessary to achieve enzyme inhibition.  The achievement 

of picomolar inhibition by the PNA series of aptamers with such a large enhancement 

over the inhibition observed by the DNA aptamers may indicate that the bases of the 

DNA sequence are the major contributor to the interaction of the aptamers with Bla2, and 

that the flexibility of the PNA backbone is able to enhance the binding ability of the bases 

to the target enzyme.   

To accurately assess whether or not the aptamers had a measurable inhibitory 

effect above the effect of enzyme inhibition by EDTA, fresh lyophilized DNA aptamers 

were dissolved in 10 mM Tris only.  Without EDTA, Bla2 retained over 80% activity in 

the presence of up to 10 μM of any of the structured DNA aptamers (Table 11). 

 
Table 11: Penicillinase inhibition of Bla2 by various DNA aptamers 

 
Aptamer % activity 

No inhibitor 100 
SG1-1 96 
SG1-2 94 
SG2-1 99 
SG2-2 105 
SG3-1 90 
SG3-2 92 
SG4-1 94 
SG4-2 83 

SG5/6-1 86 
 



78 

In addition to testing the DNA aptamers without EDTA, a PNA aptamer with the 

nucleotide sequence of SG 4-2 was constructed with a cell penetrating peptide attached at 

the 5’ end of the aptamer.  The amino acid sequence of the cell penetrating peptide is 

KFFKFFKFFK, and its purpose is to mediate bacterial cell penetration to aid in inhibitor 

effectiveness.97  The time course graph of the penicillinase activity of Bla2 in the 

presence of the CPP containing PNA aptamer dissolved in 10 mM Tris (pH 8.0) can be 

seen in Figure 32, from which no noticeable enzyme inhibition was observed at an 

aptamer concentration of up to 5 μM. 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
Figure 32: Enzymatic assay of Bla2 with penicillin G as a substrate and various 
concentrations of SG 4-2 CPP PNA monitored at 232 nm.  The enzyme (675 nM) was 
assayed with no inhibitor (green), 500 nM SG 4-2 CPP PNA (red) or 5 μM SG 4-2 CPP 
PNA by adding 750 nM penicillin G to initiate the reaction. 
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 The absence of inhibition of Bla2 without EDTA by either the DNA or PNA 

modified aptamers may indicate that there are differences in the secondary structures of 

the aptamers under the two different buffer conditions.  To investigate this possibility, 

CD spectra were obtained for the DNA aptamers dissolved in 1X TE or 10 mM Tris only 

at an aptamer concentration of 1 and 10 μM.  The spectra, as shown in Figure 33, 

generally contain a signature pattern with a maximum peak near 280 nm and a negative 

peak near 240 nm.  This is indicative of the B-form of double helix DNA.98  There is little 

to no difference in the spectra of the aptamer with or without EDTA at a concentration of 

1 μM, and an increase in signal strength but no spectral shifts with an aptamer 

concentration of 10 μM.  From this it appears that there is no secondary structure 

variance of the aptamers in the presence or absence of EDTA.  While there is evidence by 

way of a gel shift assay performed by Dr. Sang Gong Kim that the DNA aptamers bind to 

Bla2, it may be that they do not bind in such a way that they affect the kinetic activity of 

the enzyme, which is why there is hardly any inhibition observed for the Tris only 

aptamers.  However, further investigation is needed to understand the increased potency 

that the PNA aptamers have over DNA aptamers in the presence of EDTA. 

 Although the results of the kinetic analysis were not clear, it is still of interest to 

determine if the aptamers showed promise against live bacterial cells.  To this end, the 

MIC of the DNA SG 4-2 aptamer as well as the CPP containing PNA aptamer were 

investigated against Bacillus subtilis cells expressing the Bla2 gene.  B. subtilis was 

employed as it is gram-positive and would therefore mimic the activity that the aptamers 

would have against the original source of the gene Bacillus anthracis, but is rated at 

biosafety level 1 which allows for safe handling with proper personal protective
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Figure 33: CD spectra of DNA aptamers under various conditions.  (A) SG 1-1 (B) SG 1-2 (C) SG 2-1 (D) SG 2-2 (E) SG 3-2 (F) SG 
4-1 (G) SG 4-2 (H) SG 5/6-1 
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equipment in a typical research lab.  Initially, the SG 4-2 aptamer dissolved in TE buffer 

was tested and completely suppressed growth of wild type and Bla2-containing B. subtilis 

cells at concentrations as low as 1 pM.  Such strong growth inhibition at such a small 

concentration of inhibitor had not been previously observed in our lab, and due to the 

inhibition of Bla2 seen with the aptamers in the presence of EDTA it was questioned 

whether or not the EDTA in the original aptamer solution carried into the MIC 

determinations may be the component inhibiting cell growth.  Therefore the MIC of TE 

buffer only was analyzed and was determined to be 1X TE at 16 and 20 h 

incubation(Table 12).  Since the initial DNA aptamers were dissolved in a stock 

concentration of 1X TE and were diluted in MH broth for MIC determinations, the final 

TE buffer concentration in the wells was more dilute than 1X TE, proving EDTA was the 

primary agent of growth inhibition.   

 
Table 12: OD620 of bacterial cell solutions with various concentrations of TE buffer over 

16 h 
 

  Concentration of TE 
Bacteria Time, h 2.5X 1X 0.5X 0.25X 0.125X 0.063X 

Wild type 
B. subtilis 

8 0.051 0.201 0.144 0.156 0.204 0.187 
12 0.050 0.219 0.163 0.220 0.233 0.221 
16 0.049 0.247 0.201 0.264 0.286 0.270 

B. subtilis +  
Bla2 

8 0.051 0.044 0.137 0.211 0.159 0.175 
12 0.051 0.044 0.166 0.252 0.216 0.215 
16 0.051 0.047 0.248 0.315 0.262 0.266 

 
 

Attempting to verify this from a different angle, SG 4-2 DNA freshly dissolved in 

10 mM Tris only was employed for MIC testing as well as the CPP PNA version of SG 

4-2.  After 16 h incubation, the DNA aptamers in the presence of 1.5 μg/mL ampicillin 

did now show an obvious MIC value against the B. subtilis wild type cells; however 
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growth was inhibited when compared to the B. subtilis + Bla2 cells (Table 13).  

Remarkably, after 20 h incubation of the CPP PNA aptamer growth of the B. subtilis + 

Bla2 cells was completely inhibited at aptamer concentrations as low as 5 pM (Table 14). 

 
Table 13: OD620 of bacteria solutions with various concentrations of SG 4-2 DNA 

aptamer over 16 h 
 

  Concentration of SG 4-2 DNA aptamer 
Bacteria Time, h 5 μM 500 nM 50 nM 5 nM 500 pM 50 pM 5 pM 

Wild type 
B. subtilis 

8 0.151 0.136 0.141 0.156 0.141 0.141 0.145 
12 0.197 0.179 0.173 0.179 0.180 0.173 0.191 
16 0.221 0.166 0.166 0.191 0.170 0.173 0.224 

B. subtilis 
+ Bla2 

8 0.045 0.047 0.045 0.045 0.047 0.048 0.048 
12 0.062 0.068 0.055 0.069 0.082 0.072 0.060 
16 0.170 0.157 0.147 0.156 0.162 0.155 0.164 

 
 

Table 14: OD620 of bacteria solutions with various concentrations of SG 4-2 CPP PNA 
aptamer over 20 h 

 
  Concentration of SG 4-2 CPP PNA 
Bacteria Time, h 5 μM 500 nM 50 nM 5 nM 500 pM 50 pM 5 pM 

Wild type 
B sub 

8 0.187 0.183 0.180 0.184 0.178 0.177 0.184 
12 0.173 0.208 0.193 0.214 0.215 0.193 0.184 
20 0.236 0.303 0.285 0.296 0.295 0.302 0.409 

B sub+  
Bla2 

8 0.048 0.047 0.037 0.038 0.044 0.039 0.039 
12 0.053 0.050 0.042 0.045 0.051 0.045 0.045 
20 0.051 0.052 0.045 0.048 0.056 0.052 0.055 

  

The hindrance of cell growth by the DNA and PNA aptamers may be due to 

inhibition of Bla2 which allows for the rehabilitation of the antibiotic activity of 

ampicillin, or it may possibly be due to nonspecific interactions that the aptamer has with 

the cell that shut down cell growth.  Including the CPP attachment to the SG 4-2 PNA 

aptamer displays an increase in inhibition of cell growth over the DNA aptamer alone, 

which may be because the CPP is increasing the permeability of the bacterial cell 

membrane and better allowing the aptamer to reach its enzymatic target.  While the 
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aptamers do show promising results in the MIC tests, further research is necessary to 

establish the mode of action of the DNA and PNA aptamers in killing B. subtilis cells.  

Another question which calls for more investigation is why the PNA forms of the 

aptamers exert more enzyme inhibition in the kinetic studies and why they are able to so 

completely suppress cell growth in the MIC evaluation.  Finally, it is hoped that these 

aptamers are able to act as competitive inhibitors, but the conditions of the inhibition 

studies must be improved so that the inhibition mode can be evaluated, which once 

assessed will indicate for future studies whether or not these aptamers can be employed 

as broad-spectrum inhibitors. 
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CHAPTER SEVEN 
 

Conclusions 
 

 
 The successful purification of Bla2 from Bacillus anthracis allowed for a full 

characterization of the enzyme.  The purification method was simplified from the 

originally published version and it was determined that the enzyme is most stable of a pH 

range from 7.0-9.0 with maximum activity at pH 7.9.  The enzyme was not thermostable 

despite its sequence and structural similarities to BcII from Bacillus cereus.  Two 

inhibitors containing hydroxamates, compounds 4 and 7, were investigated in the hopes 

of finding a potent inhibitor of Bla2.  While compound 4 did not demonstrate inhibition 

of Bla2’s penicillinase activity, compound 7 did with a Ki of 0.18 ± 0.2 nM, which to our 

knowledge is the most potent inhibitor of Bla2 to date.  Compound 7 also shows 

bactericidal activity in the presence of ampicillin concentrations as low as 0.5 μg/mL.  

Therefore compound 7 could be used as a lead compound and further investigated, 

especially with regards to off-target activity and cytotoxicity, with the aim of developing 

this compound for antibiotic use.  Thiomaltol also shows promise as an antibiotic as it 

was found to be a reversible, slow binding inhibitor of Bla2 with an IC50 of 290 μM after 

20 min preincubation and a Ki of 85 ± 30 μM.  This compound should be moved into 

MIC experiments against both gram-negative and gram-positive bacteria to determine if 

it has any bactericidal effects.  Also the structure should be altered in such a way that it 

becomes more specific and potent against Bla2 to avoid off target chelation activity in the 

body.   
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 The recently emergent metallo-β-lactamase NDM-1 from Klebsiella pneumoniae 

was purified and characterized with respect to temperature stability, pH stability, and its 

activity was determined in the presence of two different inhibitors.  It was found that the 

enzyme is stable over time at room temperature but is quickly inactivated at higher 

temperatures.  While βME inhibited NDM-1’s penicillinase activity in the micromolar 

range, the metal chelator EDTA inhibited NDM-1 more potently with an IC50 in the low 

nanomolar range, which can guide future inhibitor design towards incorporating metal 

chelators into their structure.  Also, a set of DNA and PNA aptamers were investigated 

against Bla2 with mixed results in the presence or absence of EDTA.  These aptamers 

should be more closely examined to determine what type of inhibition they may be 

causing and what their mode of action is against Bacillus subtilis cells. 
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APPENDIX 
 

Synthesis Information for Compounds 4 and 7 

 

 

Equipment and Basic Procedures 

All microwave-assisted reactions were performed in a Milestone Start Microwave 

Labstation using the MonoPREP device and a single vessel reactor (50 mL of volume) 

covered in PTFE.  Uncorrected melting points were determined using a Meltemp-II 

device.  All reagents and solvents were used without further purification of the purchased 

product, and organic extracts were dried over anhydrous MgSO4 or Na2SO4.  Progress of 

the synthesis reactions was monitored by thin-layer chromatography (TLC) commercially 

prepared plates coated with 0.25 mm of self-indicating Merck Kieselgel 60 F254 and 

visualized by UV light at 254 nm.  Merck Kieselgel 60 (230–400 mesh) was used for 

preparative-scale silica gel flash chromatography.   

The 1H and 13C NMR spectra were obtained on a Varian 500 NMR system at 500 

MHz and 125 MHz for 13C, and were referred to solvent signals.99  IR data were recorded 

on a Nicolet 380 FT-IR Spectrometer using a diamond ATR unit.  

 
Synthesis of 3-(heptyloxy)-N-hydroxybenzamide (Compound 4)  
 

Methyl 3-hydroxybenzoate (5.048 g, 33.18 mmol) was mixed with 1-iodoheptane 

(10.80 mL, 65.87 mmol), potassium bicarbonate (9.084g, 65.73 mmol), and acetone (50 

mL) in a reflux apparatus.  The reaction mixture was refluxed for 3 h.  The excess 

potassium bicarbonate was removed using gravity filtration.  The solvent was removed 

on vacuum.  The crude reaction product was purified using column chromatography with 
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ethyl acetate: hexanes (1:9) to give colorless oil.  The final yield of purified product: 

2.805 g (33.77%).  Data analysis suggested a successful synthesis of methyl 3-

(heptyloxy)benzoate,100 which serves as a precursor for 3-(heptyloxy)-N-

hydroxybenzamide.  

Following the successful precursor synthesis, methyl 3-(heptyloxy)benzoate 

(0.422 g, 1.69 mmol) was mixed with hydoxylamine (0.344 g, 5.10 mmol), potassium 

hydroxide (0.568 g, 10.14 mmol), and methanol (15 mL) in a microwave reactor vessel 

with a 1.5 barr pressure cap.  The solution microwaved for three cycles consisting of a 6 

minute heating time to a temperature of 55°C and maintained at temperature for 

additional 15 minutes.  The solvent was removed on a rotary evaporator.  Water was 

added and the reaction was neutralized with 1 M hydrochloric acid to a pH of 6.8. After 

removing solvent on vacuum, the crude product was purified using column 

chromatography to give a white solid. Yield: 72.0 mg (16.95%); 1H NMR (DMSO-d6): δ 

11.2 (s, 1H), 9.0 (s, 1H), 7.43-7.26 (m, 4H), 4.05-3.90 (m, 2H), 1.75 (m, 2H), 1.45-1.25 

(m, 8H), 0.9-0.8 (t, J=5.75, 3H); IR (cm-1) 3181.36, 2922.17, 2851.84, 2538.25, 2161.01, 

2024.85, 1975.59, 1601.24, 1547.62, 1462.47; HRMS Calcd C14H21NO3 (M+) 251.15, 

found (M+) 251.145.  

 
Synthesis of N-hydroxy-3-((6-(hydroxyamino)-6-oxohexyl)oxy)benzamide (Compound 7) 
 

Methyl 3-hydroxybenzoate (2.015g, 13.24 mmol) was mixed with ethyl 6-

bromohexanoate (4.80 mL, 27.0 mmol), potassium bicarbonate (3.666 g, 26.53 mmol), 

and acetone (25 mL) in a microwave reactor vessel with a 15 bar pressure cap. The 

mixture was microwaved for two 6 min cycles at 164°C, followed by 15 min hold at 

164°C. The solvent was removed on a rotary evaporator, and the residue was purified by 
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column chromatography using ethyl acetate: hexanes (1:9) which yielded a yellow oil.  

The product methyl 3-((6-oxooctyl)oxy)benzoate (0.640 g, 2.17 mmol) was mixed with 

hydroxylamine (0.890 g, 13.19 mmol), potassium hydroxide (1.472 g, 26.28), and 

methanol (20 mL) in a microwave reactor vessel with a 15 bar pressure cap.  The reaction 

mixture was microwaved for 6 min at 80°C and for 15 min at 80°C.  The reaction mixture 

was neutralized with 6 M hydrochloric acid, and the resulting aqueous phase was 

extracted several times with ethyl acetate.  The organic fraction was concentrated and the 

crude product was recrystallized in acetone, which provided a white crystal product.  

Yield: 70.0 mg (11.4%); m.p. 153 °C; 1H NMR (dimethylsulfoxide (DMSO)-d6): δ 11.3-

11.1 (s, 1H), 10.4 (s, 1H), 9.1-8.9 (s, 1H), 8.7 (s, 1H), 7.36-7.27 (m, 3H), 7.08-7.04 (dq, 

J=3.63, 1H), 4.0 (t, J=12.9, 2H), 2.0 (t, J=14.6, 2H), 1.7 (m, 2H), 1.6 (m, 2H), 1.4 (m, 

2H); IR (cm-1) 3169.70, 3030.29, 2870.84, 2535.67, 2160.29, 2029.23, 1976.57, 

1626.95, 1605.38, 1573.76, 1536.29, 1484.85; HRMS Calcd C13H18N2O5 (M+) 282.1216, 

found (M+) 282.111. 
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