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ABSTRACT
DESIGN, SYNTHESIS, AND EVALUATION OF POTENTIAL
BURKHOLDERIA PSEUDOMALLEI ISPF INHIBITORS

Sydney Watkins, PhD
Department of Chemistry and Biochemistry
Northern Illinois University, 2019
Timothy J. Hagen, Director

This body of work focuses on the inhibition of Burkholderia pseudomallei enzyme IspF.
Burkholderia pseudomallei is the causative agent of Whitmore’s disease, and IspF is an essential
enzyme in the synthesis of isoprenoids, a vital class of compounds. This work has involved the
design and synthesis of nearly five dozen compounds, as well as the design, modification, and
use of assays to demonstrate potential interactions between the compounds being investigated
and the targeted organisms or enzymes. Development of assays was made challenging by the
difficulty in observing the consumption of an unstable substrate or production of a product
without a chromophore. Five series of compounds were synthesized.
First, a series of pyrimidine derivatives with a zinc binding scaffold was synthesized and
conclusively shown to have antibacterial activity against both Gram-positive and Gram-negative
bacteria. Several of these compounds were shown to interact with Burkholderia pseudomallei
IspF mutant Q151E via a fluorescence-based thermal shift assay. Furthermore, group epitope
mapping by nuclear magnetic resonance (NMR) was used to determine the binding
characteristics of compound 38 in this series.

A second series of compounds was designed as derivatives of a weakly binding ligand
containing dansyl, imidazole, and phenol moieties. These derivatives maintained the fluorescent
dansyl moiety and their dissociation constants were determined by fluorescence anisotropy. This
led to the discovery of the first submicromolar BpIspF ligand. This compound could potentially
be used as a probe in future displacement fluorescence anisotropy assays to determine the
dissociation constants of non-fluorescent compounds.
A series of compounds originally identified through a library screening were investigated
by NMR to validate the screening results. Saturation transfer difference NMR (STD NMR)
experiments revealed that almost all of the hits or a degradation product formed in solution
interact with the protein. Interactions of compounds with the protein were mapped, showing the
regions of the compound most important to binding. A series of compounds based on one of the
hits, ethoxzolamide, was also synthesized. Preliminary data on several of these compounds have
displayed antibacterial activity and Salmonella typhimurium IspF enzyme inhibition greater than
that of the parent compound.
Derivatives of known IspF ligands were also synthesized with intent to improve upon
their characteristics and activity. These compounds displayed antibacterial activity against nine
organisms, Gram-negative and Gram-positive bacteria alike. Additional ligands were also
explored through group epitope mapping to support or reveal previously unknown binding
characteristics. The output of this work can be used for future projects to develop more potent
compounds in the pursuit of Burkholderia pseudomallei IspF inhibitors, as well as inhibitors of
other organisms.
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CHAPTER 1

INTRODUCTION

1.1 Current Status of Antibiotics

The practice of using antibiotics to treat infections through the use of natural products
with antimicrobial activity is centuries old. In the past century many more antibiotics have been
discovered and brought to market. This has contributed greatly to human life expectancy. For
example, 56% of deaths in Canada in 1925 were caused by infections. This fell to 3% by 2009.1
The use of antibiotics is important not only in ridding the body of infections caught through
commonplace interactions with the environment, but also in supporting the immune system in
cases of surgery or chemotherapy. While there are often organisms naturally resistant to a drug
predating the use of the drug,2 it is with the drug’s common use that resistance may spread and
become more prevalent. Figure 1 displays a timeline of the introduction of an antibiotic and the
discovery of organisms resistant to it. This period between introduction and appearance of
resistant strains can vary from as long as decades to as short as months. Resistance to an
antibiotic normally becomes commonplace with overuse of the drug. As bacteria are exposed to
an antibiotic, the organisms vulnerable to the antibiotic die while the other organisms, often
mutants, survive to replicate. Gene transfer among organisms is also a contributing factor in the
development of resistance. The CDC found that between 30 and 75% of antibiotic use prescribed
in hospitals, outpatient clinics, or nursing homes are given incorrectly.3 Either the dose or

2
duration is incorrect, the wrong antibiotic is prescribed, or a medication is completely
unnecessary. Improper use of antibiotics contributes to antibiotic resistance. In order to keep up
with these drug-resistant bacteria, new antibiotics and hopefully new classes of antibiotics can be
introduced to prevent or delay a devastating post-antibiotic era.

Figure 1. Time periods between the commercial release of an antibiotic and the discovery of a
resistant strain.4
In pharmaceutical research, approximately one compound in 20,000 will become a drug.5
The proposed compound must not only affect its target, it must also be selective, have low
toxicity, good absorption, distribution, and excretion.5 Also, in order for the company
developing the drug to recover their investment and make a profit, ability to patent (intellectual
property) must be considered. It must also be reasonably obtainable through synthesis. Synthetic
considerations include yield, number of steps, and perhaps whether the chemistry is
environmentally friendly and has acceptable atom economy. And finally, the drug must be able

3
to be administered in a way that would promote patient compliance. On top of these obstacles,
one overwhelming challenge in developing antibiotics is how financially unappealing it is to do
so. Pharmaceutical companies are less enthused about investing in a drug that may be ineffective
months after introduction to market due to antibiotic resistance. Also, physicians are more likely
to hold back on prescribing new antibiotics so that resistance does not develop, and the new
antibiotic may be used as a “last line of defense.” Additionally, antibiotics are typically only
prescribed for a few days or weeks, meaning each patient in need of antibiotics is not prescribed
a great bulk. In contrast, a patient with a chronic illness is prescribed medication on a routine
basis for an extended period of time. Calculating an average cost to bring a drug to market is
complicated and estimates vary greatly. The source of the estimate is a large factor, as agendas
play a part in establishing what costs should be included in the total. For example, a party
looking to defend high medicine costs may include profit lost when money is invested in
research instead of invested with money managers.6 These values commonly reach into the
billions, for example DiMasi’s finding of $2.7 billion USD.7 Countering these estimates are
those encouraging lower prices, such as Prasad’s estimate of $648 million for cancer drugs.6
These lower estimates have received much criticism for isolating the costs of development to a
single drug that successfully made it to market, diminishing the cost of the risks pharmaceutical
companies take with many projects that ultimately fail and the costs generated outside of the
timeframe established in the analysis.8,9 The estimates length of time it takes to bring a drug to
market also varies by the source and the drugs they use in their sample, but estimates vary from
5.8-15.2 years6 to 15-20 years.10 In any case, drug development is costly in terms of both money
and time. Following patenting and FDA approval, the drug has a limited amount of time to earn

4
back the investment the pharmaceutical company put in before the patent expires and income
levels off with the manufacture of generics. From a pharmaceutical company’s perspective,
investing in research for the treatment of a chronic illness is wiser than investing in antibiotic
development.
Due to the hardships of antibiotic development, there was a decline in the number of new
antibiotics being introduced to the market over the course of several decades. However, a few
programs have been put in place to incentivize antibiotic research and development. One such
program is GAIN, or the Generating Antibiotic Incentives Now Act. It was passed in the United
States in 20121 and grants a five year extension to the patent of a qualifying novel antibacterial
agent. The FDA also prioritizes it for approval. Although several companies have taken
advantage of this program, it is still too early to know whether the act has been effective, as all of
the antibacterial agents that have come out since the passing of the act were already in
development at the time the act was passed. Another program is New Drugs for Bad Bugs, a
collaboration in the European Union (EU) between government, industry, and academic bodies
launched by the Innovative Medicines Initiative. Its first projects began in 2013. Like the GAIN
Act, it is too soon to know the effect the program has caused. However, there has been an
upswing in FDA approval of antibiotics, as shown in Figure 2. Nevertheless, in the future these
two programs are likely to positively impact the generation of new antibiotics.

5

Approved Antibiotics
16
14
10
8

8
4

2

1983-1987 1988-1992 1993-1997 1998-2002 2003-2007 2008-2012 2013-2017

Figure 2. The FDA approval of antibiotics 1983-2017. For many years there was a decline in the
generation of new antibiotics.11,12
Marketed antibiotics possess a multitude of mechanisms of action including targeting
protein synthesis, cell wall synthesis (β-lactams), nucleic acid synthesis, folic acid synthesis,
translation blocking (tetracyclines), or disruption of the cell membrane.1 A class of antibiotics
generally has a specific mechanism of action; however it is not unusual for a drug to have
multiple mechanisms. This is especially common amongst the older antibiotics. Current U.S.
Food and Drug Administration (FDA) requirements include an explained mechanism of action
for a new drug. Still, side mechanisms may be occurring and may be discovered later, as seen in
esomeprazole. Esomeprazole was marketed to prevent the further development of ulcers by
functioning as a proton pump inhibitor.13 However, it was later discovered that the organism
Helicobacter pylori also contributed to ulcer development, and that esomeprazole had
antibacterial activity against H. pylori.14
Antibiotics can commonly be broken down into two categories: bactericidal and
bacteriostatic. A bactericidal compound will kill its targeted organism, while a bacteriostatic

6
compound will prevent growth of new cells. Some compounds may be bactericidal and others
bacteriostatic. Of course, this is a simplified definition of the reality. Bacteriostatic agents often
kill over 90-99% of the inoculum within a 24 hour period, while bactericidal agents kill at least
99.9% (but usually less than 100%).15 In an in vitro experiment the classification may depend on
the growth conditions, test duration, bacterial density, dose applied, and the organism and which
specific strain was used in testing.15 Standardization of techniques used to determine the ability
of a compound to kill bacteria or inhibit growth is difficult, and results may vary greatly within a
lab, much less between labs and the patients the compounds ultimately treat. Contrary to the
common sense rationale, a bacteriostatic agent can be as helpful as a bactericidal agent.
Clinically, traditionally bacteriostatic compounds can become bactericidal in instances. For
example, clindamycin is effective in treating osteomyelitis because it becomes highly
concentrated in bone despite decreased blood supply.15 From another perspective, bacteriostatic
agents can be more beneficial than bactericidal agents due to lower toxicity caused by bacterial
lysis. Bacteriostatic compounds are more effective in treating infections of slow-growing
bacteria.15
Antibiotic resistance and antibiotic tolerance are slightly different qualities. Antibiotic
resistance is the ability of an organism to proliferate in the presence of an antibiotic, whereas
antibiotic tolerance is the ability of an organism to survive in the presence of an antibiotic.16
Tolerance is defined as the phenotypic characteristic in which the minimum bactericidal
concentration (MBC), or lowest concentration that totally prevents growth or kills ≥99.9% of the
inoculum) is ≥32 times the minimum inhibitory concentration (MIC), or the amount of
antibacterial that inhibits visible growth.15 Both resistance and tolerance create challenging
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obstacles to overcome. To overcome antibiotic resistance, one must introduce an antibiotic with
a mechanism of action for which the organism is unable to defend against. Despite the obvious
threat made by antibiotic resistant organisms’ ability to grow in the presence of an antibiotic,
tolerance can be an equal or greater threat. Tolerance can be due to dormancy. In essence, the
organism ceases all actions outside of maintaining a dormant state. This will often render a
drug’s target, such as an enzyme or channel, unnecessary, thus thwarting the antibiotic’s
mechanism of action.16 In 2016, approximately 8% of the new cases of tuberculosis were multidrug resistant.17 This is why new classes of antibiotics are needed quickly.
1.2 Isoprenoid Biosynthesis

Isoprenoids, or terpenoids, are a large class of compounds with over 60,000 individual
compounds identified.18,19 They serve a variety of essential functions, including protein
prenylation,20 electron transport (ubiquinones),20 peptidoglycan synthesis20,21 (dolichols), aerobic
respiration (menaquinones), and membrane stability (cholesterol). Other functions include roles
in protein degradation, apoptosis, regulation of transcription, and post-translational processes.18
The five-carbon isoprene building blocks of isoprenoids are synthesized as isopentenyl
pyrophosphate (IPP) and its isomer, dimethylallyl pyrophosphate (DMAPP). Isoprenoids are
crucial to all organisms, and all synthesize IPP and DMAPP except intracellular organisms.20
Biosynthesis of isoprenoids was first discovered with the discovery of the mevalonate
(MVA) pathway in yeast and mammals in the 1950s.20,22 The pathway is a six-step, linear
process, and was named after the product of the third step, mevalonate. The process starts with
acetyl-CoA, which is then acetylated by acetoacetyl-CoA thiolase to acetoacetyl-CoA. HMG-
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CoA (3-hydroxy-3-methylglutaryl-CoA) synthase then converts acetoacetyl-CoA to HMG-CoA.
The product is reduced by HGM-CoA reductase to mevalonate. Mevalonate is phosphorylated
twice sequentially by mevalonate-5-kinase and phosphomevalonate kinase to mevalonate
pyrophosphate. Mevalonate pyrophosphate is then decarboxylated to IPP by mevalonate
pyrophosphate decarboxylase. The most prominent discovery regarding the research of the
mevalonate pathway is the creation of statins, which function as HMG-CoA reductase
inhibitors.23
Originally, it was believed that the MVA pathway was the only method of IPP
biosynthesis. However, in the early 1990s,24 the methylerythritol phosphate pathway was found
through a labelling study. It is a seven-step process, also linear, and named for the product of the
second step, 2-C-methyl-D-erythritol-4-phosphate (MEP). Production of MEP is the first
committed step.18 Because the MEP pathway does not rely upon mevalonate, it is also often
called the non-mevalonate pathway.20 It is also known as the 1-deoxy-D-xylulose-5-phosphate
(DOXP) pathway. The pathway starts with condensation of pyruvate and glyceraldehyde-3phosphate to 1-deoxy-d-xylulose-5-phosphate, which then undergoes isomerization and reduced
nicotinamide adenine dinucleotide phosphate (NADPH) reduction to 2-C-methyl-D-erythritol-4phosphate (MEP).18 MEP and cytidine triphosphate are then coupled to form 4diphosphocytidyl-2-C-methyl-D-erythritol (CDP-ME), which undergoes phosphorylation to
produce 4-diphosphocytidy-2-C-methyl-D-erythritol-2-phosphate (CDP-MEP). CDP-MEP is
cyclized, producing 2-C-methyl-D-erythritol-2,4-cyclodiphosphate (ME-CDP). Elimination next
produces 1-hydroxy-2-mthyl-2-E-butenyl-4-diphosphate (HMBDP).25 HMBDP is then reduced

9
to isopentenyl pyrophosphate (IPP). The pathway uses seven enzymes for this process. Both
pathways are shown in Figure 3.

Figure 3. The mevalonate pathway and the methylerythritol phosphate pathway. Both are linear
pathways for synthesizing the building blocks of isoprenoids. The enzymes in each pathway are
mutually exclusive.
The MEP pathway is present in most eubacteria, all Gram-negative bacteria,
mycobacteria, apicomplexans, and plants in the plastid organelle.20 Meanwhile, archaebacteria,
most eukaryotes, and plants use the MVA pathway.20 Higher plants are the only organisms that
utilize both pathways, although the use is divided. Certain isoprenoids are synthesized in the
cytosol through the mevalonate pathway, while other isoprenoids are synthesized through the
MEP pathway in the plastids.18,26
The two pathways do not share any enzymes20, therefore inhibiting an enzyme in the
MEP pathway will eliminate isoprenoid synthesis in organisms containing that pathway while
leaving organisms containing the MVA pathway unaffected. Because of the importance of
isoprenoids in cell walls, inhibition of the MEP pathway would result in spheroplast formation
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and thus cell death.20 Deprivation of the isoprenoid building blocks would surely result in other
mechanisms of cell death. Isoprenoid biosynthesis has previously been targeted: statin drugs
aimed at lowering cholesterol do so by inhibiting HMG-CoA reductase, an enzyme in the
mevalonate pathway.20 Effective targeting of the MEP pathway could be a substantial
accomplishment in antibacterial development. There are many pathogenic organisms reliant
solely on the MEP pathway, such as the malarial parasite, Plasmodium falciparum, and the
organism primarily responsible for tuberculosis, Mycobacterium tuberculosis.24,27 The World
Health Organization approximates there were 6.3 million new human Mycobacterium
tuberculosis infections in 2016, and 1.7 million deaths.17 Tuberculosis is the foremost cause of
death from a single agent.17 As mentioned previously, higher plants use both pathways and thus
the inhibition of the MEP pathway has also been suggested as a mechanism for an herbicide.
This concept is supported by findings that a misense mutation of the IspE gene in rice resulted in
plants with severely stunted growth.26 Additionally, organelles such as the chloroplasts and
mitochondria were malformed or lacked vital components at points in the plants’ growth. The
insertion of the wild-type gene resulted in the rescue of the organism. A double missense mutant
for IspE and IspF compounded the effect, leading to fatal etiolation, a condition of weak,
elongated, nearly white plant tissue that acts as a stage of development in plants prior to
exposure to light.26 This demonstrated that while both pathways are present in plants, the
mevalonate pathway in the cytosol was not able to correct for mutations affecting the function of
IspE and IspF in the MEP pathway in the plastids. There was an observed up-regulation in the
genes of two enzymes in the MVA pathway, and a down-regulation in the genes of the other four
enzymes relative to the wild type (WT).26
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Currently, there are no FDA approved drugs targeting MEP pathway enzymes. One
prominent inhibitor however, is sodium hydrogen 3-(N-hydroxyfomamido)propylphosphonate,
commonly known as fosmidomycin.27 Fosmidomycin is a natural product of Streptomyces
lavendulae18 and inhibits DOXP reductoisomerase, also known as DXR or IspC, the second step
in the MEP pathway. In the mid-1980s, fosmidomycin underwent phase I and phase II clinical
trials to treat urinary tract infections. Its mechanism of action through inhibition of isoprenoid
biosynthesis was not understood until 1989, prior still to the MEP pathway’s discovery. It was
not until 1998 that it was found to inhibit IspC specifically.21 Fosmidomycin is known to be an
effective inhibitor, inhibiting IspC from A. thaliana, E. coli, and P. falciparum at nanomolar
values.21 The IC50 values of fosmidomycin against IspC from many organisms are given in
Table 1.
Fosmidomycin is not effective against mycobacteria in a whole cell assay even though it
was found to have an IC50 of 310 nM against M. tuberculosis IspC.21 It was found that
fosmidomycin was not able to access the target enzyme, IspC, because it could not enter the
cell.27 In other organisms, poor absorption prevents fosmidomycin from being an effective single
agent despite its potency in vitro.28 Although fosmidomycin began clinical trials in the 1980s, it

Fosmidomycin (1)
Table 1. The IC50 values of fosmidomycin against IspC from the given organism.
Organism21
IC50, nM
M. tuberculosis
310
A. thaliana
280
(Continued on the next page)
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Fosmidomycin (1)
Table 1. (Continued)
Organism
IC50, nM
Barley
700
P. aeruginosa
150
Z. mobilis
600
P. falciparum
28
E. coli
215-21a
a
This value depends on the reaction velocity used in calculations.

is still under development. This is a combination of its unfavorable pharmacokinetics and
unfortunately high recrudescence when taken alone. New attempts are being made to form a
combination therapy drug.29
The choice of inhibitor target is an important one. Many systems in the cell may contain
enzymes that could be selectively inhibited. However, many of these processes have backup
pathways. As far as current research shows, the MVA pathway and the MEP pathway are the
only two pathways for synthesizing the building blocks for isoprenoids. Higher plants aside,
most organisms only have one pathway or the other, making the enzymes in the MEP pathway
attractive targets.
1.3 Enzymes in the Methylerythritol Phosphate Pathway

Inhibition of the MEP pathway is a desirable goal to form a new class of antimicrobial
agents. The next step is to select the enzyme to target. The choice of target can decide the
ultimate success of a drug inhibition project. An estimated 60% of drug discovery projects fail
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because the target chosen was not “druggable.” A druggable target has pockets with certain
characteristics that make it more compatible with typical drug-like compounds. Druggability of a
pocket is typically defined by the size, location, and amino acid makeup of the pocket. Pockets
considered to be druggable have a greater volume, depth, and are more hydrophobic than
undruggable pockets.30 They are also less exposed to solvent.
The phosphorylation of the MEP pathway intermediates makes them polar, and therefore
drug design is challenging, as the active sites of the enzymes are polar as well.18 Masini et al.
used the automatic algorithm DoGSiteScorer to evaluate the druggability of substrate- and
cofactor-binding pockets of enzymes in the MEP pathway and found the apolar amino acid ratio
is below average, supporting the polarity of the pockets.18 The pockets are nevertheless
druggable. DoGSiteScorer correctly identified the druggability of a pocket in 90% of a library of
1069 drug targets,31 making it a fairly reliable in silico method of screening in absence of labor
intensive experimental methods. A description of the enzymes in the MEP pathway based on this
and other information follows, supporting the choice to target IspF specifically.
1-Deoxy-D-xylulose-5-phosphate synthase (DXS) is the first enzyme in the MEP
pathway and catalyzes the condensation of pyruvate and glyceraldehyde-3-phosphate and also
produces carbon dioxide as a side product.24 The coenzyme thiamine diphosphate (TDP) and
cofactor Mg2+ are needed in order for catalysis to occur.30 It is a homodimer with three
domains,30 and the active site exists at the interface of the monomers, although within a cleft
inside each monomer.30 There are four additional pockets that could be investigated as targets for
allosteric inhibition. Allosteric inhibition is a useful strategy when the active site is too similar to
related enzymes and selectivity proves difficult to manage, or the active site has some other
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complicating character. Unfortunately these pockets are more solvent-exposed,30 an undesirable
quality in a pocket. However, three of the four have a greater number of hydrophobic
interactions than the active site, and all have a greater apolar amino acid ratio.30 DXS is
considered one of the greatest controls of flux, and the product, 1-deoxy-D-xylulose-5-phosphate,
is also used in the synthesis of vitamins B1 and B6.18,30 An analysis of DXS from different
organisms shows high sequence similarity from 40 to 50% for D. radiodurans, E. coli, and
Mycobacterium tuberculosis.24 This first enzyme has a potential regulation mechanism in that the
binding of IPP or DMAPP to the coenzyme binding pocket causes inhibition, although this has
only been observed in Populus trichocarpa (Black cottonwood) thus far.18 The attractiveness of
DXS as a target for inhibition is mixed because while it has druggable pockets and an important
role in the MEP pathway, compound design is complicated by the need to be selective against
human enzymes dependent upon the coenzyme TDP. Still, there are currently multiple DXS
inhibitors in the literature with micromolar inhibitory activity against multiple organisms,
including the pathogenic M. tuberculosis. These successes have partially come from derivatives
of the natural substrate and coenzyme. Butylacetylphosphonate (2) is reported to compete with
pyruvate and be selective against other enzymes that utilize TDP.32
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Figure 4. E. coli DXS. The active site is deep and not exposed to the solvent. This pocket has a
volume of 830 Å3 (via DoGSiteScorer), near the druggable average of 900 Å3.30 Pictured inside
the active site is the coenzyme, thiamine diphosphate. PDB Code 2O1S. Image generated using
PyMOL.33

2
Butylacetylphosphonate
M. tuberculosis DXS Ki = 4.0
μM24
E. coli DXS Ki = 5.6 μM30

3
Ketoclomazone
Haemphilus influenza DXS
Ki = 23.3 μM24

4
Thiamin derivative
M. tuberculosis DXS IC50 =
0.74 μM24

IspC is the most examined enzyme in the pathway, likely because it is the only enzyme in
the MEP pathway with an inhibitor that has made it to clinical trials. IspC, also known as 1deoxy-D-xylulose-5-phosphate reductoisomerase or DXR, is a homodimer. It catalyzes the
isomerization and reduction of the substrate, 1-deoxy-D-xylulose-5-phosphate (DOXP), to MEP
using NADPH.30 In order for the reaction to occur, a divalent cation must be present.30 Although
many crystal structures have been reported, design of potential inhibitors is difficult because
IspC undergoes a great conformational change when the substrate binds. A flexible loop shifts
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and blocks the active site from the solvent.30 Flexibility can make drug design extremely
complicated. But for the most part, the active site (as observed in P. falciparum IspC, PDB code
3AU9) has exceptional qualities. It is 145% deeper, 165% larger, and 40% better separated from
the solvent than the average druggable pocket.30,31 The greatest challenge is the hydrophilicity of
the pocket. As is common between enzymes in this pathway, the active site is more polar than
the average enzyme’s. Another pocket has also been identified, although it is smaller and less
hydrophobic than the active site.30 Most reported IspC inhibitors are analogues of fosmidomycin
and thus the substrate.30 But while hydroxamates such as fosmidomycin are generally excellent
chelators of divalent cations, they are prone to be hydrolyzed or metabolized through
glucoronidation or sulfation.18 Mycobacteria are generally not sensitive to fosmidomycin
analogues, and it was found that while fosmidomycin itself is potent against MtIspC,
fosmidomycin is not bactericidal. This is because it is not able to enter the cell, as it is too polar
and mycobacteria lack the transporter through which fosmidomycin enters the cell in many other
organisms.27 Several groups have gone so far as to synthesize prodrugs to circumvent this issue,
but they have not been tested.34,35

1
(IC50 values given
in Table 1)

5
PfIspC IC50 = 3 nM

36

6
PfIspC Ki = 1.9 nM37

7
MtIspC IC50 = 150 nM38

4-Diphosphocytidyl-2-C-methyl-D-erythritol synthase (IspD) is a homodimer responsible
for catalyzing the addition of cytidine diphosphate (CDP) from cytidine triphosphate (CTP) to
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MEP, synthesizing 4-diphosphocytidyl-2-C-methyl-D-erythritol (CDP-ME).18 The mechanism
requires coordination with a Mg2+ ion. Many organisms, such as M. smegmatis, M. tuberculosis
and E. coli, have strong sequence homology in the active site, which is positioned at the dimer
interface.18 As stated earlier, MEP pathway enzymes have a trend of having polar active sites.
Among these, IspD’s active site is the most polar of all due to the amino acids present,18 and is
easily accessible to the solvent. Furthermore, comparisons of the apoenzyme with the
holoenzyme bound to either the substrate or the product display the overall flexibility of the
protein.30 Naturally, this complicates the design of inhibitors. However, several compounds with
nanomolar IC50 values against AtIspD have been reported. These inhibitors do not target the
active site, but instead function allosterically.18 This allosteric pocket being targeted is small
enough it approaches the “undruggable” size, however it is believed that it is due to the
flexibility of the enzyme that the pocket is able to accommodate ligands.

8 X = N, AtIspD IC50 = 140 nM 39
9 X = C-CN, AtIspD IC50 = 35 nM 39
Another series of inhibitors was discovered via high throughput screening to be active
against AtIspD in the same allosteric pocket.18 Addition of divalent cations such as Cd2+, Zn2+,
and Cu2+ resulted in a dramatic increase in the potency of inhibitors. This second pocket’s
proximity to the active site results in a conformation change upon the binding of the allosteric
inhibitor, resulting in the prevention of the substrate’s binding. Deletion of the genes encoding
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MtIspD stopped bacterial growth,18 illustrating the importance of the MEP pathway and the
function of IspD within it.
4-Diphosphocytidyl-2-C-methyl-D-erythritol kinase (IspE) utilizes adenosine 5’triphosphate (ATP) to phosphorylate CDP-ME, producing 4-diphosphocytidyl-2-C-methyl-Derythritol-2-phosphate (CDP-MEP). It has been found to be a homodimer with two active sites,
one each at the openings of a tunnel, which are the interfaces of the C- and N-terminals.31,40 Each
active site contains three binding pockets to facilitate catalysis. One pocket accommodates
adenine, one methylerythritol and phosphonate, and the final cytidine. As usual for MEP
pathway enzymes, low lipophilic character in the pockets of the active site sets up IspE as a
challenging inhibitor target. This is compounded by high solvent exposure.18,30 While crystals of
IspE exist, it is difficult to generate crystals of IspE from organisms such as Plasmodium
falciparum. Crystals for Mycobacterium tuberculosis have now been deposited. IspE was shown
to be crucial to the growth of M. smegmatis.18 Unfortunately, selectivity is complicated by the
sequence and structural similarities IspE bears to a family of enzymes to which it belongs that
also use ATP, the galactose/homoserine/mevalonate/phosphomevalonate kinase superfamily.18
However, selectivity is possible and has been demonstrated.41,42 One possible strategy to
designing compounds is to design with the intention to favor interactions away from the ATP
binding pocket. Diederich et al. used the molecular modelling program MOLOC to assist in the
design of inhibitors and found there to be a small hydrophobic pocket adjacent to the cytidine
binding pocket. Analysis of IspE homologs revealed that this pocket is well conserved.40 Their
strategy then was to focus on this pocket and the nearby cytidine pocket, leaving the adenine and
methyl erythritol-phosphonate pockets empty. This plan produced compound 10, among other
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derivatives, with low micromolar IC50 values against E. coli IspE.40,43 The cytosine was included
in the design to maintain the three hydrogen bonds the natural substrate CDP-ME makes with a
histidine residue (His26) in the active site. The propargyl sulfonamide linker has two functions.
First, the sulfonamide adds an additional two H-bonds with an aspartic acid residue (Asp141)
and a lysine residue (Lys10).40 Secondly, it lends direction to the cyclopropyl group to interact
with the small hydrophobic pocket. An investigation into the size of the moiety in the
hydrophobic pocket discovered trifluoromethyl and 2,2,2-trifluoroethyl to have IC50 values
comparable to compound 10. Modelling with MOLOC led to an understanding that methyl is too
small to properly fill the pocket and while propyl is small enough to fit into the hydrophobic
pocket, it can only do so by adopting an unfavorable conformation.40 The phenyl moiety was too
large for the hydrophobic pocket. The tetrahydrothiophenyl moiety was used as a substitute for
the ribose.

10 X = S EcIspE Ki = 0.29 ± 0.1 μM, IC50 = 1.7 ± 0.2 μM 40-44
11 X = O EcIspE IC50 = 2.0 μM 44
A second wave of inhibitors were designed to address several questions and make
possible improvements. First, Diederich et al. attempted substitution of the cyclopropyl ring to
enhance filling of the small hydrophobic pocket. The optimal packing coefficient of an apolar
cavity is 55 ± 9%, leading to what is called the ‘55% rule’ as stated by Mecozzi and Rebek.45
This is because if the guest is too small (<46% occupancy), the van der Waals interactions will
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not be great enough to significantly contribute to affinity. If the guest is too large, entropic loss
will likely outweigh the enthalpic gain. Modelling was used to determine that the free space of
the cavity to be 100 Å3. Cyclopropyl was found to have a nearly optimal packing coefficient at
56%. The inhibition constants (Ki) and IC50 values of the other attempted sulfonamide
substituents correlated to their packing coefficients.43 Second, methylation or removal of the
sulfonamide functional group resulted in a steep decrease in potency, demonstrating the
importance of the interactions the group provides, theoretically through a hydrogen bond to the
side chain of an aspartic acid residue.43 Finally, substitution of the tetrahydrothiophenyl group
failed to produce a more potent inhibitor. The sulfur of this group may be establishing a sulfuraromatic interaction46 with the side chain of a tyrosine residue and is therefore already quite
favorable. There is also a flexible loop in the active site that becomes fixed by a network of
hydrogen bonds through the present water molecules when the substrate is bound. Unfortunately,
attempts to improve binding through the modification of the cyclopropyl moiety were
unsuccessful because these water molecules were being displaced and no substituent attempted
was able to be more favorable.47
2-C-Methyl-D-erythritol-2,4-cyclodiphosphate synthase (IspF) is a bell-shaped
homotrimer with three active sites at the interfaces of the monomers.18,24 Intramolecular
cyclization of the substrate, 4-diphosphocytidyl-2-C-methyl-D-erythritol-2-phosphate, occurs
through nucleophilic attack by the 2-phosphate on the 4-phosphate. This results in the cleavage
of cytidine monophosphate, producing 2-C-methyl-D-erythritol-2,4-cyclodiphosphate.18 The
stoichiometry of a ligand to the protein varies by compound, with a ligand to holoenzyme ratio
typically at three to one or one to one.48 A one to one ratio may indicate the ligand is an allosteric
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modulator. Fortunately, attempts to crystalize IspF have proved more successful than some other
enzymes in the MEP pathway with nearly 60 crystal structures deposited in the RCSB Protein
Data Bank, including nineteen from the organism of interest, Burkholderia pseudomallei. Ligand
to protein stoichiometry can vary by compound, with some compounds only being observed in
one active site in the homotrimer.49 BpIspF crystal structures show conformational differences
between the monomers, leading to possible differences in ligand affinities amongst the three.49 It
is vital to the conversion of the substrate that two divalent cations be present in the active site.24
However, one of these ions, commonly zinc, is always present in the enzyme unless it has been
stripped away.50 The source of the other cation may vary, but may be introduced by a ligand.
These cations are typically Zn2+ and Mg2+ or Mn2+,24,30,51 although it varies by organism. There
are four regions in the active site: Pocket I is the ribose pocket (Asp48), Pocket II is the
lipophilic flexible loop (Ile59, Phe63, Ser64, Phe70, Lys71, Gly72, Ala73, Ser75), Pocket III is
the cytidine-binding pocket (Ala102’, Gln103’, Ala104’, Pro105’, Lys106’, Leu107’, Ala108’,
Ala133’, Lys134’), and finally the fourth region is the Zinc region. The Zn2+ is held in place by
an aspartic acid residue and two histidine residues (Asp10, His12, His44). Residues given are for
Burkholderia pseudomallei IspF based on PDB numbering.49 As previously stated, two cations
are necessary for catalysis. In the reaction, the Zn2+ has a tetrahedral coordination while the
nearby Mn2+ or Mg2+ has octahedral coordination. These metals are necessary to catalyze the
nucleophilic attack of the CDP-MEP terminal phosphate group on the β-phosphorus of the
diphosphate group through Lewis acid activity. The metals stabilize the transition state before the
formation of the cyclic product, ME-CDP, as shown in Scheme 1.
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The active site is considered one of the more druggable of the enzymes in the MEP
pathway, due to its depth and potential hydrophobic interactions. Although the apolar amino acid
ratio is lower than the average druggable active site, it is still the highest in the MEP pathway.30
Ability to design inhibitors is aided by the fact that most of the active site is not altered through
Scheme 1. The mechanism of IspF requires the presence and positioning of two divalent cations.
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substrate binding. The exception is the lipophilic flexible loop (60s-70s loop) that only becomes
organized once the product is bound, based on crystal structure observations. There is also a
channel at the center of the homotrimer (Figure 5). It is more voluminous than the active site. It
is also more lipophilic and solvent-exclusive.30 This pocket is therefore considered to be
druggable and could possibly be used for allosteric inhibition. It has been shown through mass
spectrometry and crystallographic studies to bind geranyl diphosphate (GDP) and farnesyl
diphosphate (FDP). These are downstream isoprenoids and have been hypothesized to act as
feedback mechanisms. Studies on the inhibitory effect of GDP and FDP have shown that neither
inhibit E. coli IspF singularly. In fact, GDP was shown to enhance IspF activity.51 However, FDP
was shown to inhibit EcIspF when the enzyme is complexed with MEP.18,51 MEP has an
interesting effect on IspF: MEP enhances cytidine monophosphate (CMP) formation two-fold in
EcIspF and sustains activity of IspF for over 24 hours.51 It also increases substrate affinity 3.6
times over. Complexing with MEP also makes IspF less susceptible to the inhibitory potency of
CDP ten-fold.51 Methylerythritol has nearly the same effect, despite lacking the phosphate
moiety. However, erythritol phosphate does not illicit the same results as it barely enhances IspF
catalysis and does not sustain activity over time. These findings demonstrate the existence of
activity cliffs. Small changes to a structure can cause drastic changes to the potency.
There are few compounds known to effectively bind to or inhibit IspF. CDP-MEP
derivatives have not proven to be successful inhibitors.18 Compound 13 was found to bind, but
lacked antibacterial activity against Burkholderia thailandensis and Plasmodium falciparum.
Compound 14 was discovered to have single digit micromolar antibacterial activity against
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A

B

Figure 5. The central channel of IspF. (A) The possible allosteric binding pocket is found at the
interface of the three monomers, shown in yellow mesh. (B) The bound ligand is compound 12,
L-tryptophan hydroxamic acid. PDB Code: 5L03. Generated using DoGSiteScorer.52

PfIspF and MtIspF and will be discussed later. There are select bacteria in which there is instead
a fused IspDF enzyme that serves the function of both enzymes.19 This research focuses on
Burkholderia pseudomallei and other organisms that have separate IspD and IspF enzymes.
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13
BpIspF KD = 70 μM
Lacks antibacterial effect against
Burkholderia thailandensis or Plasmodium
falciparum

14
PfIspF IC50 = 9.6 ± 1.5 μM 53
MtIspF IC50 = 6.1 ± 0.8 μM 53

2-C-Methyl-D-erythritol-2,4-cyclodiphosphate reductase (IspG) and 1-hydroxy-2-methyl2-(E)-butenyl-4-diphosphate reductase (IspH) are less explored than other enzymes in the
pathway, and only a dozen IspG and two dozen IspH crystal structures have been deposited in
the Protein Data Bank. Most of these structures come from a handful of publications. Both
proteins include clusters of iron atoms coordinated to cysteine residues and electron
paramagnetic resonance indicate bioorganometallic intermediates. Because IspG and IspH share
this Fe-S cluster, efforts have been put forth to target this group for inhibition of both proteins.
Unfortunately, while inhibiting multiple enzymes in the pathway is desirable, the Fe-S cluster is
present in many other enzymes outside the pathway and selectivity could become challenging.
IspG is a homodimer arranged with the monomers head-to-tail, with reduction
dehydroxylation of ME-CDP to HMBDP54,55 occurring in the active site at the interface of the Cterminal domain of one monomer with the N-terminal of the other monomer.55 Reduction is
carried out through the Fe-S cluster. The C-terminal domain rotates 64° to close the active site.55
Catalysis occurs in this “closed” conformation, while substrate entry and product release can
only proceed in the open conformation. The closing of the active site is not dependent upon
binding of the substrate, instead shifting between the conformations freely.55 There are two
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additional, more lipophilic pockets not involved in catalysis.18 The active site is larger and
deeper than the lipophilic pockets, but the lipophilicity in one of the additional pockets makes it
an interesting target. Neither of the additional pockets have been utilized thus far but could prove
to be desirable sites for allosteric inhibition. There are few known inhibitors, the most potent
(15) having an IC50 of 580 nM against EcIspG. As previously mentioned, this inhibitor targets
the Fe-S cluster. It is theorized to be effective through steric displacement of one of the iron
atoms.55 Unlike IspF, substrate-like inhibitors have proven the most effective inhibitors
developed thus far. Binding of the substrate primarily occurs through interactions made through
the diphosphate group,55 therefore it follows that potential inhibitors also include a diphosphate
group or mimic.

16
17
Diphosphate
15
55
Propargyl
diphosphate
EcIspG IC50 = 20.8 μM
3-Butynyl-1-diphosphate
55 EcIspG IC = 750 nM18
AtIspG IC50 = 20.4 μM
50
EcIspG IC50 = 580 nM55
IspH is monomeric and dehydroxylates HMBDP to IPP and DMAPP. As previously
stated, there is an Fe-S cluster in the active site.30 This site is in the center of the enzyme, and
becomes completely blocked from the bulk solvent during catalysis. The active site is considered
to be very druggable due to its enclosure, depth, and lipophilic surface fraction.30 It has pockets
next to the active site which can be utilized by an inhibitor larger than the substrate. Substitution
at the terminal hydroxyl group has proven effective, as this prevents the substrate from binding
to the fourth iron in the Fe-S cluster.18 Also, compounds 15 and 17 have shown activity against
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both IspG and IspH, a goal described earlier. Compound 15 is promising as it inhibits both IspG
and IspH and is the most potent known inhibitor of both.

18
AaIspH IC50 = 9.1 μM56

19
AaIspH IC50 = 480 nM57

15
AaIspH IC50 = 450 nM56

20
AaIspH IC50 = 390 μM57

17
AaIspH IC50 = 6.7 μM56

To sum, this research focuses on IspF, regarded as one of the most promising targets in
the MEP pathway, amongst DXS and IspC, all which have druggable active sites and are
essential to the pathway and the production of isoprenoids. IspD is less alluring because its active
site is highly polar, flexible, and at the interface of the dimer, making it less accessable.24 IspE is
similar to other ATP-binding enzymes, making selectivity challenging and its active site is not
well conserved amongst organisms.30 Targeting of IspG and IspH also encounters this selectivity
problem due to the not uncommon Iron-Cysteine cluster. This cluster is also problematic when
screening against it.24 IspF is an excellent target because it has flux control, an accessible active
site and high homology in the active site across organisms48 which make it a superior candidate
as a broad spectrum inhibitor.
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Targeting IspF also comes with obstacles. The substrate, CDP-MEP, is unstable as well
as challenging to obtain. The reaction is also challenging to observe directly, as CDP-MEP is
unstable and the product (ME-CDP) lacks a chromophore. Without a chromophore, UV
(ultraviolet) analysis cannot be used for quantification.51 Additionally, many common
components of buffers contribute to the degradation of CDP-MEP to CDP: Tricine, TEA, MOPS,
Tris, HEPES, BSA, and MgCl2.51 However, while it is challenging to analyze binding and
inhibition of IspF, the reward of a successful inhibitor is worth the effort because of its druggable
pocket and high control of flux.
1.4 Burkholderia pseudomallei
Burkholderia pseudomallei is an organism known to cause Whitmore’s disease, also
known as melioidosis.58 It is concentrated in southeast Asia, but is also common in northern
Australia and has been found in other tropical regions in India, South America, and the
Caribbean.58,59 An analysis on the environment in which it thrives found in addition to these
locations, B. pseudomallei has the capacity to flourish in western Africa and Central America up
into portions of the United States.60 Melioidosis has the potential to be fatal, and is the third
greatest threat by infectious disease to the people of Northeastern Thailand.59 There, it causes
more than 1,000 deaths58 annually; it is surpassed only by HIV and tuberculosis. Transmission
can occur via ingestion, skin inoculation, and even inhalation. The most common acquisition of
infection is through skin inoculation, especially for farmers.60 To date there are no approved
human vaccines, and no vaccines have progressed to human trials. Vaccines tested in mice have
failed to provide long-term immunization.59
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Treatment once infected is tedious: patients must submit to taking a cephalosporin called
ceftazidime by injection or intravenously for as long as twenty weeks. Another treatment is a
penicillin called meropenem. Meropenem acts by targeting pencillin-binding proteins 2 and 3,
thus preventing peptidoglycan peptide crosslinking.16 Organisms of genus Burkholderia have an
extraordinary high tolerance to a variety of antibiotics and Burkholderia pseudomallei is resistant
to multiple antibiotics.59 Some strains are resistant to ceftazidime.16

Ceftazidime (21)

Meropenem (22)
Whitmore’s disease is often chronic and instances of relapse have occurred.59
Burkholderia pseudomallei often lays dormant, surviving intracellularly, but frequently becomes
active when it is comorbid with another disease. Because it shares many symptoms with other
diseases and manifests in a wide variety of ways,60 it is often misdiagnosed.58 It is regularly
confused with tuberculosis due to the occurrence of multinucleated cells and granulomas that
Mycobacterium tuberculosis and Burkholderia pseudomallei commonly cause.
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Limmathurotsakul et al estimate an incidence of 165,000 cases of melioidosis each year, with
underreporting in 45 countries and no reporting in 34 countries in which melioidosis occurs.60
Due to the limitations of standard bacterial identification methods, many cases are believed to go
unidentified or misidentified. Individuals with diabetes are at a higher risk of fatality of 40%.58
Other risks include other kidney-related maladies.60
Outside of tropical regions, Burkholderia pseudomallei is of concern due to its potential
to be weaponized.58 In addition to skin inoculation, transmission can occur through consumption
of contaminated water and inhalation. Moreover, Burkholderia pseudomallei has a low infective
dose.58 Because of these characteristics, the organism has been classified as a category B select
agent by the US Centers for Disease Control and Prevention and a Tier 1 select agent by the
National Select Agent Registry.58 As naturally occurring infection is more likely to transpire due
to skin inoculation and weaponized infection would more likely be caused by inhalation, the
vaccines being produced may not be suitable for all situations. Vaccines in development focus on
infection via skin inoculation.58
1.5 Design of Compounds

To start any medicinal chemistry project once a target has been chosen, there must be
guidelines to follow and an idea of where to start. As medicinal chemistry has progressed, there
are several strategies, tips, tricks, and sets of ‘rules’ that have developed over time. These
methods give projects a jumpstart and guide research away from likely fruitless efforts to
maximize productivity as much as possible. The following paragraphs compose a list of rules
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and methods that have instructed this research or could improve future projects based on the
work given here.
In 1996, Lipinski and company started a study with a database of 50,427 compounds
from the World Drug Index, created by the Derwent Company. This database was then parsed
down to 2,245 compounds by searching for United States Adopted Names (USAN), International
Non-proprietary Names (INN), and removing compounds with names including ‘poly’,
‘peptide’, ‘quat’, or containing a O = P – O group.61 This reduced library represented
compounds that had most likely made it to Phase II in clinical trials, as drug companies usually
apply for United States Adopted Names when entering Phase II. The library was termed USAN
and was then used to find patterns of somewhat consistent characteristics for compounds that had
successfully passed Phase I. Lipinski coined the ‘Rule of 5’ to describe the trends that were
discovered. These characteristics were seen to have a relationship with the solubility and
permeation of the compound.61 Naturally, poor solubility and permeation are expected to lead to
poor absorption, so scoring poorly in these categories should be avoided whenever possible. The
first finding was that 11% of the USAN library had a molecular weight above 500 Daltons (In
contrast, for the whole of the World Drug Index this number was 22%). Lipophilicity was
described using a calculated partition coefficient between octanol and water (CLogP).
Approximately 90% of the USAN library had a CLogP below 5. While a lower limit exists, it
was ignored due to possible errors in the CLogP calculation and the low occurrence of overly
hydrophilic compounds making it to Phase II. Next, the number of hydrogen-bond donors fell at
or below 5 (NHs and OHs) for all but 8% of the library. Greater permeability correlates to a
lower hydrogen-bond donor number. Hydrogen-bond acceptors also decrease a compound’s
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ability to cross the lipid bilayer. Only 12% of compounds in the library had more than 10
acceptors (Ns and Os), although adding the nitrogens and oxygens is not as reliable for
determining acceptor ability as adding NHs and OHs to determine donor ability.61 This
difference comes from the wider variety of acceptor types versus donor types. To sum, the ‘Rule
of 5’ is a statement of a trend that drug candidates should have a molecular weight below 500
Da, a CLogP less than 5, no more than 5 H-bond donors, and no more than 10 H-bond acceptors.
That is, these conditions must be met to achieve a higher expected permeation and absorption.
However, Lipinski found that some classes of orally-prescribed drugs fell outside the ‘Rule of 5’
parameters, including antibiotics. A compound that violates part of the ‘Rule of 5’ is not
necessarily inviable, but the rule serves as a helpful guide in compound design.
Once a target for inhibition has been selected, there are a few different methods to
beginning compound design while keeping Lipinski’s ‘Rule of 5’ in mind. High throughput
screening is a common starting point. High throughput screening (HTS) began in the late 1980s
and was supported by the advent of automated synthesis.61 Generally, thousands to millions of
compounds are screened against the target at a single concentration.5 The screening method
varies greatly and is highly dependent on the specific target being used. In the screening, the
compounds on average have a molecular weight of 400 Daltons and the hit rate is expected to be
very low. However, when a hit is found, it may sometimes have an IC50 between 30 micromolar
and single digit nanomolar against the target. A second, similar method is screening a fragment
library. Fragment libraries are smaller, composed of hundreds to a few thousand compounds. The
compounds are smaller, averaging between 150 and 300 Daltons. The hit rate is low and the
potency of the hits is usually much lower than a hit from a high throughput screening, typically
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ranging from a high micromolar to low millimolar IC50 value. There are tradeoffs between the
two methods. The larger size of high throughput compounds usually indicate there will be more
functional groups to interact with the target, boosting potency, but this only works if it is the
right fit for the target. This is the reason behind the very low hit rate and higher potency. As
previously mentioned, small changes in structure can lead to large differences in potency.
Therefore, fragments, lacking a complex structure, lack potential for many interactions. But
because they are small, they are able to fit into more pockets. This leads to a higher hit ratio,
albeit of lower potency. Researchers have found that the likelihood of finding a hit becomes
smaller exponentially as complexity of the compounds increases.62 A perk of doing a fragment
screening is having a larger window of mass to work with while staying within Lipinski’s rule of
500 Da during compound modification. The two methods do not have to be completely separate,
however. It is potentially advantageous to modify a smaller HTS hit with addition of a fragment
hit.
Another avenue commonly pursued is the investigation of natural products. Natural
products have been invaluable in medicinal chemistry research. Of the top 200 bestselling drugs
of 2012, eleven were natural products, twenty-nine were derived from natural products, and
forty-five mimicked the natural substrate of the target.63 However, there are pitfalls in using
natural products as a starting point in antimicrobial discovery. The first two problems lie in the
discovery of an active compound: cumulative activity and rediscovery. The initial steps in
natural product discovery are fairly standard. Generally, the first step is to process whatever
natural source is being used, such as a mold or algae, for the next step, extraction. For example,
the source may be freeze-dried and pulverized. Then, the sample is subjected to one or more
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methods of extraction to bring potentially active compounds into solution. The different
extraction fractions are then assayed against any organisms or enzymes of interest. These are, of
course, mixtures of many compounds. If the fraction shows antimicrobial activity, separation of
the fraction is then performed until the compound responsible for the activity is isolated. The
first flaw is discovered here: often that activity is the culmination of many compounds that are
each very weakly active against the organism or enzyme of interest. Second, if it is a singular
strong compound, after time and resources have been poured into isolating the compound and
elucidating the structure, it may be an already identified compound. Next, if it is a singular
potent compound previously unidentified, two common challenges may still remain. Nature is
able to produce incredibly complex structures, which may be challenging to synthesize due to
low yields and the difficulty in efficiently producing enantiomerically pure compound. Which
leads to the final problem, scarcity. If the compound cannot be synthesized with reasonable
yields and purity, and there is not enough of it in nature to simply extract it from the source, then
the compound cannot realistically be used. However, a derivative may be able to be designed to
have a more attainable structure while maintaining activity and potency, or even increasing
potency. One example of the issue of scarcity and synthesis is paclitaxel, also known as Taxol.
Paclitaxel is a natural product discovered in the bark of the Pacific yew tree in the 1960s and has
a long, complicated history, but has ultimately been utilized in the treatment of several varieties
of cancer.64 To be brief, it took five years to isolate it as the active component from the bark,
another two years for its elucidated structure to be published, another six years passed before it
was a drug candidate, and an additional six passed before Phase I trials could begin.65 In all thirty
years passed between the original collection of the bark and FDA approval. However, the yield
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of paclitaxel isolated from the bark is low (isolation is also a long, arduous task). Synthesis of the
compound was complicated by the 11 chiral centers present.65 In the end, tissue cultures and
semisynthesis based on precursors have been utilized to produce usable quantities.
Once a target, protein or otherwise, has been identified, focus can be given to specific
regions of the target. Within the target there are areas, residues, or cofactors known as “hotspots”.62 They are responsible for the majority of interactions’ energy with ligands and the use or
loss of these interactions often produces an activity cliff. In the targeting of BpIspF, previous
results indicate that within the active site it is the zinc cofactor that is a hot-spot. Most identified
IspF inhibitors are defined by known zinc binding groups and substituents with low pka values.
As implied earlier with paclitaxel, stereochemistry is of paramount importance in
medicinal chemistry. Thousands of compounds may have the same connectivity but different
activity based on their stereochemistry (paclitaxel has 2048 diastereomers). In order to take
advantage of the interactions with the target, the functional groups involved in binding have to be
in the correct orientation. Other groups not involved in binding but instead involved in
positioning the binding groups, such as linkers, also must have the correct orientation. When
considering leads for design of future compounds, the traditional route is to first focus on having
the polar groups in the ‘correct’ positions, then improving potency with placement of lipophilic
groups to improve interactions with the protein.61
One method for locking a compound into the correct orientation is to add double bonds,
limiting rotation and flexibility. This method has its pros and cons. Pros include potentially
fixing the functional groups into an optimal position for interaction with the target for binding
and decreasing entropic loss upon binding. Additionally, depending on the nature of the double
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bond, it may also make any necessary purification easier, eliminating the complications of
sterochemistry. Cons include the likely decrease in solubility and the possibility that removing
bond rotation instead fixes the functional groups away from the intended target interactions. In
compound design it is advisable to explore these options and weigh the costs and gains.
In medicinal chemistry there is a method of subverting an obstacle by designing and
synthesizing a compound that is actually intended to be metabolized. The compounds designed
with this method in mind are called prodrugs, and it is not the compound that is administered that
is active, but the compound’s metabolite. The most common use of this tactic is to design a
compound that will achieve distribution that the active form could not. This form would be able
to get into the vicinity of the target, then be converted to the active form by an enzyme. Another
use of this tactic is to synthesize compounds that are similar to the enzyme’s substrate but altered
in a structural manner that will not be important until later in the pathway. This strategy was
successfully employed to inhibit IspH and farnesyl diphosphate synthase by designing
compounds that mimic the IspD substrate.19 The substrate mimic was processed through the
MEP pathway as the natural substrate would be until IspG produced an IspH and farnesyl
diphosphate inhibitor.
1.6 Fragment Based Drug Discovery

Fragment based drug discovery is a method of starting with a small, low affinity
compound and modifying it for increased potency and improved ADME (absorption,
distribution, metabolism, and excretion) qualities. Of course, these fragments are often found
with screening of a fragment library. While some of these compounds are identified by their
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ability to bind to or stabilize the target (see Fluorescence-based Thermal Shift assay), the
preferred identifying characteristic is that of inhibition, that is, determining an IC50 value. This
can be done after an initial single point screening. As previously mentioned, fragment hits
generally begin as less potent than larger compounds, but there is a higher hit rate in a fragment
library than an HTS library. Also, their small masses allow for more modifications while
maintaining a relatively small structure, and they typically have greater ligand efficiencies.
Ligand efficiency (LE) is the free energy binding of the compound per heavy atom. Fragment
libraries are built to contain fragments that have favorable properties,62 so the modified
compounds do not later need to be altered to increase these properties at the cost of potency.
When building a fragment library, Congreve’s ‘Rule of three’ is more appropriate than Lipinski’s
‘Rule of five’.62 The ‘Rule of three’ is simply more limiting, bringing down molecular weight to
300 Da, hydrogen bond donors ≤ 3, hydrogen bond acceptors ≤ 3, and CLogP ≤ 3.
There are three common methods for modifying fragments: fragment linking, fragment
merging, and fragment growing. In fragment linking, fragments that do not overlap one another
in an orthosteric or allosteric binding site are covalently linked to produce one compound that
benefits from the interactions of each individual compound. The challenges of fragment linking
are providing a link that perfectly situates the fragments at the optimized orientations and
distances from one another to bind well to the target and determining fragments that do not
interfere with one another’s binding. Designing a linker that will not be detrimental to either of
the original fragments’ binding capabilities is extremely difficult. The linker must be the right
length and flexible enough to allow the fragments to each position correctly. It is therefore better
to link fragments that utilize different types of bonding. For example, one fragment may
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primarily use hydrogen bonds to bind to the target, while the other fragment uses hydrophobic
interactions.66 The hydrophobic interactions will allow the binding mode to be suboptimal while
still maintaining interaction well. In some cases, the binding of a linked inhibitor is greater than
the sum of the individual fragments. This is called superaddivity.66 However, much more often
this is not achieved. Fragment linking is the rarest method of the three to be successfully
implemented.
Fragment merging takes advantage of fragments binding in the same space. The most
typical example of fragment merging is to take two fragments with a common core or similar
core but different substituents and to form a compound with the common core and all of the
substituents. Fragment merging in the second most common method of the three. Optimal
positioning of the functional groups can be challenging in this technique as well, but is generally
regarded as less difficult than fragment linking to execute.
Fragment growing is the most common method applied of the three. In this strategy, the
small fragment is built upon in stages, each stage attempting modification in the same position
with different functional groups. The most promising compound is then brought into the next
stage for further modification to gain interactions with the target and reduce binding promiscuity.
Any of these methods can result in a compound that is far more potent than the original
fragment(s). Real world examples of each of the three fragment methods are shown below in
Figure 6.
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Figure 6. Fragment based drug discovery methods. (A) An example of fragment linking in the
development of thrombin inhibitors,67 (B) An example of fragment merging in the development
of inhibitors against Mycobacterium tuberculosis transcriptional repression EthR,68 (C) An
example of fragment growing used in the development of inhibitors of Mycobacterium
tuberculosis pantothenate synthease.69
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1.7 Zinc Binding Groups

A divalent zinc cation is present in the active site of a plethora of enzymes involved in
important functions such as growth and reproduction, but also in enzymes involved in
detrimental functions that facilitate cancer and heart disease.70 As such, zinc has become a focus
when designing inhibitors for these enzymes. The benchmark zinc binding group is the
hydroxamic acid, chelating in a five-membered ring.70,71 It is by far the most commonly
referenced zinc binding group. However, there is some tendency for hydroxamic acids to strip
the Zn2+ from enzymes. And as previously mentioned, hydroxamates suffer from the metabolic
processes of glucoronidation and sulfation. Other prominent zinc binding groups include
carboxylates, thiols, phosphonates, and barbiturates.72 Better zinc binding groups than
hydroxamic acids have been proposed by designing compounds that maintain the five-membered
rings but include a cyclic structure for stability and rigidity and sulfur due to zinc’s thiophilicity.
In an enzyme inhibition assay using a zinc containing enzyme called stromelysin, a series of
heterocyclic compounds were designed and compared to acetohydroxamic acid. Using a rigid,
cyclic structure improved inhibition 16-fold, and including a thiohydroxamic acid instead of a
hydroxamic acid improved inhibition 45-fold.70
1.8 STD NMR

Nuclear magnetic resonance has been an invaluable tool in drug design, and one DXS
inhibitor was conceived using saturation transfer difference NMR (STD NMR), transfer-NOE
(trNOE, transfer nuclear Overhauser enhancement), and INPHARMA (interligand NOEs for
pharmacophore mapping).18 One NMR technique used for structure elucidation and other
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purposes is called the nuclear Overhauser enhancement, or nuclear Overhauser effect (NOE or
nOe). The nuclear Overhauser enhancement allows one to determine relationships through space
instead of through bonds. It is most often used to evaluate the configuration (R or S, E or Z) or
conformation (axial or equatorial, eclipsed, gauche, or staggered) of a structure. If irradiation is
performed on one proton, that magnetization will spread to other spacially close nuclei,
regardless of bonds. This will be reflected on a 1H spectrum as a change in the intensity of the
peak of the proton to which the irradiation has transferred. STD NMR as used in this work takes
advantage of the nuclear Overhauser enhancement to demonstrate proximity of a proposed ligand
to an enzyme through a change in the integration of resonances on a 1H NMR spectrum. Once a
compound has been determined to bind to the protein of interest, group epitope mapping (GEM)
can be performed by STD NMR to display which regions of a ligand are most –or least—
interacting with an enzyme. This can be determined by comparing which resonances are most
altered in the experiment. Irradiation is performed at two resonances: the first is a resonance at
which neither the enzyme nor the ligand resonate, the second a resonance at which only the
enzyme resonates. This first irradiation produces a spectrum called the off-resonance, or
reference, spectrum. In this portion of the experiment, nothing is irradiated, and the spectrum
only serves for comparison to the second spectrum. To be certain that neither the protein nor the
ligand will be irradiated, the resonance chosen is usually far downfield, such as 40 ppm. The
second irradiation causes the saturation transfer to occur, the magnetization transferring from the
irradiated protein to a binding ligand. The occupation of the ligand in the binding site must be
long enough for saturation transfer but short enough that the mole ratio of ligand that receives
transfer is high enough to be observed. In other words, the protein must have a high enough
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ligand turnover for this population to affect the intensity of the spectrum. As stated earlier, this
irradiation occurs at a resonance at which only the enzyme resonates and is typically between (1) ppm and 1 ppm. The saturation is performed this far upfield due to the size of the proteins.
Saturation is the equalization of states. The nucleus being both excited and detected is the proton,
which has two states: α and β. The α state is the lower energy state for any proton in the sample,
and the spin of the nucleus is lined up with the magnetic field of the instrument. The β state is the
higher energy state, and the spin of the nucleus is against the magnetic field of the instrument. It
is the differences in these two populations that are observed in a spectrum, so if the two
populations are equal for a specific proton on each molecule of that compound in the sample,
that resonance will not be observed. Once a protein resonance has been irradiated, the
magnetization will spread through the protein through spin diffusion.73 As previously stated, the
saturation is transferred through space, so the protons on the ligand closest to the protein will be
saturated. This will decrease the peak or peaks of that proton on the spectrum. This is called the
on-resonance spectrum, because irradiation is performed on-resonance with the protein.
To produce the saturation transfer difference spectrum, the on-resonance spectrum is
subtracted from the off-resonance spectrum. As protons closest to the protein will have received
the greatest saturation transfer, their intensity on the on-resonance spectrum will be lower in
comparison to other protons. These protons will then have the greatest intensity on the difference
spectrum. Protons that received no transfer will not appear on the difference spectrum, as there
was no difference between the off- and on-resonance spectra. Once the difference spectrum has
been obtained, the compound can be processed by taking the integration of each ligand
resonance on the off-resonance and difference spectra and finding the amplification factor, ASTD.
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The ratio of the ligand to protein concentration is commonly referred to as the excess ligand, EL.
In order to determine which regions of a ligand are most interacting with the protein, the relative
saturation transfer (RST) is found. This is done by dividing the ASTD for each proton by the
highest ASTD to give the relative saturation transfer as a percentage.
𝐴𝑆𝑇𝐷 =
𝑅𝑆𝑇 =

𝐼𝑆𝑇𝐷 [𝐿𝑖𝑔𝑎𝑛𝑑]
×
𝐼0
[𝑃𝑟𝑜𝑡𝑒𝑖𝑛]

𝐴𝑆𝑇𝐷−𝐻1
× 100
𝐻𝑖𝑔ℎ𝑒𝑠𝑡 𝐴𝑆𝑇𝐷

STD NMR can also be used to determine the dissociation constant of a ligand and
protein, KD. A set of samples are prepared in which the protein concentration is held constant
while the ligand concentration is varied, generally between an EL of 5 and an EL of 150. To find
the KD, the Michaelis-Menten equation is adapted as shown below. The αSTD is the maximum
amplification factor, reached when the protein cannot turn over any more ligand in the time
given. If a protein and ligand reach the αSTD at a low excess ligand ratio, the ligand likely has a
longer occupancy time in the protein, causing the protein magnetization to be transferred to a
smaller portion of the ligand population as the ligand concentration is increased. While useful,
KD by STD NMR is generally an overestimation due to the occurrence of a ligand repetitively
binding to an enzyme.74 Saturation transfer diminishes with repeated interactions of the same
ligand with a protein. The greater the ligand excess, the less this issue is a factor. However, to
generate the curve needed, low ligand excesses must be used and ligand rebinding becomes a
significant error.
𝐴𝑆𝑇𝐷 =

𝛼𝑆𝑇𝐷 × [𝐿𝑖𝑔𝑎𝑛𝑑]
𝐾𝐷 + [𝐿𝑖𝑔𝑎𝑛𝑑]

STD NMR can also be used as a screening method, combining the protein of interest with
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a small pool of compounds. Only those compounds that share a binding interaction with the
protein will appear on the difference spectrum. These experiments typically contain 10-30
ligands in solution with the protein.
The greater the size of the protein, the better STD NMR will function. Larger proteins
have slower tumbling, which translates to greater spin diffusion. Greater spin diffusion will aid
saturation of the ligand. Proteins below 15 kDa may be inappropriate for STD NMR.74 STD
NMR is an example of a ligand-observe protein-ligand NMR method. Ligand observation is
usually preferential to protein observation methods because very little protein is used and the
protein required does not need to be isotopically labelled.74 The reported concentration of protein
required varies based on literature source, some sources recommend 10-50 micromolar,74 while
others promote as low as picomolar concentrations.75 Protein observation methods generally rely
on protein backbones labelled with 15N. While protein-observe methods allow identification of
the site of binding, peak assignment is tedious. Ligand-observe experiments allow determination
of whether a ligand is interfering with substrate binding via competition experiments. In sample
preparation, the protein will need a buffer to provide stability. The buffer components chosen
must not interfere with the ligand resonances, thus proton-free components are generally favored.
Deuterium oxide is preferential over protonated water to reduce loss of ligand magnetization
through 1H-1H interactions with water.74 Water suppression is needed and WATERGATE is a
useful method for this. A spin-lock can be used to suppress the protein resonances.
Protein saturation will occur within a few hundred milliseconds, and ligand saturation
(represented by ASTD) will plateau when the saturation time reaches a length of time great
enough for relaxation of the ligand.74 That is, the ligand molecules that received magnetization at
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the beginning of the saturation period relax prior to acquisition. This can lead to a decrease in the
difference spectrum for those protons in comparison to other protons with greater relaxation
times (T1, longitudinal relaxation), and therefore distort results. This makes moderate saturation
times the most reliable, as short saturation times will allow only a small percentage of the ligand
in solution to be magnetized (assuming the affinity is high enough for adequate saturation
transfer). Temperature can be used as a tool to adjust for the size of the protein and the affinity of
the ligand. For ligands with low affinity, greater saturation would be gained by increasing the
time of occupation in the binding site, which could be accomplished by lowering the
temperature. The reverse is also true for high affinity compounds. Raising the temperature will
provide a shorter occupation time, allowing the protein to turnover a greater mole fraction of the
ligand. A lower temperature will also improve spin diffusion, which will boost difference
intensities for the ligand and allow this method to be used with smaller proteins.
The results gained by STD NMR can be helpful in the design of new compounds,
pointing out which functional groups should be left unaltered, and which should be modified to
increase binding interactions and potentially enzyme inhibition. This can be done in a much
more efficient way than synthetically building a structure activity series.
1.9 Fluorescence Polarization and Fluorescence Anisotropy

Assuming a compound containing a fluorophore binds to the protein of interest in the
active site (or a relevant allosteric site) is available, fluorescence polarization (FP) may be a
useful, quantitative method used to evaluate the interactions of a variety of compounds, ranging
from small molecules to proteins.76 Basically, fluorescence polarization works by first setting a
monochromator at a specific wavelength for excitation, then the light from the source
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(commonly a Xe or Hg arc lamp)77 travels through the slit in the monochromator, through the
lens, through the polarizing filter, then finally arrive at the sample.78 The filter allows all the light
being delivered to the sample to be parallel polarized. Detection is performed adjacent to the
sample, at a 90° angle to the source (rotatable). After reaching the sample, the resulting
excitation scatters, passing out of the sample cell, through another polarizing filter and a cut off
filter to eradicate remaining emission wavelength light.78 The polarization of the emitted light is
determined and fluorescence polarization is calculated using the intensities of parallel light and
perpendicular light as shown in the equation below. The equation for fluorescence anisotropy
follows. Fluorescence anisotropy (FA) is the same concept but uses a slightly different equation.
If light is detected in only the parallel direction, then FP = 1. If light is detected in only the
perpendicular direction, then FP = -1.77 Therefore, -1 ≤ FP ≤ 1. By the same logic, -0.5 ≤ FA ≤ 1.
The use of one term or the other is mainly governed by the field using it. Biochemists
preferentially use anisotropy while clinical chemists use polarization. As this work was
performed in collaboration with biochemists, FA was used over FP.
𝐼 −𝐼

FP = 𝐼∥ +𝐼⊥
∥

⊥

𝐼 −𝐼

FA = 𝐼 ∥+2𝐼⊥
∥

⊥

Using fluorescence anisotropy to evaluate binding is possible through the quantification
of the difference in the intensity between light emitted parallel (I||) and perpendicular (I⊥) to the
excitation light source. Only the fluorophores that are aligned with the polarized light will absorb
a photon and be excited. Therefore, all the excited fluorophores have more or less the same
orientation upon excitation. The angle of emission will depend upon the rotation of the
fluorophore between excitation and emission.77 The bulk angle of emission will be random if the
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fluorophores are able to redistribute to non-uniformity prior to emission through fast rotation
(depolarization). That is, if the rotational relaxation time has been met. The rotation rate of a
compound in solution is highly dependent upon its size. Thus, if a fluorophore is free in solution,
its distribution between parallel and perpendicular emitted light should be equal, as it was likely
small and rotated quickly enough before emission for the bulk emitted light to be somewhat
equally scattered. But if the fluorophore acts as a ligand and binds to a protein, rotation when
bound is slow due to the size of the protein and the emitted light will primarily be in the same
plane as the light of excitation. Polarization of emitted light is then a quantifiable sign of binding
between the protein and the ligand.
Determination of the dissociation constant can be performed with a ligand that binds to
the protein if it sufficiently fluoresces. If the ligand in question does not fluoresce, then a
competition experiment can be performed with one that does. The ligand being evaluated is
titrated into a solution containing the protein and the fluorescent ligand, which acts as a probe.
Obviously, when choosing a probe, the ability to fluoresce and bind to the protein must be
considered. Additionally, one must consider the fluorescent lifetime, size of the probe, and probe
mobility while bound. If the fluorescent lifetime is exceptionally short, the rotation between
excitation and emission that occurs for a probe free in solution will not be great enough for
random orientation and the polarization will be high.77 If the fluorescent lifetime is too long,
bound probe may have rotated greatly, and observed polarization would be low. A way to
combat issues with probes with long fluorescent lifetimes (excessive rotation) is to use a more
viscous solvent to slow rotation. As stated previously, the size of a compound will also alter the
rate of rotation, however this would not likely be a concern when using small molecules. Finally,
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polarization will be low if the probe is able to rotate while bound because the interactions with
the protein do not include covalent bonding.77
The greatest benefit in FA lies in the fact that it does not rely upon concentration,76 as
long as the analyte is within the limit of quantitation, even down to femtomolar concentrations.77
Fluorescence anisotropy is a ratio and a unitless value. This makes FA invaluable when sample
availability is limited. The next benefit is the processing time. Fluorescence anisotropy takes a
short time, which is partially why it is heavily utilized in high throughput screening.77 It is also
more cost effective and safer than using radiolabels.
1.10 Fluorescence-based Thermal Shift
The fluorescence-based thermal shift (FTS) assay79 is based around the concept that a
ligand binding to a protein’s native state will cause a shift in the melting temperature of the
protein through the thermodynamic linkage. This can be observed by fluorescence. The melting
temperature of a protein is considered the temperature at which half the protein is unfolded. In a
fluorescence-based thermal shift assay, the protein is placed in a well with the analyte and a dye
in buffer. The temperature is gradually increased, and the fluorescence of the dye is monitored
for the unfolding of the protein. As the protein unfolds, the internal hydrophobic residues are
exposed in the solvent and the dye binds to these regions. The dye will then fluoresce, and the
melting point of the protein is measured at the midway point of the transition, or at the minimum
on the plot of the first derivative. This temperature is then compared to the melting temperature
of the protein in the absence of a ligand to find the thermal shift caused by the analyte.
Compounds with thermal shift values of approximately 4-5°C or higher are considered hits.
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Generally, a compound that is binding will stabilize the enzyme to a higher temperature, and the
enzyme will thus have a higher melting point than the control. This will result in a positive value
when subtracting the control melting point. However, compounds that cause destabilization of
the protein, and thus a negative thermal shift value, are also of interest. Figure 7 shows an
increase in the BpIspF mutant Q151E (mutation of glutamine to glutamic acid at position 151 in
each chain) melting temperature, as caused by the presence of a ligand (compound 38, to be
discussed later).

Figure 7. Thermal stability of an enzyme increased by the binding of a ligand.
The enzyme of interest, BpIspF, is quite thermally stable. As this is not ideal for an assay
dependent upon protein unravelling through heat, a series of BpIspF mutants were conceived and
prepared by Dr. Jim Horn and Dr. Joy Blain and analyzed for heat stability.80 They selected the
single point mutant Q151E as the optimal substitute for the wild type in this assay due to its
melting temperature and structural similarity to the wild type. The substitution of glutamic acid
for glutamine at this position introduces a charge to destabilize the protein but is far enough
away from the active site to not disrupt binding of ligands.

50
1.11 Kirby Bauer Test

The Kirby Bauer assay, also known as Zone of Inhibition, is used to measure a
compound’s antimicrobial potency against the growth of whole cells of a specific organism. The
compound being analyzed is prepared at different concentrations in solution, then applied to a
small disk. The disk is then placed on a dish containing media that has been coated in the
organism against which the compound is being tested. The dish is then allowed to incubate for a
number of days, the length of which is dependent upon the organism. If the compound has
bacteriostatic activity against the organism, there will be an area around the disk in which the
organism has not grown (Figure 8). Results for this assay are measured by the diameter of that
area in millimeters.

Figure 8. An example of Kirby Bauer results. One compound being tested against three
organisms at three concentrations. Photo and assay application courtesy of Debarati Ghose.
In this research, compounds are tested against up to nine organisms. Four of these
compounds are Gram-negative: Klebsiella pneumoniae, Escherichia coli, Pseudomonas
aeruginosa, and Burkholderia thailandensis, a close relative of Burkholderia pseudomallei.
Gram-negative organisms are generally considered to be more difficult to contend with than
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Gram-positive organisms due to the differences in their cell walls. Although Gram-positive
organisms have a thicker cell wall, the thin cell wall of Gram-negative organisms is more
difficult to penetrate. Therefore, a majority of hospital-born infections are connected to Gramnegative organisms. The Gram-positive species tested include Corynebacterium xerosis,
Corynebacterium pseudodiptheriticum, Bacillus cereus, Micrococcus luteus, and Mycobacterium
smegmatis. M. smegmatis is closely related to Mycobacterium tuberculosis, the causative agent
of tuberculosis. Compounds were tested at 0.1, 0.5, and 1.0 mM. As previously stated, this is a
bacteriostatic assay, demonstrating a compound’s ability to prevent growth. While bactericidal
capacity is not measured in this assay, bacteriostatic activity is still an important indicator of a
compound’s potency against an organism, as detailed in chapter 1. While Kirby Bauer assays do
not identify the mechanism of action for the compound, one can establish that the compound is
able to penetrate the organism. Inability to enter the cell is one of the main causes of failure for
antimicrobials,15 as evidenced by fosmidomycin’s inability to kill Mycobacterium tuberculosis
despite the potency against MtIspC (IC50 = 310 nM).

CHAPTER 2

ISPF INHIBITION ASSAYS DEVELOPED

2.1 Resorufin Assay

The Resorufin assay was previously developed for use with Mycobacterium tuberculosis
IspF by Crick and co.25 Again, the challenge with monitoring the IspF reaction is the difficulty of
quantitatively ascertaining the consumption of the substrate or the generation of the product. The
Resorufin assay aims to do so in a plate by coupling the IspF reaction to a kinase reaction that
will generate ADP. A commercially available ADP concentration determination kit can then be
used to indicate the status of the IspF reaction.
The concept of the assay is shown in Scheme 2. The enzyme (IspF), the substrate (CDPMEP), ATP, and a kinase are combined with the contents of the commercially available ADP
Quest kit. In the ADP Quest kit, the generation of ADP prompts phosphoenol pyruvate to
phosphorylate the ADP to ATP, generating pyruvate. Pyruvate oxidase next produces
acetylphosphate, carbon dioxide, and hydrogen peroxide. The hydrogen peroxide is then used by
the horseradish peroxidase to convert amplex red to resorufin, the monitored compound. All of
these enzymes starting with phosphoenol pyruvate are provided in the Quest kit. With this setup,
fluorescence of resorufin is monitored with an excitation of 530 nm and emission of 590 nm. A
higher resorufin fluorescence would be caused by a higher concentration of ADP, which would
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be caused by the combined reactions of IspF and the kinase selected. Therefore, a low
fluorescence in the presence of a potential inhibitor would imply the successful inhibition of
IspF.
Scheme 2. A layout of the resorufin assay.

Most of the components of the assay are provided in the ADP Quest kit. In addition to the
kit, CDP-MEP, IspF, ATP, and a kinase are required. The original assay procedure as designed
by Crick and co. was performed in a 96-well black microplate with clear bottoms with a buffer of
50 mM MOPS and 5 mM MgCl2 at pH 8.0. Reactions contained 100 μM CDP-MEP, 0.05 U of a
kinase, 200 μM ATP, and 1 mM of phosphatase inhibitor in a 50 μL volume. The reactions were
started with addition of 112.6 pmol IspF, incubated at 37 °C for 30 minutes, and quenched with
10 mM EDTA (ethylenediaminetetraacetic acid). Twenty-five microliters of Reagent A from the
ADP Quest kit were then added, followed immediately by 50 μL of Reagent B. The reactions
were then incubated for fifteen minutes at room temperature before fluorescence for resorufin
was measured.
Similar to the Malachite Green assay (to be discussed later), aspects of the assay were to
be altered for various purposes. Use of a 384-well plate as opposed to a 96-well plate would
conserve material as well as allow for the analysis of more compounds simultaneously.
Therefore, reaction volumes were decreased from 50 μL to 16 μL due to the well working
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volume of 45 μL in the 384-well plate. Also, due to the instability of the substrate, the start of the
reaction was to be triggered with the addition of CDP-MEP as opposed to the addition of the
enzyme. Additionally, the ADP Quest kit used by Crick was no longer in production, and a
similar kit by another manufacturer had to be selected.
The kinase selected for ATP to ADP conversion was cytidine monophosphate kinase
(CMPK) from organism Entamoeba histolytica. Before the rest of the assay could be evaluated,
the volume of the reaction was changed to accommodate the size of the wells being used. The
next step was to optimize the concentration of CMPK. The CMPK concentration must be high
enough that all CMP in the reaction is turned over to ADP and CDP. However, if the
concentration is too high, the fluorescence will level off. To find the optimal concentration,
concentration of CMPK was varied while the concentrations of CMP and ATP were held
constant (90 μM and 280 μM, respectively). The concentration of CMPK was tested at 270, 90,
30, and 10 μM (Figure 9), in a 50 mM MOPS (pH 8.0), 5 mM MgCl2 buffer previously used by
Crick and co. These reactions were performed in the absence of IspF and CDP-MEP, as they
were not needed. CMP was added instead of requiring it to be generated by IspF from CDPMEP. Reagent A and Reagent B were added following CMPK and CMP addition (8 μL and 16
μL, respectively). The reactions were started with the addition of ATP. Fluorescence (Ex = 530
nm, Em = 590 nm) was then measured every 3 minutes for 1 hour.
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Figure 9. Optimization of CMPK concentration in the absence of CDP-MEP and IspF. The
CMPK concentration was varied while CMP and ATP were held constant at 90 and 280 μM,
respectively. Performed in 50 mM MOPS, 5 mM MgCl2.
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It was expected that the low concentrations of CMPK would produce linear lines while
the highest concentration(s) of CMPK would quickly deplete the CMP, producing a plateau in
florescence. However, fluorescence instead decreased in each well over time, and the greater the
CMPK concentration, the more the fluorescence decreased. The two highest concentrations fell
below the blank. To source the issue to either the ADP Quest kit used, or the material added,
ADP standards were then prepared serially at 72, 24.5, 8.3, 2.8, 1.0, 0.33, and 0.11 μM from the
kit’s 225 μM ADP stock solution in the 50 mM MOPS (pH 8.0), 5 mM MgCl2 buffer. Reagent A
(8 μL) and Reagent B (16 μL) were added as necessary for detection. Fluorescence of resorufin
was taken every 5 minutes for 30 minutes (Figure 10).
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Figure 10. Fluorescence of resorufin in the presence of ADP standards prepared in 50 mM
MOPS (pH 8.0), 5 mM MgCl2.
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Fluorescence of the highest three concentrations of ADP decreased slightly over time.
This showed that the issue may be originating in both the kit and the added materials. To
determine whether the MOPS buffer was contributing to the loss in fluorescence over time, the
ADP standards were reprepared using the buffer issued with the kit: 15 mM HEPES, 20 mM
NaCl, 1 mM EGTA (ethylene-bis(oxyethylenenitrilo)tetraacetic acid), 0.02% Tween 20, 10 mM
MgCl2, and 0.1 mg/mL BGG (bovine-γ-globulins). The results are shown in Figure 11.
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Figure 11. Fluorescence of resorufin in the presence of ADP standards prepared in 15 mM
HEPES, 20 mM NaCl, 1 mM EGTA, 0.02% Tween 20, 10 mM MgCl2, and 0.1 mg/mL BGG.
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In the HEPES buffer, all the standards have a consistent, albeit lower, signal than
observed for the standards in the MOPS buffer. There is only one exception in the first time point
for the highest concentration. Establishing the buffer had a detrimental effect on the ADP
standards, CMPK concentration optimization was performed again in the HEPES buffer (Figure
12).
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Figure 12. Optimization of CMPK concentration in the absence of CDP-MEP and IspF, higher
concentrations. The CMPK concentration was varied while CMP and ATP were held constant at
90 and 280 μM, respectively. Performed in 15 mM HEPES, 20 mM NaCl, 1 mM EGTA, 0.02%
Tween 20, 10 mM MgCl2, and 0.1 mg/mL BGG.
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Transitioning to the HEPES buffer improved fluorescence. The initial fluorescence
increased for all concentrations, and while it generally decreased over time for all concentrations,
it did not decrease as dramatically as it had in the MOPS buffer. The fluorescence observed in
the lowest three concentrations of CMPK increased briefly before decreasing and levelling off.
However, fluorescence was still highest for the lowest concentration of CMPK and the highest
concentration (270 µM) again fell below the blank. To determine whether the lowest
concentration was still too high, another set of CMPK concentrations were analyzed in the
HEPES buffer at 5.4, 1.8, 0.59, and 0.20 μM (Figure 13).

63

Figure 13. Optimization of CMPK concentration in the absence of CDP-MEP and IspF, lower
concentrations. The CMPK concentration was varied while CMP and ATP were held constant at
90 and 280 μM, respectively. Performed in 15 mM HEPES, 20 mM NaCl, 1 mM EGTA, 0.02%
Tween 20, 10 mM MgCl2, and 0.1 mg/mL BGG. Concentrations of CMPK were further lowered
from previous experiments.
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For each of the lower concentrations in the HEPES buffer, there was a brief increase in
fluorescence before decreasing and levelling off. However, unlike the previous concentrations,
none of the concentrations used in this round fell below the values of the blank. It is also of note
that the fluorescence was inversely related to the concentration of the CMPK, giving the highest
fluorescence for the lowest concentration of CMPK and the lowest fluorescence for the highest
concentration of CMPK.
Development of this assay is ongoing, and future work will need to evaluate the cause
behind the detrimental effect an increased concentration of CMPK has on the fluorescence in the
experiment. Still, the experiment transitioned well to the 384-well plate format, giving consistent
fluorescence values between time points. The buffer was also adjusted to improve fluorescence
and level out fluorescence given by ADP controls. While more alterations need to be made
before this assay is functional, the first steps have been made to work toward that goal.
Experimental Details
Plates used were Corning 3540, untreated black polystyrene microplates with round
wells, and clear, flat bottoms. The kinase used was Entamoeba histolytica cytidine
monophosphate kinase, MW (molecular weight) 22961.6 Da, stock concentration of 32.0 mg/mL
(1.39 mM) as sent by the SSGCID. Fluorescence was monitored on a Tecan plate reader Infinite
M1000 PRO (S.N. 1510000771). In the optimization of CMPK concentration, standards of
CMPK were prepared serially from the stock and these were added to the wells, followed by
CMP, Reagent A, and Reagent B. Reagent A and Reagent B cannot be mixed prior to addition to
the well. The plate was then centrifuged for 1 min at 1500 rpm to remove air bubbles, shaken for
20 min, then ATP was added to initiate the reaction. The plate was centrifuged again for 1 min at
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1500 rpm. Fluorescence was read at excitation 530 nm and emission 590 nm every 3 min for 1
hour. Experiments were performed in triplicate. In the evaluation of ADP standards, the
standards were prepared serially and added to the plate in duplicate. Reagent A and Reagent B
were then added, and the plate was centrifuged for 1 min at 1500 rpm. Fluorescence readings of
excitation at 530 nm and emission at 590 nm were taken every five min for thirty min.
2.2 Malachite Green Assay

In order to obtain IC50 values for potential inhibitors featured in the series listed later in
this document, a preliminary IspF assay kit was acquired from Echelon Biosciences (Salt Lake
City, Utah). In order to determine an IC50 value, the progression or completion of a reaction must
be observable. Typically, this is done by measuring the generation of the product or the
consumption of the substrate. There are several methods and instruments that may be used to
monitor reactions, either kinetically or by end-point: Ultraviolet/visible (UV/Vis) spectroscopy,
spectrofluorimetry, nuclear magnetic resonance spectroscopy, mass spectrometry, et cetera. Not
only must the method be able to precisely monitor the reaction, but it must also do so efficiently
to facilitate the collection of data on numerous samples in a time effective manner. Nuclear
magnetic resonance spectroscopy is a low throughput method unless multiple compounds are
able to be included in the same sample tube. Doing so may allow for the elimination of numerous
impotent compounds but may also lead to false positives caused by the cumulative effect of
weak inhibitors. Investigating each weak inhibitor individually would also be time consuming.
Mass spectrometry is similarly affected. The substrate of IspF, CDP-MEP, is unstable and MECDP, the product of IspF, does not possess a chromophore or fluorophore necessary for direct
monitoring by UV/Vis or spectrofluorimetry. However, the IspF reaction can be monitored
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indirectly through the use of auxiliary enzymes and detectable compounds or complexes. The kit
provided by Echelon Biosciences takes advantage of this technique. As IspF converts CDP-MEP
to ME-CDP, CMP is also generated. An auxiliary enzyme, SDT1, then removes inorganic
phosphate from CMP. Once Malachite Green, a dye, is introduced, the phosphate will complex
with it and absorbance can be measured at 630 nm. As the signal is possible through the
generation of inorganic phosphate, the signal will be proportional to the concentration of CMP
produced and thus ME-CDP produced. Therefore, the lower the signal, the more IspF was
inhibited. This method can be used in a 96 or 384-well plate and can be used to quickly gather
data on dozens or hundreds of compounds simultaneously, depending on the number of
compound concentrations analyzed. The assay is laid out in Scheme 3.
Scheme 3. The activity of IspF is monitored through the absorbance of Malachite Green in
complex with phosphate following the reaction of an auxiliary enzyme with the byproduct of the
IspF reaction.

IspF
CMP

CDP-MEP

ME-CDP

SDT1
Malachite
Green

Pi
+

+ 2H

The kit included all necessary materials apart from tools, instruments, the substrate, and
the compounds to be tested. The substrate is prepared enzymatically using a separate kit

67
provided by Echelon Biosciences. The protocol established by Echelon Biosciences was as
follows. The reaction buffer was to be prepared as 50 mM Tris-Cl (pH 7.4), 5 mM MgCl2, and 1
mM dithiothreitol (DTT) in deionized water. An eight-point phosphate set of standards was to be
prepared by dilution of the phosphate stock with the previously prepared buffer, in a range of 0
to 100 μM. The enzyme (IspF), the auxiliary enzyme (SDT1), the substrate (CDP-MEP), and the
reaction side product (CMP) were all to be prepared by dilution with the buffer as well to an IspF
concentration of 2.5 μM, SDT1 to 60 μM, CDP-MEP to 600 μM, and CMP to 1.2 mM.
In order to analyze IspF and SDT1 activity, four IspF concentrations were to be measured
at fived time points (1, 2, 5, 10, and 30 minutes). The SDT1 and CDP-MEP concentration would
be held constant at 2 μM and 80 μM, respectively. IspF would be varied between 500 and 62.5
nM. One positive control would consist of SDT1 and CMP while another included SDT1, CMP,
and IspF. The negative controls would be first SDT1 with CDP-MEP, and CDP-MEP alone.
The reactions would take place in 1.5 mL microcentrifuge tubes, and a portion (60 μL)
would be removed at each given time point (in duplicate), added to a well in a 96-well plate,
followed by quenching with the addition of Malachite Green. The Malachite Green would
require 15 minutes of incubation at room temperature for the necessary color development.
Absorbance would then be measured at 630 nm for the Malachite Green complexed with
inorganic phosphate produced by SDT1 following CMP generation in the IspF conversion of
CDP-MEP to ME-CDP. To analyze an inhibitor, this procedure would be repeated while holding
the IspF concentration constant at 0.25 μM and varying the concentration of the proposed
inhibitor.
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While this is a thorough approach, it bears several issues. First, the complexity of the
additions allows the introduction of more error. An assay should generally be limited to four
steps or less and transfers should be minimized. Second, quenching the experiment at various
time points is not necessary. As long as the experiment is done in duplicate or triplicate, it is
sufficient data for determining IC50 values. Third, too much material is consumed for every
compound. This assay was developed for the evaluation of one potential enzyme inhibitor per
96-well plate and would thus be inefficient for the assessment of a large pool of compounds.
Also, the reaction volume is 250-300 μL, requiring large quantities of valuable material.
Initial modifications of the assay focused on alleviating these complications. Where
possible, steps should be combined to give the samples uniformity and streamline the process to
reduce error and time used. Therefore, the IspF and SDT1 were combined in a reaction solution
to the necessary concentrations instead of being added to microcentrifuge tubes or microplate
wells individually. The first component added to the 384-well plate was the potential inhibitors,
which were dispensed in 2.5 nL portions by a Labcyte Echo 550 using acoustic droplet ejection
(ADE). Two plates are inserted into the instrument, and contents from the ‘mother’ plate are
transferred in determined volumes to the ‘daughter’ plate. As the Echo 550 is able to accurately
dispense in 2.5 nL increments, error associated with inhibitor volume is low. However, because
of the volume of the droplets, using the Echo 550 for dispensation of volumes in excess of 1 μL
is time consuming and such volume transfers must be carried out another way. The five
compounds first analyzed were tested at final reaction concentrations of 100, 50, 30, 20, 10, 5,
and 2.5 μM. A multichannel pipette was then used to simultaneously add 9 μL of the reaction
solution containing IspF and SDT1. Centrifugation of the plate is essential for forcing a well’s
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contents to the base and eliminating air bubbles that may cause interference. Placing the
microplate on a shaker for eight minutes helps the contents to mix. The substrate, CDP-MEP,
was then added by a robot, each well receiving 1 μL. This addition started the reaction. The
reactions were then allowed to proceed for 15 minutes on the shaker before being quenched with
40 μL of Malachite Green. The Malachite Green requires time for color to develop, so in this
time the microplate was once again centrifuged and shaken while phosphate standards between
100 and 12.5 μM were prepared, then added to the plate. Absorbance was then taken at 630 nm.
This procedure successfully reduced the steps involved in the assay and the material
consumed by eliminating the act of quenching the reaction at different time points and reducing
the reaction volume from 250-300 μL to 10 μL. However, yet more optimization was to be
performed. The potential inhibitors of interest are kept in a mother plate in a dimethyl sulfoxide
(DMSO) solution. The DMSO is then present in the assay as it is transferred with the potential
inhibitor. Dimethyl sulfoxide is expected to affect the results of enzyme-containing assays, but
the extent of the effect will vary by the concentration of DMSO as well as the specific
characteristics of the compounds and proteins present. For many small organic compounds such
as the ones analyzed here, DMSO improves the solubility of the compound in a primarily
aqueous solution. However, the effect on proteins can be unpredictable and it is important to find
an operable range of DMSO concentration for the protein in question. A low DMSO content may
stabilize a protein, while a high DMSO content may lead to protein unfolding.81 Initially,
potential inhibitors were assayed at different concentrations without regard to differing DMSO
content between wells. However, because DMSO may affect protein activity, it is important to
balance DMSO across wells and to analyze the effect of DMSO on the present proteins.
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In a second round of assay optimization, one previously assayed inhibitor (38) was tested
at 100, 50, 30, 20, 10, 5, and 2.5 μM while balancing DMSO in each well. One set was balanced
at 5% DMSO, the other at 9% DMSO. Additionally, the volume of the reaction was reduced
earlier thirty-fold to 10 μL. To determine whether the volume had been excessively reduced, the
reactions were conducted at 20 μL. Data was collected for a known inhibitor, compound 14, so
the experimental IC50 value could be compared to the known literature value (Figure 15).
Finally, the Echelon Biosciences protocol calls for the addition of 4x the volume of Malachite
Green to the reaction. In the preservation of materials, the needed amount of Malachite Green
was also determined.
Results were compared between the reaction for 38 in 5% and 9% DMSO. While close,
the absorbance in the wells balanced to 9% DMSO was consistently lower than that for the wells
containing 5% DMSO. A lower absorbance would indicate the inability of IspF to convert CDPMEP to ME-CDP. This could be due to two reasons. First, through the inhibition of IspF via
activity of 38, the solubility of which may be improved by the higher DMSO content. Second,
through the denaturing of the protein by the higher DMSO content, preventing the substrate to
product conversion. In order to test this more thoroughly, the protein functionality was measured
in increasing DMSO concentration (2, 4, 6, 8, 9, 10, 12, and 15%) in the absence of an inhibitor
(Figure 14). Interestingly, the enzymatic function of IspF and SDT1 in the reactions was not
found to decrease with increasing DMSO content until DMSO was pushed above 12%. As stated
previously, DMSO often increases the solubility of organic compounds. A DMSO content of 9%
was chosen for future experiments.
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Figure 14. The effect of increasing DMSO on StIspF. The functionality of the proteins used in
the assay does not decrease until the DMSO content has been increased over 12%.
Two sets of reactions using known EcIspF inhibitor 14 were performed at reaction
volumes of 10 μL and 20 μL. The IC50 values for 14 were calculated to be 35 ± 3 μM for the 10
μL reactions and 55 ± 10 μM for the 20 μL reactions (Figure 15). The literature EcIspF IC50
value for 14 is 32 ± 7 μM.53 Therefore, 10 μL reactions were used going forward to conserve
materials while also obtaining reliable information. The EcIspF was included in the kit and was
used as a control to validate the procedure under development. While this research focuses on
BpIspF and inhibitors of the Bp isologue have been reported, the known bis-sulfonamide
inhibitors have characteristically low aqueous solubility. This series will be discussed later.
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Figure 15. Compound 14, a known inhibitor of EcIspF in a 10 μL reaction versus a 20 μL
reaction. Compound 14 is known as HGN-0320 within Dr. Hagen’s research group.
The Reaction volume : Malachite Green volume was tested at 1:4, 1:3, 1:2, 1:1, and 2:1.
A ratio of two times the volume of Malachite Green to reaction volume was chosen as the
optimal proportion because material is conserved at minimal cost of absorbance (Figure 16).
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Figure 16. The volume of Malachite Green in reference to the volume of the reaction was varied.
The convenience of the assay is the ability to assay many compounds at once, either in
eight-point curves or in single-point screening. Single-point screens can lead to rapid results for
making decisions on which potential inhibitors should be pursued further. Reactions discussed
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here took place in 384 well plates, allowing for single-point screening of over a hundred
compounds simultaneously or dozens of compounds using more data points per curve.
The Malachite Green Assay was used for several single point screens and eight-point
curves. It was used to determine the most promising compounds and was able to do so in a small
reaction volume with high tolerance for DMSO, lending greater solubility to compounds. The
modifications shown here conserved resources and determined the limit of DMSO content.
Unfortunately, the following challenges were encountered. The IspF that was issued with the kit
was actually Salmonella typhimurium IspF expressed in Escherichia coli as opposed to
Escherichia coli IspF as was previously thought. While the isozymes perform the same function
within the reaction, using StIspF instead of EcIspF defeats the purpose of the control compound,
for which the IC50 value is known from literature. The control compound and what was thought
to be EcIspF were being used to demonstrate the success of the assay modifications before
moving on to using BpIspF. Additionally, the signal continuously increased with time due to the
degradation of the enzyme substrate, CDP-MEP, producing inorganic phosphate, which could
then complex with the Malachite Green. Also, the range of signal produced too small of a
window between strong inhibitors and inactive compounds to determine precisely how well the
enzyme was inhibited. Therefore, other methods for determining enzyme inhibition were
pursued.
Experimental
Reactions were performed in 384 well, polystyrene, flat-bottomed, clear Greiner Bio-One
microplates, 128 × 85 mm in size (Ref: 781186). The wells were rounded squares. Square wells
contribute a wide range of a working volume (10 – 130 μL) while round wells minimize wicking
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and bubbling. Compounds were distributed to the plates by a Labcyte Echo 550 using acoustic
droplet ejection. Plates were read on a Tecan plate reader Infinite M1000 PRO (S.N.
1510000771).

CHAPTER 3

SYNTHESIS AND EVALUATION OF 2-AMINO-4-HYDROXYPYRIMIDINE-5CARBOXYLATES
3.1 Introduction

The first series of synthesized potential inhibitors to be discussed is the 2-amino-4hydroxypyrimidine-5-carboxylate series. This series had a unique start when compared with the
other series to be evaluated, in that they were not designed off a hit from a library screening.
Compounds in this series were instead a de novo design made with zinc binding groups in mind.
As previously discussed, potent zinc binding groups are often made of nitrogen-containing
heterocylces able to chelate to zinc in a 5- or 6-member ring.70 This concept took advantage of
the known zinc hotspot, as utilized by many known IspF inhibitors from literature. Also, in an
NMR binding study followed up by crystallization, cytidine derivatives were found to bind to
BpIspF through hydrogen bonding of the 4-amino protons and carbonyl oxygen of the cytosine to
the backbone of Pocket III at residues Ala102, Pro105, and Ala108.49 Cytosine analogues have
been established to somewhat effectively be replaced by 2-aminopyridines.44

23
Cytosine

24
Cytidine
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The basis of the 2-amino-4-hydroxypyrimidine-5-carboxylate scaffold’s binding in the
active site is demonstrated by the binding of salicylic acid to Zn2+ in Figure 17. The ortho
carboxylic acid and hydroxyl functional groups bind to Zn2+ in a bidentate. From there,
modifications to the ring such as additional functional groups growing into the active site could
establish additional interactions to achieve greater affinity. These interactions could include
hydrophobic interactions with the lipophilic flexible loop or H-bonds with the protein backbone
or polar side chains. See Section 5.2 for the STD NMR results of salicylic acid derivative 4aminosalicylic acid with WT BpIspF.

Figure 17. Salicylic acid binding to Zn2+ in a bidentate within the active site. Expansion into
other regions of the active site could accumulate additional bonding interactions.
Jacobsen and Cohen studied the crystal structures of compounds binding to zinc in
pursuit of a greater understanding of zinc binding groups with regards to matrix
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metalloproteinases, a large family of enzymes that contain a Zn2+ ion held in place by three
histidine residues.71 Matrix metalloproteinase inhibitors are generally composed of a
peptidomimetic backbone and a zinc binding group. The crystal structure of salicylic acid and
zinc found two conformations in zinc binding. Contrary to the expected binding mode displayed
in Figure 17, the phenolic oxygen did not participate in the zinc binding in either conformation.
In one conformation, both the carboxylic oxygens bound to the zinc, however the bond to the
deprotonated oxygen was much shorter than the carbonyl oxygen (Zn—O 1.95 versus 2.46 Å),
the electrons nots being very delocalized. This conformation is an intermediate of monodentate
and bidentate, with a distorted trigonal bipyramidal structure.71 In the other conformation only
the deprotonated oxygen participated (Zn—O 1.89 Å) in a tetrahedral coordination.71 However,
the crystal structure of methyl salicylate and zinc show a 6-membered bidentate structure formed
by the binding of the phenolic oxygen and the carbonyl oxygen of the ester to the zinc (Zn—O
1.89 Å and 2.18 Å).
A 2-amino-4-hydroxypyrimidine-5-carboxylate scaffold was then the basis for a series of
compounds to be analyzed as IspF inhibitors. These compounds would derivatize at the group
attached to the 2-amino group, as well as possess either a carboxylic acid or ethyl ester in the 5position. The compounds synthesized are shown in Tables 2 and 3.
3.2 Synthesis
Synthesis of the 2-amino-4-hydroxypyrimidine-5-carboxylate series began with the
synthesis of a starting material, compound 25, as shown below in Scheme 4. This compound was
then used in parallel synthesis with the appropriate amine in reaction carousel tubes in ethanol to
produce the amino substituted, ethyl ester pyrimidines. The ethyl esters were then hydrolyzed to
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the carboxylic acids in ethanol. For the preparation of both the ethyl esters and the carboxylic
acids, the product could be isolated by vacuum filtration to collect the precipitate. The ethyl
esters were easy to purify in this manner, as the starting material, compound 25, could easily be
washed away during vacuum filtration with chloroform, as the starting material was soluble and
the product with each amine was not. This made the collected product almost always analytically
pure without need for chromatography. Compounds synthesized with phenyl, benzyl, and
phenethyl substituents are shown in Table 2. Compounds synthesized with heterocyclic
substituents are shown in Table 3.
Scheme 4. The synthesis of the starting material, compound 25, as well as the ethyl esters and
carboxylic acids.
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Table 2. The 2-amino-4-hydroxypyrimidine-5-carboxylate series by substituents.
Entry
n
R1
R2
R3
R4
R5
R6
26
0
H
H
H
H
H
H
27
0
H
H
H
H
H
CH2CH3
28
0
H
H
Br
H
H
H
29
0
H
H
Br
H
H
CH2CH3
30
0
H
H
I
H
H
CH2CH3
31
0
H
C6H5
H
H
H
H
32
0
H
C6H5
H
H
H
CH2CH3
33
0
H
H
C6H5
H
H
H
34
0
H
H
C6H5
H
H
CH2CH3
35
0
H
H
4-morpholyl
H
H
CH2CH3
36
0
H
H
1-piperdinyl
H
H
H
37
0
H
H
1-piperdinyl
H
H
CH2CH3
38
0
H
H
4-pyridyl
H
H
H
39
0
H
H
4-pyridyl
H
H
CH2CH3
40
0
H
H
CH2COOH
H
H
CH2CH3
41
1
H
H
H
H
H
CH2CH3
42
1
NO2
H
H
H
H
CH2CH3
43
1
H
NO2
H
H
H
CH2CH3
44
1
F
H
H
H
H
H
45
1
F
H
H
H
H
CH2CH3
46
1
H
H
F
H
H
H
47
1
H
H
F
H
H
CH2CH3
48
1
H
H
Cl
H
H
H
49
1
H
H
Cl
H
H
CH2CH3
50
1
H
Cl
H
H
H
H
51
1
H
Cl
H
H
H
CH2CH3
52
1
H
Cl
Cl
H
H
H
53
1
H
Cl
Cl
H
H
CH2CH3
54
1
Cl
H
H
H
H
H
55
1
Cl
H
H
H
H
CH2CH3
56
1
Cl
H
H
Cl
H
H
57
1
Cl
H
H
Cl
H
CH2CH3
58
2
H
F
H
H
H
H
59
2
H
F
H
H
H
CH2CH3
60
2
H
H
F
H
H
H
(Continued on the next page)
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Table 2. (Continued)
Entry
n
R1
61
2
H
62
2
H
63
2
H
64
2
Cl
65
2
Cl
66
2
Cl
67
2
Cl
68
2
Cl
69
2
Cl
70
2
H
71
2
H
72
2
H

R2
H
H
H
H
H
H
H
H
H
Cl
Cl
H

R3
F
Cl
Cl
H
H
Cl
Cl
H
H
Cl
Cl
OH

R4
H
H
H
H
H
H
H
H
H
H
H
H

R5
H
H
H
H
H
H
H
Cl
Cl
H
H
H

R6
CH2CH3
H
CH2CH3
H
CH2CH3
H
CH2CH3
H
CH2CH3
H
CH2CH3
CH2CH3

Table 3. Structures in the 2-amino-4-hydroxypyrimidine-5-carboxylate series with heterocycle
substituents.
Entry
R1
R2
73

H

74

CH2CH3

75

H

76

CH2CH3

77

H
(Continued on the next page)
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Table 3. (Continued)
Entry

R1

R2

78

CH2CH3

79

H

80

CH2CH3

81

H

82

CH2CH3

83

CH2CH3

84

H

85

CH2CH3

86

H

87

CH2CH3

82
3.3 Results and Discussion

One of the challenges encountered with this series was the solubility of the compounds.
As previously mentioned, compounds with greater sp2 character have a benefit and pitfall that
must be weighed when evaluating compounds. The benefit of higher sp2 character is limiting
bond rotation to limit the entropic loss upon binding to the target. The pitfall is that sp2 heavy
compounds tend to have lower solubility. The low solubility for several of these compounds is
shown in Table 4 with values ranging from 44 to 710 µM. Solubility is an important
characteristic to pay attention to when performing assays. The low solubility of these compounds
limits the concentrations the compounds can be brought to, particularly compounds 29 and 41.
Solubility of these compounds can be improved by increasing the DMSO content of the solution.
However, this resolution is dependent upon the system in which the compound is being
evaluated. Even low concentrations of DMSO can be harmful to whole cells and proteins.
Table 4. The solubility of select compounds in the 2-amino-4-hydroxypyrimidine-5carboxylate series.
Entry
Solubility, µM
29
44
41
53
42
180
43
190
45
145
49
710
69
170
72
170
83
338

Results of the Kirby Bauer assay are given below in Table 5, in mm of the diameter of
the zone of inhibition. More potent compounds can be determined by the greater zone of
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inhibition caused, and by activity at a lower concentration. Unfortunately, no compound showed
antimicrobial character at the lowest concentration tested, 0.1 mM. However, this lower
concentration and a higher concentration of 1.0 mM were only tested with a small group of the
compounds. All of the compounds were tested at 0.5 mM. While not all compounds displayed
potent antimicrobial activity through bacteriostatic action, none of the nine organisms was
completely immune to every compound. Each organism was susceptible to at least one
compound in the series to some extent. Also, only one compound failed to produce positive
antimicrobial results against any organism, compound 59.
Out of all of the compounds, the ones with the greatest range of antimicrobial activity
were 28, 56, and 80, with seven organisms affected each. They were all effective to some extent
against B. thailandensis, B. cereus, E. coli, M. smegmatis, and K. pneumoniae, but varied on P.
aeruginosa, C. xerosis, and C. pseudodiptheriticum. None of these three displayed any activity
against M. luteus. Structurally, there are not clear patterns to making a broadly effective
compound. Compounds 28 and 56 had a carboxylic acid substituent in the 5-position of the
pyrimidine while 80 had an ethyl ester in this position. Compounds 28 (Figure 18) and 56
(Figure 19) also contained halogens, bromine and chlorine, respectively, but positioning of the
halogens varied as did the length of the linker between the phenyl ring and the pyrimidine ring.
However, bond rotation may make it possible for the two compounds to achieve similar binding
and functionality, if antibacterial activity is proceeding through the same channels for both
compounds. Compound 80 has a 5-indazole substituent and may be achieving antibacterial
activity through different methods.
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Figure 18. The structure of 28 at minimized energy. A compound may not be in the lowest
energy conformation when binding to an enzyme, but this structure provides an estimation.

Figure 19. The structure of 56 at minimized energy. A compound may not be in the lowest
energy conformation when binding to an enzyme, but this structure provides an estimation.
The organism of greatest interest in this assay is Burkholderia thailandensis because it is
closely related to the target organism, B. pseudomallei. Of the 40 compounds tested at 0.5 mM
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against B. thailandensis, 26 compounds showed antibacterial activity. The most potent of these
compounds often contained halogens on a ring attached to the amino group. The position of the
halogen on the ring did not make a significant difference, although this is likely due to the
unhindered bond rotation in the linker. Likewise, the length of the linker between the nitrogen
external to the pyrimidine ring and the phenyl ring varied, the most potent compounds containing
all three lengths used: 0, 1, or 2 methylenes. As it is expected that the hydroxyl and carboxylic
acid or ethyl ester substituents on the pyrimidinyl ring are binding to the Zn2+ in the active site of
IspF, the amino substituents could be extending into the rest of the active site, making variable
interactions, assuming that IspF is successfully being targeted. A carboxylic acid group in the 5position of the pyrimidine was generally more effective than the ethyl ester, as shown by the
comparison between 62 and 63, 70 and 71, 73 and 74, 81 and 82, and marginally for 56 and 57.
This trend does not hold out for every set of carboxylic acids versus ethyl esters, showing that
the amino group is having an impact on these results. While the binding of salicylic acid to zinc
in Jacobsen and Cohen’s crystal structure showed binding to zinc through the carboxylic acid
oxygens, methyl salicylate showed binding to zinc through the phenolic oxygen and carbonyl
oxygen.71 Therefore, the interactions or steric hindrance caused by the 2-amino groups of each
compound may change the binding mode in a similar fashion. However, the pyrimidines may not
be targeting IspF alone, if they are targeting IspF. One possible alternative method of
antibacterial activity is the inhibition of folic acid synthesis, as this is the antitubercular
mechanism of action of the related compound,4-aminosalicylic acid (110), to be discussed in
chapter 5.

Table 5. The Kirby Bauer results of the 2-amino-4-hydroxypyrimidine-5-carboxylate series against nine organisms.
Compound Conc. (mM) Bt (mm) Pa (mm) Bc (mm) Ec (mm) Ms (mm) Kp (mm) Cx (mm) Cp (mm) Ml (mm)
26
0.5
0
0
0
0
15
0
0
0
0
28
0.5
13
0
12
15
17
12
16
16
0
0.1
0
0
0
NT
NT
NT
NT
NT
NT
30
0.5
0
0
13
NT
NT
NT
NT
NT
NT
1
0
0
18
NT
NT
NT
NT
NT
NT
32
0.5
0
0
14.5
0
15
0
0
0
0
33
0.5
0
0
12
0
15
15
0
0
0
34
0.5
0
0
11
0
0
0
0
0
0
35
0.5
9
11
6
0
14
8
0
0
0
36
0.5
11
0
12
11
0
10
0
0
0
37
0.5
14
13
15
19
16
13
0
0
0
0.1
0
0
0
0
0
0
0
0
0
38
0.5
0
0
10
0
0
0
0
0
0
1
8
0
16
0
0
0
0
0
0
39
0.5
0
0
0
0
16
0
0
0
0
40
0.5
8
0
11
10
0
9
0
0
0
0.1
0
0
0
0
0
0
0
0
0
46
0.5
12
0
12
0
0
0
0
0
0
1
18
0
17
0
0
0
0
0
0
47
0.5
8
0
19
0
0
0
0
0
0
48
0.5
11
14.5
14
14
14.5
9
0
0
0
51
0.5
11
0
0
0
14
0
0
0
0
53
0.5
0
0
12
0
0
0
0
0
0
55
0.5
0
0
10
0
0
0
0
0
15
56
0.5
10
9
10
11
14.5
8
0
10
0
57
0.5
9
0
13
0
0
0
0
0
14
(Continued on the next page)
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Table 5. (Continued)
Compound Conc. (mM) Bt (mm) Pa (mm) Bc (mm) Ec (mm) Ms (mm) Kp (mm) Cx (mm) Cp (mm) Ml (mm)
59
0.5
0
0
0
0
0
0
0
0
0
61
0.5
9
11
11
0
14
0
0
0
0
62
0.5
12
19
NT
0
14
0
0
0
0
0.1
0
0
0
NT
NT
NT
NT
NT
NT
63
0.5
0
0
7
NT
NT
NT
NT
NT
NT
1
0
0
12
NT
NT
NT
NT
NT
NT
65
0.5
12
0
9
0
15
0
0
0
0
67
0.5
11
0
0
0
0
0
0
0
0
70
0.5
11
0
13
0
11
8
0
0
0
71
0.5
0
0
10
0
0
0
0
0
0
73
0.5
10
17
7
0
17
7
0
0
15
0.1
0
0
0
NT
NT
NT
NT
NT
NT
74
0.5
0
0
8
NT
NT
NT
NT
NT
NT
1
12
0
14
NT
NT
NT
NT
NT
NT
0.1
0
0
NT
NT
NT
NT
NT
NT
NT
75
0.5
10
0
NT
NT
NT
NT
NT
NT
NT
1
14
0
NT
NT
NT
NT
NT
NT
NT
0.1
0
0
0
NT
NT
NT
NT
NT
NT
76
0.5
4
0
8
NT
NT
NT
NT
NT
NT
1
8
0
14
NT
NT
NT
NT
NT
NT
0.1
0
0
NT
NT
NT
NT
NT
NT
NT
77
0.5
12
10
NT
NT
NT
NT
NT
NT
NT
1
18
15
NT
NT
NT
NT
NT
NT
NT
0.1
0
0
0
NT
NT
NT
NT
NT
NT
78
0.5
9
0
10
NT
NT
NT
NT
NT
NT
1
14
0
18
NT
NT
NT
NT
NT
NT
79
0.5
0
0
9
0
16
9
0
0
0
(Continued on the next page)
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Table 5. (Continued)
Compound Conc. (mM) Bt (mm) Pa (mm) Bc (mm) Ec (mm) Ms (mm) Kp (mm) Cx (mm) Cp (mm) Ml (mm)
80
0.5
11
12
10
7
17
12
7
0
0
81
0.5
10
0
7
0
14
0
0
0
0
82
0.5
8
10
10
0
10
0
0
0
0
84
0.5
7
0
0
0
0
0
0
0
0
85
0.5
11
0
0
0
15
0
0
0
0
110
0.5
12
0
9
11
14
0
0
0
0
Data courtesy of Dr. Debarati Ghose.
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Regarding the results of the FTS assay (Table 6), there are a few trends that are formed.
The highest thermal shifts were often attributed to compounds with two-ring (not fused) amino
substituents, for example 35 (6.0 °C), 36 (5.5 °C), and 38 (5.5 °C). The fact that compounds 35
and 36 do not have aromaticity in the terminal ring leads to the conclusion that the greater
thermal shift is not due to a gained π stacking interaction. Compound 32, in which the terminal
ring is meta to the amino group on the internal ring, was found to have a 1 °C higher thermal
shift than compound 34, in which the terminal ring is para to the amino group on the internal
ring. Unfortunately, compound 32 is the only one in the series with a ring at this position.
Comparison of 33 (2.7 °C) with 38 (5.5 °C) and 37 (4.7 °C) with 35 (6.0 °C) shows that having a
heteroatom in the 1-position of the terminal heterocycle (R2) makes a significant contribution to
the thermal shift value.

33: R1 = H, R2 = phenyl
35: R1 = CH2CH3, R2 = 4-morpholinyl
37: R1 = CH2CH3, R2 = 1-piperidinyl
38: R1 = H, R2 = 4-pyridyl
The thermal shift difference between similar compounds containing either a carboxylic
acid or ethyl ester at the 5-position on the pyrimidinyl ring varied between sets of compounds,
some having a marginal difference between the two (33 versus 34, 2.7 °C and 3.0 °C) or being
the same (81 versus 82, 2.5 °C), some favoring the carboxylic acid (38 versus 39, 5.5 °C and 2.5
°C), and some favoring the ethyl ester (79 versus 80, 0.2 °C and 3.0 °C). The binding mode may
be different between compounds, as discussed earlier.
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Despite the lack of antimicrobial activity, compound 59 did cause a 2.8 °C thermal shift
in BpIspF. There are several explanations for conflicts between the results of the Kirby Bauer
assay and the FTS assay. For compounds in which the compound in question gave a positive
result in FTS but not in KB, the analyte may be able to bind to BpIspF, but it is not able to reach
its target in the whole cell organisms or perhaps penetrate the cell wall at all. Or the compound
could be binding to IspF but not inhibiting it. It is also possible that it is active against
Burkholderia pseudomallei but not any of the nine organisms tested in the Kirby Bauer assay,
but this is unexpected due to the close relation between Burkholderia pseudomallei and
Burkholderia thailandensis. For compounds that had negligible or weak FTS results but strong
KB results, the compound may be affecting other targets.
STD NMR was performed with one of the prominent compounds in the series, compound
38. Preliminary data by SPR (surface plasmon resonance) demonstrated binding of compound 38
to WT BpIspF. Saturation transfer difference NMR supported this binding, and results of group
epitope mapping are shown in Table 7. The highest saturation transfer was experienced by the
proton on the pyrimidine ring, HE. The saturation received by the other protons on the compound
are reported relative to HE. High saturation transfer for proton HE supports the zinc binding as
designed. The relative saturation transfer values for the protons HA, HB, HC, and HD are
significantly lower. However, observing the decreasing saturation going away from the
pyrimidinyl group (HD to HC) and increasing toward the pyridyl nitrogen (HB to HA) is evidence
of an additional interaction occurring with the nitrogen of the pyridyl, perhaps as a hydrogen
bond acceptor. This is consistent with previous results showing greater interaction with the
protein when a heteroatom (O or N) is in this position, whether that is due to the
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Table 6. FTS results of 2-amino-4-hydroxypyrimidine-5-carboxylate
series with Q151E BpIspF.
Entry
Structure
ΔTM (°C)
26

5.0

28

3.2

32

4.0

33

2.7

34

3.0

35

6.0

36

5.5

37

4.7
(Continued on the next page)
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Table 6. (Continued)
Entry

Structure

ΔTM (°C)

38

5.5

39

2.5

40

4.5

47

2

48

2.7

51

2.5

53

2.2

(Continued on the next page)
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Table 6. (Continued)
Entry

Structure

ΔTM (°C)

55

2.2

57

0.7

59

2.8

61

0.3

63

2.5

65

1.5

67

1.5

71

2.3
(Continued on the next page)
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Table 6. (Continued)
Entry

Structure

ΔTM (°C)

79

0.2

80

3.0

81

2.5

82

2.5

84

0.8

85

1.0

87

2.8

Data courtesy of Dr. Joy Blain.

electronegativity of these heteroatoms or the presence of the lone pairs of electrons they bear.
The dissociation constant of 38 was also calculated by STD NMR and found to be approximately
200 µM. Dissociation constants observed by STD NMR often appear weaker than the true value
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because of repeated binding by the same molecule to the protein. The saturation transferred to a
ligand upon the second binding is reduced compared to a ‘fresh’ ligand. There are two ways to
correct this issue. The first is to perform a competition experiment with a compound with a
known dissociation constant and to derive the dissociation constant of the analyte with
displacement. The second is to use greater ligand excesses as a preventative measure against
rebinding. However, determining the KD requires low ligand to protein ratios in plotting a
Michaelis-Menten-like graph.

Table 7. Relative saturation transfer results for 38 with BpIspF.
Proton
Relative Percent Saturation Transfer
A
35-40%
B
30-35%
C
25-30%
D
35-40%
E
100%

The Malachite Green assay (Section 2.2) was applied with the 2-amino-4hydroxypyrimidine-5-carboxylate series to evaluate IspF enzyme inhibition. The IspF used in
this assay originated from the Gram-negative organism Salmonella typhimurium. The
compounds were evaluated in a single point screening at 100 µM and are recorded in Table 8 as
percentage of enzyme inhibition, ranging from 11% to 74% inhibition. Like the FTS assay, many
of the strongest compounds had two-ring amino substituents. There were also more carboxylic
acid substituted pyrimidine rings over ethyl ester substituted pyrimidine rings. This was a pattern
observed when comparing compounds that otherwise had the same substituents. In the analysis
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of 26 pairs of compounds, inhibition of StIspF was greater for the carboxylic acids than the ethyl
esters in 23 of the pairs. The degree of this difference varied greatly, ranging from a mere 2%
difference to a 52% difference. Unfortunately, there are not structural similarities in the amino
substituents between the three pairs of compounds wherein the ethyl ester compound had equal
or greater enzyme inhibition than the carboxylic acid (44 and 45, 79 and 80, 84 and 85), so the
reason behind this event cannot be defined.
The greatest enzyme inhibition was observed for 28 at 74% inhibition at 100 µM. The
bromine substituted on the aniline group could be filling a portion of the active site, a favorable
contribution as mentioned earlier via the 55% rule. However, this inhibition plummeted to 22%
when the carboxylic acid was replaced by an ethyl ester (29), and inhibition did not improve
between 29 and 30 where the bromine was replaced by an iodine, despite iodine’s greater size
and therefore greater ability to fill space within the pocket. There may be steric hindrance due to
this greater size or iodine may have pushed the compound beyond the upper limit of optimal
pocket-filling (64%).45
Although the practice of combining two compounds in a fragment-merging fashion has
sometimes resulted in structures that benefit from the protein interactions of both compounds in
literature, this is not a fool-proof method, as demonstrated by 48 and 50. Each have a single
chlorine (48 in the 4-position on the aminobenzyl substituent and 50 in the 3-position), but when
combined the resulting dichloro compound 52 has slightly weaker enzyme inhibition than the
parent compounds. Combination of compounds 49 and 51 (The ethyl ester substituted
counterparts to 48 and 50, respectively) produce 53, which has a percent inhibition between its
parent compounds. Carboxylic acid substituted compounds 54 (2-position Cl) and 50 (3-position
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Cl) are overlaid to produce 56 with a negligible decrease in inhibition. Ethyl ester substituted
compounds 55 (2-position Cl) and 51 (3-position Cl) are combined to produce 57, to an 8-9%
increase in enzyme inhibition.
Table 8. The inhibition of StIspF by the 2-amino-4-hydroxypyrimidine-5-carboxylate series.
Entry
% StIspF Inhibition (100 µM)
26
38 ± 6
27
19 ± 2
28
74
29
22 ± 3
30
21 ± 3
31
41 ± 2
32
38 ± 5
33
36 ± 8
34
26 ± 4
35
33 ± 1
36
42 ± 2
37
30 ± 2
38
42
39
31 ± 2
40
36 ± 9
41
22 ± 3
42
19 ± 1
43
19 ± 5
44
20 ± 1
45
27 ± 2
46
31 ± 2
47
25 ± 2
48
27 ± 1
49
11 ± 2
50
31.1 ± 0.2
51
24 ± 2
52
26.4 ± 0.4
53
21 ± 3
54
32 ± 5
55
25 ± 5
56
29 ± 1
57
33 ± 3
58
25 ± 5
59
22.8 ± 0.3
60
28 ± 2
(Continued on the next page)
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Table 8. (Continued)
Entry
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
79
80
81
82
83
84
85
86
87

% StIspF Inhibition (100 µM)
15 ± 3
39.58 ± 0.04
25 ± 7
26 ± 2
24 ± 6
35.4 ± 0.4
23 ± 1
32 ± 8
23 ± 1
29 ± 1
24 ± 2
18 ± 2
28.2 ± 0.3
26 ± 2
29 ± 2
20 ± 3
33 ± 2
32 ± 4
32 ± 2
32 ± 1
30 ± 2
21 ± 1
25 ± 4
50 ± 30
23 ± 3
34 ± 2

3.4 Conclusion

The 2-amino-4-hydroxypyrimidine-5-carboxylate series of compounds was conceived as
a de novo design based on the goal to bind to the zinc divalent cation in the active site of IspF
using zinc binding groups and the idea to grow from the pyrimidine ring into the rest of the
active site using easily varied amino substituents to accumulate additional interactions. The
primary structure activity relationships here were in the functional group located at the 5-position
of the pyrimidine as well as the amino substituent. The enzyme inhibition assay showed greater
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inhibition by carboxylic acids over ethyl esters. The amino substituents varied greatly,
sometimes having an aliphatic linker to an aryl group. Few of the compounds did not include an
aryl group on the amino substituent. The most commonly potent compounds across the assays
contained two-ring cyclic structures, but electron withdrawing groups could boost potency
depending on the placement of the group. From a synthetic point of view, the series benefitted
from easy purification through vacuum filtration and washing. Yields varied but were generally
above 80%. While enzyme inhibition was not high for the series as a whole at 100 µM, progress
was made from the plan to build out into the active site from a zinc binding group and compound
28 did inhibit 74% of activity at 100 µM. The series also displayed an ability to stabilize BpIspF
and for compounds to enter both Gram-positive and Gram-negative cells, despite the general
trend of Gram-negative cells being more difficult to enter. The potency against M. smegmatis
and B. thailandensis cannot be ignored. Any compound with significant antimicrobial activity
against either of these organisms could contribute greatly to antimicrobial research, regardless of
whether or not the mechanism was through IspF. However, analysis by STD NMR with 38 was
able to support binding to BpIspF and determine a dissociation constant. One of the more overall
potent compounds, such as 28 or 38, could be used as a scaffold in a future series or as part of a
fragment merging approach.
3.5 Experimental

Saturation transfer difference NMR: STD NMR for 38 spectra were collected on a Bruker
Avance III 500 MHz spectrometer. Samples were prepared for group epitope mapping by
combining 60 μL of the 5 mM DMSO-D6 stock of the inhibitor, 590 μL D2O, and 50 μL 50 μM
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BpIspF in a 75 mM phosphate and 150 mM NaCl buffer for a total 700 μL sample, giving final
concentrations of 432 µM 38, 3.6 µM BpIspF, 5.4 mM phosphate, and 10.7 mM NaCl in D2O
and 8.6% DMSO-D6, pH 8.8. Spectra were collected at saturation times of 0.5, 0.75, 1.0, 1.5, 2.0,
2.5, 3.0, 3.5, 4.0, and 5.0 seconds. Samples were prepared for KD determination using the
method above, but varying the 38 concentration to 36, 72, 180, 252, 324, 432, and 540 µM.
Malachite Green assay: Reactions were performed in 10 µL volumes in clear Greiner bio-one
384 well microplates. The buffer was made by mixing 500 µL 1 M Tris-Cl, pH 7.4, 50 µL 1 M
MgCl2, 10 µL 1 M DTT, and 9,440 µL ddH2O. Compounds were added from DMSO stocks by a
Labcyte Echo 550 (1 nanomole, for a final reaction concentration of 100 µM). Volumes varied
by the concentration of the stock for each compound, but all were balanced by DMSO to 0.900
µL. Plates were then centrifuged 1 min at 300 rpm. Next, 8.1 µL of the reaction solution
containing 0.308 µM StIspF and 3.08 µM auxiliary enzyme SDT1 in buffer (for reaction
concentrations of 0.25 µM and 2.5 µM, respectively) were added by multichannel pipette. The
microplate was again centrifuged for 1 min at 300 rpm, then shaken for 9 min on a Scientific
Industries Multiplate Genie at 680 rpm. The substrate, 1 µL 670 µM CDP-MEP per well, was
then added to start the reaction. The microplate was shaken for 15 min at 750 rpm, then 20 µL
Malachite Green was added. The microplate was centrifuged for 1 min at 300 rpm, then
absorbance was read at 630 nm on a Tecan Infinite M1000Pro at multiple time points over the
course of half an hour to monitor development.
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Synthesis
General Procedure A
To a carousel tube, add 1 equivalent 25, 1.1 equivalents of the amine, a stir bar, and 5 mL
95% ethanol. Reflux while stirring for 24 hours. Collect the precipitate by vacuum filtration,
washing with 10 mL deionized water and 5 mL chloroform.
General Procedure B
To a carousel tube, add 1 equivalent corresponding ethyl 4-hydroxy-2-amino-pyrimidine5-carboxylate, 2.5 equivalents NaOH (1 M NaOH), a stir bar, and 5 mL MilliQ water. Reflux
while stirring for 15 minutes, then allow to cool slightly at room temperature before placing in
the refrigerator for 1 hour. Remove from refrigerator and adjust pH to 2 using 2 M HCl. Collect
precipitate by vacuum filtration, washing with deionized water.
Ethyl 4-hydroxy-2-(methylthio)pyrimidine-5-carboxylate (25)

Synthesis: A stir bar, 40 mL deionized water, and 23.1 mmol diethyl ethoxymethylenemalonate
were combined in a 250 mL round bottom flask under nitrogen and placed in an ice bath. On a
weigh paper, 23.2 mmol S-methyl isothiourea hemisulfate salt were weighed out, then added to
the flask. Next, 2.5 equivalents of KOH (57 mmol) were dissolved in 10 mL deionized water and
added to the round bottom flask dropwise. The reaction was kept at 0 °C for one hour then
allowed to come to room temperature and react overnight. After formation of a sponge-like white

102
to pink precipitate, the reaction was vacuum filtered. The filtrate was collected and the pH was
adjusted to 3 using 2 M HCl. It was then allowed to stir for one hour, after which the newly
formed precipitate was collected by vacuum filtration. Yield: 42.7%; HPLC: 254 nm:99.35%,
280 nm: 99.24% (TR = 7.16 min); 1H NMR (500.13 MHz, DMSO-D6) δ: 1.24-1.27 (t, 3H, J =
7.10 Hz), 2.54 (s, 3H), 4.19-4.23 (q, 2H, J = 7.10 Hz), 8.45 (s, 1H); (500.13 MHz, CDCl3) δ:
1.41-1.44 (t, 3H, J = 7.15 Hz), 2.61 (s, 3H), 4.42-4.46 (q, 2H, J = 7.10 Hz), 8.75 (s, 1H), 11.80
(br s); 13C (125.76 MHz, CDCl3) δ: 14.16, 62.13, 105.20, 159.15, 167.21, 175.97.
4-hydroxy-2-(phenylamino)pyrimidine-5-carboxylic acid (26)

Synthesis: General Procedure B using 0.545 mmol 27 and1.36 mmol NaOH (1.36 mL 1 M
NaOH). White precipitate formed immediately with addition of HCl. Yield: 65.8%; 1H NMR
(500.13 MHz, DMSO-D6) δ: 7.17-7.20 (t, 1H, J = 7.35 Hz), 7.38-7.41 (t, 2H, J = 7.50 Hz), 7.577.59 (d, 2H, J = 7.60 Hz), 8.50 (s, 1H), 9.69 (br s); 13C NMR: (125.76 MHz, DMSO) δ: 104.56,
122.39, 125.17, 129.42, 137.45, 165.57; Melting Range: 244-246 °C.
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Ethyl 4-hydroxy-2-(phenylamino)pyrimidine-5-carboxylate (27)

Synthesis: General Procedure A using 0.937 mmol 25 and 1.18 mmol aniline. Yield: 81.2%;
HPLC: 254 nm: >99%, 280 nm: >99%, 300 nm: >99%, 365 nm: >99%, 400 nm: >99% (TR =
9.70 min); 1H NMR (500.13 MHz, DMSO-D6) δ: 1.25-1.27 (t, 3H, J = 7.10 Hz), 4.18-4.22 (q,
2H, J = 6.70 Hz), 7.11 (t, 1H, J = 7.10 Hz), 7.35-7.38 (t, 2H, J = 7.40 Hz), 7.60 (s, 2H), 8.48 (s,
1H), 9.37 (br s), 11.10 (br s); Melting Range: Approximately 284-285 °C.
Ethyl 2-((4-bromophenyl)amino)-4-hydroxypyrimidine-5-carboxylate (29)

Synthesis: General Procedure A using 0.882 mmol 25 and 1.15 mmol p-bromoaniline. Yield:
30.0%; HPLC: 300 nm: >99% (TR = 13.04 min); 1H NMR (300.15 MHz, DMSO-D6) δ: 1.231.28 (t, 3H, J = 7.08 Hz), 4.16-4.23 (q, 4H, J = 6.96 Hz), 7.51-7.58 (m, 4H), 8.49 (s, 1H), 9.53
(br s), 11.18 (br s); 13C NMR (75.47 MHz, DMSO-D6) δ: 14.69, 60.26, 123.33, 132.02, 162.14;
Melting Range: >283 °C.
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Ethyl 4-hydroxy-2-((4-iodophenyl)amino)pyrimidine-5-carboxylate (30)

Synthesis: General Procedure A using 1.96 mmol 25 and 2.19 mmol p-Iodoaniline. Yield:
85.2%; 1H NMR (300.15 MHz, DMSO-D6) δ: 1.23-1.28 (t, 3H, J = 7.11 Hz), 4.16-4.23 (q, 2H, J
= 7.05 Hz), 7.44-7.47 (d, 2H, J = 8.16 Hz), 7.66-7.69 (d, 2H, J = 8.76 Hz), 8.48 (s, 1H), 9.51 (br
s), 11.15 (br s); 13C NMR (75.47 MHz, DMSO-D6) δ: 14.68, 60.28, 123.54, 137.87, 162.15;
Melting Range: >283 °C.
2-([1,1'-biphenyl]-3-ylamino)-4-hydroxypyrimidine-5-carboxylic acid (31)

Synthesis: General Procedure B using 0.521 mmol 32 and 1.30 mmol NaOH (1.30 mL 1 M
NaOH). Yield: 89.9%; HPLC: 254 nm: 95.99%, 280 nm: 100%, 300 nm: 95.99%, 365 nm:
94.38%, 400 nm: 94.82%; 1H NMR (500.13 MHz, DMSO-D6) δ: 7.39-7.42 (t, 1H, J = 7.35 Hz),
7.47-7.52 (m, 4H), 7.57-7.59 (m, 1H), 7.66-7.68 (d, 2H, J = 7.20 Hz), 7.86 (s, 1H), 8.53 (s, 1H),
9.97 (br s); 13C NMR (125.76 MHz, DMSO-D6) δ: 104.65, 120.72, 121.47, 123.56, 127.19,
128.20, 129.48, 130.01, 138.08, 140.21, 141.46, 165.51; Melting Range: 233-236 °C.
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Ethyl 2-([1,1'-biphenyl]-3-ylamino)-4-hydroxypyrimidine-5-carboxylate (32)

Synthesis: General Procedure A using 0.210 mmol 25 and 0.217 mmol 3-aminobiphenyl. Yield:
87.6%; HPLC: 300 nm: 96.02% (TR = 14.25 min) ; 1H NMR (500.13 MHz, DMSO-D6) δ: 1.251.28 (t, 3H, J = 7.10 Hz), 4.18-4.22 (q, 2H, J = 6.90 Hz), 7.40-7.51 (m, 5H), 7.59 (s, 1H), 7.657.67 (d, 2H, J = 7.25 Hz), 7.89 (s, 1H), 8.51 (s, 1H), 9.47 (br s), 11.20 (br s); 13C NMR (125.76
MHz, DMSO-D6) δ: 14.71, 60.17, 119.96, 120.73, 126.90, 127.19, 127.52, 128.13, 129.20,
129.46, 129.88, 140.36, 141.35, 162.39; Melting Range: 222-225 °C.
4-hydroxy-2-((4-(pyridin-4-yl)phenyl)amino)pyrimidine-5-carboxylic acid (38)

Synthesis: 0.325 mmol 39 was added to a carousel tube. 0.91 mmol NaOH in pellet form were
dissolved in 2.0 mL deionized water, then added to the carousel tube in addition to a stir bar. The
mixture was then refluxed and monitored for dissolution. 14 mL deionized water was added
incrementally to dissolve starting material. Following dissolution, the reaction was removed
from heat and allowed to come to room temperature. The pH was adjusted to 2 using 2 M HCl
and a yellow precipitate formed with addition of acid. The precipitate was collected by vacuum
filtration and dried under vacuum. Yield: 83.8%; HPLC: 254 nm, 280 nm, 300 nm, 360 nm, 400
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nm: >99% (TR = 5.47 min); 1H NMR: (500.13 MHz, DMSO-D6) δ: 7.86-7.88 (d, 2H, J = 8.66
Hz), 8.01-8.03 (d, 2H, J = 8.66 Hz), 8.12-8.13 (d, 2H, J = 6.35 Hz), 8.58 (s, 1H), 8.80-8.81 (d,
2H, J = 6.35 Hz). 10.46 (br s); (125.76 MHz, DMSO-D6) δ: 105.10, 121.76, 122.47, 128.77,
130.85, 140.55, 145.97, 151.65, 155.09, 165.70; Melting Range: 266-269 °C.
Ethyl 4-hydroxy-2-((4-(pyridin-4-yl)phenyl)amino)pyrimidine-5-carboxylate (39)

Synthesis: General Procedure A with 2.5 mL additional ethanol (95%), 1.64 mmol 25 and 1.87
mmol 4-(pyridine-4-yl)aniline. Yield: 76.0%; HPLC: 254 nm: 97.67%, 280 nm: 98.20% (TR =
7.49 min); 1H NMR (500.13 MHz, DMSO-D6) δ: 1.26-1.28 (t, 3H, J = 7.10 Hz), 4.19-4.23 (q,
2H, J = 7.10 Hz), 7.71-7.72 (d, 2H, J = 6.20 Hz), 7.78-7.80 (d, 2H, J = 8.60 Hz), 7.83-7.85 (d,
2H, J = 8.80 Hz), 8.54 (s, 1H), 8.62-8.63 (d, 2H, J = 6.15 Hz), 9.68 (br s), 11.41 (br s); 13C NMR
(125.76 MHz, DMSO-D6) δ: 14.71, 60.28, 121.15, 121.56, 127.72, 146.75, 150.67; Melting
Range: 268-270 °C.
Ethyl 2-(benzylamino)-4-hydroxypyrimidine-5-carboxylate (41)

Synthesis: General Procedure A using 1.12 mmol 25 and 1.60 mmol benzylamine. Yield: 71.8%;
HPLC: 300 nm: 98.68% (TR = 10.19 min); 1H NMR (300.15 MHz, CDCl3) δ: 1.25-1.30 (t, 3H, J

107
= 7.11 Hz), 4.14-4.21 (q, 2H, J = 7.11 Hz), 4.80-4.82 (d, 2H, J = 6.27 Hz), 7.21-7.33 (m, 3H),
7.41-7.44 (d, 2H, J = 6.75 Hz), 8.69 (s, 1H), 9.15 (br s), 11.79 (br s); 13C NMR (75.47 MHz,
CDCl3) δ: 14.30 (CH3), 44.45 (CH2), 59.74 (CH2), 103.01 (C), 127.02 (CH), 127.85 (CH),
128.27 (CH), 139.11 (C), 156.94 (C), 162.18 (C), 164.08 (C), 164.18 (CH); Melting Range: 250252 °C.
Ethyl 4-hydroxy-2-((2-nitrobenzyl)amino)pyrimidine-5-carboxylate (42)

Synthesis: General Procedure A using 1.59 mmol 25 and 1.82 mmol 2-nitrobenzylamine
hydrochloride, as well as 2.34 mmol triethylamine. Yield: 33.7%; HPLC: 300 nm: 96.40% (TR =
10.63 min); 1H NMR (300.15 MHz, DMSO-D6) δ: 1.19-1.23 (t, 3H, J = 7.08 Hz), 4.09-4.16 (q,
2H, J = 7.08 Hz), 4.84-4.85 (d, 2H, J = 5.19 Hz), 7.54-7.59 (t, 2H, J = 7.44 Hz), 7.72-7.77 (t, 1H,
J = 7.47 Hz), 8.07-8.09 (d, 1H, J = 8.01 Hz), 8.32 (s, 1H), 11.13 (br s); Melting Range: 277-279
°C.
2-((2-fluorobenzyl)amino)-4-hydroxypyrimidine-5-carboxylic acid (44)
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Synthesis: General Procedure B using 0.537 mmol 45 and 1.34 mmol NaOH (1.34 mL 1 M
NaOH). Yield: 65.4%; HPLC 300 nm: >99.99% (TR = 8.91 min); 1H NMR (500.13 MHz,
DMSO-D6) δ: 4.66 (s, 2H), 7.18-7.24 (m, 2H), 7.34-7.39 (m, 2H), 7.88 (br s), 8.46 (s, 1H),
12.07(br s); 13C NMR (125.76 MHz, DMSO-D6) δ: 38.65, 103.21, 115.60, 115.77, 124.93,
124.95, 129.79, 129.82, 159.56, 161.51, 165.31; Melting Range: 214-215 °C.
Ethyl 2-((2-fluorobenzyl)amino)-4-hydroxypyrimidine-5-carboxylate (45)

Synthesis: General procedure A using 1.00 mmol 25 and 1.15 mmol 2-fluorobenzylamine. Yield:
73.4%; HPLC: 300 nm: 99.17% (TR = 10.61 min); 1H NMR (300.15 MHz, CDCl3) δ: 1.21-1.25
(t, 3H, J = 7.08 Hz), 4.09-4.16 (q, 2H, J = 7.08 Hz), 4.89-4.91 (d, 2H, J = 6.06 Hz), 6.99-7.02 (d,
1H, J = 8.61 Hz), 7.06-7.08 (d, 1H, J = 8.07 Hz), 7.18-7.22 (m, 1H), 7.34-7.39 (t, 1H, J = 7.65
Hz), 8.67 (s, 1H), 9.06 (br s), 11.92 (br s); (500.13 MHz, DMSO-D6) δ: 1.21-1.24 (t, 3H, J = 7.10
Hz), 4.12-4.14 (q, 2H, J = 7.00 Hz), 4.62-4.63 (d, 2H, J = 5.15 Hz), 7.17-7.19 (d, 1H, J = 7.60
Hz), 7.21-7.23 (d, 1H, J = 10.70 Hz), 7.32-7.37 (m, 2H), 7.53 (br s), 8.37 (s, 1H), 11.20 (br s).
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2-((4-fluorobenzyl)amino)-4-hydroxypyrimidine-5-carboxylic acid (46)

Synthesis: General Procedure B using 0.651 mmol 47 and 1.75 mmol NaOH (1.75 mL 1 M
NaOH). Yield: >99%. HPLC: 300 nm: >99% (TR = 8.66 min); 1H NMR (500.13 MHz, DMSOD6) δ: 4.38 (2H), 6.31 (br s), 7.02 (2H), 7.30 (2H), 8.27 (1H); 13C NMR (125.76 MHz, DMSOD6) δ: 43.71, 114.87, 115.04, 129.42, 138.43, 160.31, 162.23, 163.83, 169.83, 174.63; Melting
Range: >283 °C.
Ethyl 2-((4-fluorobenzyl)amino)-4-hydroxypyrimidine-5-carboxylate (47)

Synthesis: General Procedure A using 0.943 mmol 25 and 1.10 mmol 4-fluorobenzylamine.
Yield: 88.5%; HPLC: 254 nm: 92.45%, 280 nm: 97.25%, 300 nm: 98.12%, 365 nm: 94.98%, 400
nm: 96.69% (TR = 10.63 min); 1H NMR (500.13 MHz, DMSO-D6) δ: 1.21-1.23 (t, 3H, J = 7.05
Hz), 4.12-4.16 (q, 2H, J = 7.05 Hz), 4.53-4.55 (d, 2H, J = 5.70 Hz), 7.15-7.19 (t, 2H, J = 8.70
Hz), 7.35-7.37 (t, 2H, J = 5.80 Hz), 7.53 (br s), 8.37 (s, 1H), 11.21 (br s); (125.76 MHz, DMSOD6) δ: 14.77, 43.42, 59.72, 115.53, 115.70, 129.78, 129.85, 135.20, 160.84, 162.77, 162.99,
164.52; Melting Range: 258-261 °C.
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2-((3-chlorobenzyl)amino)-4-hydroxypyrimidine-5-carboxylic acid (50)

Synthesis: General Procedure B using 0.675 mmol 51 and 1.76 mmol NaOH (1.76 mL 1 M
NaOH). Yield: 97.5%; HPLC: 300 nm: 98.53% (TR: 10.11 min) 1H NMR (500.13 MHz, DMSOD6) δ: 4.43 (s, 2H), 7.24-7.31 (m, 4 H), 8.24 (s, 1H); 13C NMR (125.76 MHz, DMSO-D6) δ:
43.68, 102.02, 126.14, 126.71, 127.16, 130.43, 133.25, 144.22, 159.47, 164.88, 170.03, 175.39;
Melting Range: 238-242 °C.
Ethyl 2-((3-chlorobenzyl)amino)-4-hydroxypyrimidine-5-carboxylate (51)

Synthesis: General Procedure A using 0.965 mmol 25 and 1.15 mmol 3-chlorobenzylamine.
Yield: 91.3%; HPLC: 254 nm: 86.97%, 280 nm: 100%, 300 nm: 98.38%, 365 nm: 89.68%, 400
nm: 93.06% (TR = 11.79 min); 1H NMR (500.13 MHz, DMSO-D6) δ: 1.21-1.24 (t, 3H, J = 7.10
Hz), 4.12-4.16 (q, 2H, J = 7.10 Hz), 4.56-4.57 (d, 2H, J = 6.00 Hz), 7.27-7.29 (d, 1H, J = 7.40
Hz), 7.33-7.34 (m, 1H), 7.36-7.39 (m, 2H), 7.55 (br s), 8.37 (s, 1H), 11.28 (br s); Melting Range:
277-279 °C.

111
Ethyl 2-((2-chlorobenzyl)amino)-4-hydroxypyrimidine-5-carboxylate (55)

Synthesis: General Procedure A using 1.29 mmol 25 and 1.48 mmol 2-chlorobenzylamine.
Yield: 16.0%; HPLC: 254 nm: 96.19%, 280 nm: 95.30% (TR: 11.64 min); 1H NMR (300.15
MHz, DMSO-D6) δ: 1.19-1.24 (t, 3H, J = 7.08 Hz), 4.10-4.17 (q, 2H, J = 7.05 Hz), 4.61-4.63 (d,
2H, J = 5.31 Hz), 7.32-7.34 (m, 3H), 7.45-7.49 (m, 1H), 7.56 (br s), 8.35 (s, 1H), 11.20 (br s);
Melting Range: 241-243 °C.
Ethyl 2-((3-fluorophenethyl)amino)-4-hydroxypyrimidine-5-carboxylate (59)

Synthesis: General Procedure A using 1.00 mmol 25 and 1.25 mmol 3-fluorophenethylamine.
Yield: 87.0%; HPLC: 254 nm: 95.36% (TR = 11.38 min); 1H NMR (500.13 MHz, DMSO-D6) δ:
1.21-1.24 (t, 3H, J = 7.10 Hz), 2.84-2.87 (t, 2H, J = 6.95 Hz), 3.60 (s, 2H), 4.12-4.16 (q, 2H, J =
7.05 Hz), 7.00 (br s), 7.03-7.11 (m, 3H), 7.33-7.37 (q, 1H, J = 7.85 Hz), 8.38 (s, 1H), 11.04 (br
s); 13C NMR (125.76 MHz, DMSO-D6) δ: 14.78, 34.84, 41.79, 59.66, 113.44-113.60 (J = 20.83
Hz), 115.87-116.03 (J = 20.90 Hz), 125.39-125.40 (J = 2.03 Hz), 130.65-130.72 (J = 7.87 Hz),
142.26, 161.71-163.65 (J = 243.18 Hz), 163.05, 164.61; Melting Range: 279-282 °C.
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2-((4-fluorophenethyl)amino)-4-hydroxypyrimidine-5-carboxylic acid (60)

Synthesis: General Procedure B using 0.449 mmol 61 and 1.25 mmol NaOH (1.25 mL 1 M
NaOH). Yield: 84.7%; 1H NMR (500.13 MHz, DMSO-D6) δ: 2.83-2.85, (t, 2H, J = 6.85 Hz),
3.56-3.61 (d, 2H, J = 28.01 Hz), 7.12-7.15 (t, 2H, J = 8.90 Hz), 7.29 (s, 2H), 7.44 (br s), 8.378.47 (d, 1H), 11.99 (br s); 13C NMR (125.76 MHz, DMSO-D6) δ: 34.17 (CH2), 42.42 (CH2),
102.64, 115.46-115.62 (CH, JC-F = 20.98 Hz), 131.03-131.09 (CH, JC-F = 8.06 Hz), 135.27135.29 (JC-F = 2.74 Hz), 156.69, 160.46-162.38 (JC-F = 241.66 Hz), 165.42; Melting Range: 196200 °C.
Ethyl 2-((4-fluorophenethyl)amino)-4-hydroxypyrimidine-5-carboxylate (61)

Synthesis: General Procedure A using 0.990 mmol 25 and 1.16 mmol 4-fluorophenethylamine.
Yield: 80.4%; HPLC: 300 nm: >99% (TR = 10.94 min); 1H NMR (500.13 MHz, DMSO-D6) δ:
1.21-1.24 (t, 3H, J = 7.10 Hz), 2.80-2.83 (t, 2H, J = 6.05 Hz), 3.56 (s, 2H), 4.12-4.16 (q, 2H, J =
7.05 Hz), 6.99 (br s), 7.11-7.16 (t, 2H, J = 8.95 Hz), 7.26-7.29 (t, 2H, J = 7.70 Hz), 8.38 (s, 1H),
11.04 (br s); 13C NMR (125.76 MHz, DMSO-D6) δ: 14.78, 34.35, 42.14, 59.68, 115.44, 115.61,
131.00, 131.06, 135.41, 160.43, 162.35, 163.08, 164.58; Melting Range: 266-268 °C.
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2-((4-chlorophenethyl)amino)-4-hydroxypyrimidine-5-carboxylic acid (62)

Synthesis: General Procedure B using 0.603 mmol 63 and 1.51 mmol NaOH (1.51 mL 1 M
NaOH). Yield: 90.1%; HPLC: 254 nm: 99.03%, 280 nm: 99.34%, 300 nm: 99.13%, 365 nm:
>99.9%, 400 nm: >99.9% (TR = 11.02 min); 1H NMR (500.13 MHz, DMSO-D6) δ: 2.83-2.86 (t,
2H, J = 6.70 Hz), 3.62 (s, 2H), 7.29 (s, 2H), 7.36-7.38 (d, 2H, J = 8.30 Hz), 8.37-8.48 (m, 1H),
11.99 (br s); 13C NMR (125.76 MHz, DMSO-D6) δ: 34.31, 42.19, 128.78, 131.16, 131.45,
138.20, 156.66, 165.35; Melting Range: 209-213 °C.
Ethyl 2-((4-chlorophenethyl)amino)-4-hydroxypyrimidine-5-carboxylate (63)

Synthesis: General Procedure A using 0.937 mmol 25 and 0.978 mmol 2-(4chlorophenyl)ethylamine. Yield: 76.9%; HPLC: 254, 280 nm: >99.9% (TR = 12.25 min); 1H
NMR (300.15 MHz, DMSO-D6) δ: 1.21-1.24 (t, 3H, J =7.11 Hz), 2.81-2.84 (t, 2H, J = 6.96 Hz),
3.55-3.57 (m, 2H), 4.12-4.16 (q, 2H, J = 7.08 Hz), 7.01 (br s), 7.26-7.28 (d, 2H, J = 8.28 Hz),
7.36-7.38 (d, 2H, J = 8.40 Hz), 8.38 (s, 1H), 11.06 (br s); 13C NMR (125.76 MHz, DMSO-D6) δ:
14.78, 34.48, 41.91, 59.67, 128.76, 131.14, 131.40, 138.33, 163.06, 164.58; Melting Range: 264267 °C.
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Ethyl 2-((2-chlorophenethyl)amino)-4-hydroxypyrimidine-5-carboxylate (65)

Synthesis: General Procedure A using 1.00 mmol 25 and 1.13 mmol 2-(2chlorophenyl)ethylamine. Yield: 87.7%; HPLC: 300 nm: 96.70% (TR = 12.08 min); 1H NMR
(500.13 MHz, DMSO-D6) δ: 1.21-1.24 (t, 3H, J = 7.10 Hz), 2.95-2.98 (t, 2H, J = 7.00 Hz), 3.61
(s, 2H), 4.12-4.16 (q, 2H, J = 7.05 Hz), 7.25-7.32 (m, 2H), 7.32 (s, 1H), 7.14 (br s), 7.43-7.45
(dd, 1H, J = 7.60Hz, 1.55 Hz), 8.37 (s, 1H), 11.11 (br s); 13C NMR (125.76 MHz, DMSO-D6) δ:
14.78, 14.86, 32.94, 59.66, 104.88, 127.76, 128.79, 129.71, 131.66, 133.70, 136.79, 157.37,
159.60, 162.99, 164.61; Melting Range: 268-271 °C.
2-((2,4-dichlorophenethyl)amino)-4-hydroxypyrimidine-5-carboxylic acid (66)

Synthesis: General Procedure B using 0.540 mmol 67 and 1.22 mmol NaOH (Pellet dissolved in
0.5 mL deionized water). Yield: 82.3%; HPLC: 300 nm: 98.79% (TR = 12.24 min); 1H NMR
(500.13 MHz, DMSO-D6) δ: 2.92 (s, 2H), 3.44 (s, 2H), 6.72 (br s), 7.36 (s, 2H), 7.56 (s, 1H),
8.21 (s, 1H); 13C NMR (125.76 MHz, DMSO-D6) δ: 127.70, 128.96, 131.92, 132.81, 134.53,
137.02, 164.79, 170.23; Melting Range: 239-242 °C.
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Ethyl 2-((2,4-dichlorophenethyl)amino)-4-hydroxypyrimidine-5-carboxylate (67)

Synthesis: General Procedure A using 1.04 mmol 25 and 1.16 mmol 2,4dichlorophenethylamine. Yield: 78.7%; HPLC: 254 nm: >99%, 280 nm: 96.28% (TR = 13.99
min); 1H NMR (500.13 MHz, DMSO-D6) δ: 1.21-1.24 (t, 3H, J = 7.10 Hz), 2.94-2.96 (t, 2H, J =
6.75 Hz), 3.59 (s, 2H), 4.12-4.16 (q, 2H, J = 7.05 Hz), 7.08 (br s), 7.36-7.41 (m, 2H), 7.60 (s,
1H), 8.36 (s, 1H), 11.11 (br s); 13C NMR (125.76 MHz, DMSO-D6) δ: 14.78, 32.40, 59.67,
127.84, 129.10, 132.32, 132.99, 134.68, 136.04, 162.94; Melting Range: 276-279 °C.
Ethyl 2-((2,6-dichlorophenethyl)amino)-4-hydroxypyrimidine-5-carboxylate (69)

Synthesis: General Procedure A using 1.08 mmol 25 and 1.19 mmol 2,6dichlorophenethylamine. Yield: 66.7%; 1H NMR (300.15 MHz, DMSO-D6) δ: 1.20-1.24 (t, 3H, J
= 7.07 Hz), 3.13-3.17 (t, 2H, J = 6.51 Hz), 3.61-3.63 (m, 2 H), 4.09-4.16 (q, 2H, J = 7.05 Hz),
7.18 (br s), 7.26-7.31 (t/q, 1H, J = 7.50 Hz, 1.08 Hz), 7.44-7.47 (d, 2H, J = 8.16 Hz), 8.33 (s,
1H), 11.16 (br s); Melting Range: 268-271 °C.
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Ethyl 4-hydroxy-2-((4-hydroxyphenethyl)amino)pyrimidine-5-carboxylate (72)

Synthesis: General Procedure A using 0.827 mmol 25 and 0.928 mmol tyramine. Yield: HPLC:
254 nm: >99%, 280 nm: >99%, 300 nm: >99%, 365 nm: >99%, 400 nm: >99% (TR = 7.11 min);
1

H NMR (300.15 MHz, DMSO-D6) δ: 1.31-1.36 (t, 3H, J = 7.11 Hz), 2.83-2.88 (t, 2H, J = 8.13

Hz), 3.09-3.14 (t, 2H, J = 8.22 Hz), 4.23-4.30 (q, 2H, J = 7.11 Hz), 6.75-6.77 (d, 2H, J = 8.55
Hz), 7.07-7.10 (d, 2H, J = 8.49 Hz), 8.42 (s, 1H); Melting Range: 183-185 °C.
4-hydroxy-2-((2-(pyridin-2-yl)ethyl)amino)pyrimidine-5-carboxylic acid (73)

Synthesis: General Procedure B using 0.875 mmol 74 and 1.80 mmol NaOH (1.0 mL NaOH).
Yield: 66.2%; HPLC: 254 nm: 96.70%, 280 nm: 96.11% (TR = 4.09 min); 1H NMR (300.15
MHz, DMSO-D6) δ: 2.84-2.89 (t, 2H, J = 7.44 Hz), 3.47 (m, 2H), 6.67-6.71 (t, 1H, J = 5.34 Hz),
7.10-7.14 (dd, 1H, J = 7.17 Hz, 5.49 Hz), 7.14-7.19 (d, 1H, J = 7.77 Hz), 7.58-7.64 (td, 1H, J =
7.62 Hz, 1.65 Hz), 8.14 (br s), 8.40-8.41 (m, 1H); 13C NMR (125.76 MHz, DMSO-D6) δ: 37.86,
40.96, 121.85, 123.64, 136.89, 149.44,159.35, 160.06; Melting Range: 224-226 °C.
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Ethyl 4-hydroxy-2-((2-(pyridin-2-yl)ethyl)amino)pyrimidine-5-carboxylate (74)

Synthesis: General Procedure A using 1.16 mmol 25 and 1.26 mmol 2-(2-pyridyl)ethylamine.
Yield: 95.4%; HPLC: 254 nm: >99%, 280 nm: >99% (TR = 5.26 min); 1H NMR (300.15 MHz,
DMSO-D6) δ: 1.19-1.24 (t, 3H, J = 7.08 Hz), 2.97-3.01 (t, 2H, J = 6.84 Hz), 3.72-3.74 (m, 2H),
4.09-4.16 (q, 2H, J = 7.05 Hz), 7.14 (br s), 7.22-7.30 (m, 2H), 7.69-7.75 (td, 1H, J = 7.65 Hz,
1.83 Hz), 8.36 (s, 1H), 8.50-8.52 (d, 2H, J = 4.72 Hz), 11.07 (br s); 13C NMR (75.47 MHz,
DMSO-D6) δ: 14.77, 37.07, 59.65, 122.12, 123.84, 137.05, 149.47, 159.09, 163.07, 164.60;
Melting Range: 259-262 °C.
4-hydroxy-2-((2-(pyridin-4-yl)ethyl)amino)pyrimidine-5-carboxylic acid (75)

Synthesis: General Procedure B using 0.699 mmol 76 and 1.32 mmol NaOH (NaOH pellet
dissolved in deionized water). Yield: 51.7%; 1H NMR (500.13 MHz, DMSO-D6) δ: 2.88-2.90 (t,
2H, J = 7.00 Hz), 3.62-3.67 (m, 2H), 7.30-7.31 (d, 2H, J = 4.55 Hz), 7.50 (br s), 8.37 (br s) 8.47
(br s), 8.49-8.50 (d, 2H, J = 4.40 Hz); 13C NMR (125.76 MHz, DMSO-D6) δ: 40.75, 41.26,
124.82, 124.95, 148.56, 148.71, 149.71, 149.76 150.76, 156.69, 165.37; Melting Range: 210-212
°C.
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Ethyl 4-hydroxy-2-((2-(pyridin-4-yl)ethyl)amino)pyrimidine-5-carboxylate (76)

Synthesis: General Procedure A using 1.09 mmol 25 and 1.23 mmol 4-(2-aminoethyl)pyridine.
Yield: 74.4%; HPLC: 254 nm: >99%, 280 nm: >99% (TR = 5.39 min); 1H NMR (300.15 MHz,
DMSO-D6) δ: 1.19-1.24 (t, 3H, J = 7.11 Hz), 2.83-2.87 (t, 2H, J = 6.96 Hz), 3.61-3.63 (m, 2H),
4.10-4.17 (q, 2H, J = 7.08 Hz), 7.04 (br s), 7.26-7.27 (d, 2H, J = 5.76 Hz), 8.36 (s, 1H), 8.47-8.49
(d, 2H, J = 5.82 Hz), 11.07 (br s); 13C NMR (75.47 MHz, DMSO-D6) δ: 14.77, 34.41, 41.01,
59.67, 124.75, 148.26, 149.98, 162.98, 164.57; Melting Range: 255-256 °C.
Ethyl 2-(((6-chloropyridin-3-yl)methyl)amino)-4-hydroxypyrimidine-5-carboxylate (78)

Synthesis: General Procedure A using 0.981 mmol 25 and 0.882 mmol 5-aminomethyl-2chloropyridine. Yield: 77.8%; 1H NMR (300.15 MHz, DMSO-D6) δ: 1.19-1.24 (t, 3H, J = 7.08
Hz), 4.10-4.17 (q, 2H, J = 7.05 Hz), 4.56-4.58 (d, 2H, J = 5.61 Hz), 7.47-7.50 (d, 1H, J = 8.26
Hz), 7.62 (br s), 7.78-7.82 (dd, 1H, J = 8.22, 2.40 Hz), 8.35 (s, 1H), 8.36-8.37 (d, 1H, J = 2.25
Hz), 11.37 (br s); Melting Range: 270-272 °C.
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Ethyl 2-((2-(benzo[d][1,3]dioxol-5-yl)ethyl)amino)-4-hydroxypyrimidine-5-carboxylate (83)

Synthesis: General Procedure A using 25 and 3,4-methylenedioxyphenethylamine hydrochloride.
Yield: 7.7% (Majority of product was spilled); HPLC: 254 nm: >99%, 280 nm: >99% (TR =
10.35 min); 1H NMR (500.13 MHz, CDCl3): 1.37-1.40 (t, 3H, J = 7.10 Hz), 2.90-2.93 (t, 2H, J =
7.85 Hz), 3.79-3.83 (q, 2H, J = 6.60 Hz), 4.27-4.31 (q, 2H, J = 7.00 Hz), 5.93 (s, 2H), 6.70-6.74
(m, 2H), 6.79 (s, 1H), 8.73 (s, 1H), 8.74 (br s), 11.69 (br s); 13C NMR (125.76 MHz, DMSO-D6)
δ: 14.78, 34.87, 42.30, 59.66, 101.16, 108.64, 109.59, 122.16, 133.00, 146.12, 147.70, 163.11,
164.58; Melting Range: 249-252 °C.
Ethyl 2-((furan-2-ylmethyl)amino)-4-hydroxypyrimidine-5-carboxylate (87)

Synthesis: General Procedure A using 0.765 mmol 25 and 0.897 mmol furfurylamine. Yield:
63.3%; HPLC: 254 nm: 95.75%, 280 nm: >99% (TR = 8.66 min); 1H NMR (300.15 MHz,
DMSO-D6) δ: 1.20-1.24 (t, 3H, J = 7.11 Hz), 4.10-4.17 (q, 2H, J = 7.08 Hz), 4.55-4.56 (d, 2H, J
= 5.52 Hz), 6.31-6.33 (d, 1H, J = 3.12 Hz), 6.40-6.42 (dd, 1H, J = 3.18 Hz, 1.86 Hz), 7.43 (br s),
7.61 (m, 1H), 11.09 (br s); 13C NMR (75.47 MHz, DMSO-D6) δ: 14.75, 37.63, 59.75, 107.94,
111.03, 142.96, 151.66, 162.90, 164.51; Melting Range: 250-251 °C.

CHAPTER 4

SYNTHESIS AND EVALUATION OF DANSYL IMIDAZOLES

4.1 Introduction

88
90
89
In an effort to combat the threat Burkholderia pseudomallei poses, the Seattle Structural
Genomics Center for Infectious Disease (SSGCID) screened approximately 1,500 fragments
against BpIspF, knowing it was an enzyme essential to growth of the bacteria. Screening was
performed via ligand-based NOESY experiments and x-ray crystallography. Through X-ray
crystallography, 88 was found to bind to BpIspF.49 The binding occurs via N3 to the Zn2+ in the
active site. Previous work in the Hagen group by Gashaw Goshu provided 89, a derivative of 88
in which N1 has been shifted to the C5 position, to allow substituents to derive from this nitrogen
while maintaining Zn2+ coordination with N3.82 The dansyl group was added to make the
compound fluoresce, but was also included due to the known binding of dansylamide (90) to
human carbonic anhydrase II (CAII, KD = 0.93 µM),83 an enzyme with an active site similar to
BpIspF in that both contain a zinc cofactor. Florescent compounds can be used in displacement
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assays to determine the binding of another compound, and there is a history of CAII inhibitors
being analyzed this way with dansylamide. The compound is shown in the figure below (Figure
20), binding to the zinc in the active site through the sulfonamide nitrogen. Compound 89 was
found to have a dissociation constant of 78 µM (SPR)80 when binding to BpIspF and was then
used in fluorescence anisotropy assays as the probe being displaced by proposed inhibitors.80

Figure 20. Dansylamide binding to zinc in the active site of human carbonic anhydrase II. PDB:
1OKL.
While compound 89 is a derivative of 88, the binding mode may not necessarily be the
same. It is possible the sp2 N of the imidazole is binding to the Zn2+, as seen in the crystal
structures of 88 in BpIspF (3P0Z, 3QHD). The alternative methods include binding to the Zn2+

122
through the phenol, and through a deprotonated sulfonamide N, as seen in dansylamide with
CAII.83 Additional interactions could be made with residues within the active site through πstacking (Phe63, Phe70), hydrogen bonds with amino acid side chains (Ser64, Lys71, Ser75,
Gln103’, Lys106’, Lys134’) or the monomer backbone, or hydrophobic interactions (Ile59,
Ala73, Ala102’, Ala104’, Leu107’, Ala108’, Ala133’).
Analogues of 89 were designed and synthesized to determine the importance of the
presence and positioning of functional groups. Compound 91 was designed with the removal of
the phenol group. Assay results comparing 89 and 91 will demonstrate the importance of the
phenol group. Removal of this group results in a MW reduction of 92.10 Da. Similarly, the
phenol group is also removed in 92, but additionally the imidazole is rotated so the ethyl bridge
is now bonded to C4 of the imidazole ring. Within the imidazole ring of 91, both nitrogens are
hydrogen bond acceptors. In 92, one nitrogen is a hydrogen bond acceptor while the other is a
hydrogen bond donor. Compound 93 was an unintentional product synthesized in the pursuit of
92. Compound 94 eliminated the imidazole completely, leaving only the ethyl linker and a
dimethyl nitrogen to probe the importance of the imidazole moiety.
4.2 Synthesis

Dansylamide was purchased from Sigma-Aldrich. Compound 89 was synthesized by Dr.
Gashaw Goshu. All other compounds were synthesized using the following protocol. Dansyl
chloride was dissolved in 2-3 mL pyridine in a vial. The corresponding amine was measured into
a round bottom flask, and 2 mL pyridine and a stir bar were added. The round bottom was placed
in an ice bar and the mixture was allowed to stir under nitrogen. The dissolved dansyl chloride
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was added dropwise and the reactions were monitored by TLC. The method of isolation differs
by compound. Scheme 5 shows the synthesis used for the dansyl imidazole series.
Scheme 5. The synthesis of the dansyl imidazole series.

Table 9. Compounds synthesized for the dansyl imidazole series.
Entry
R
91
92

93

94
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4.3 Results and Discussion

Saturation transfer difference NMR was performed with WT BpIspF and dansylamide
(90), and saturation transfer was observed (Table 10). The results are distorted due to
overlapping of resonances: On the naphthalene, the proton at position 2 (HG) overlaps with the
proton in position 4 (HE) and the proton at position 3 (HF) overlaps with the proton at position 7
(HB). The saturation transfer was highest for protons HG and HE, likely due to overlapping with
HG if the compound is indeed binding to the enzyme through the sulfonamide nitrogen. The
saturation transfer for HF is likely underestimated due to overlapping with HB, as 65-70% is a
likely average between the two protons when comparing the values given for the protons vicinal
to each. If they were separable, a higher saturation transfer for HF and lower saturation transfer
for HB would be consistent with the percentages observed for neighboring protons. The next
highest saturation transfer was observed for HC, and the slightly higher saturation over proton HA
may indicate a potential interaction beyond zinc binding, such as an edge on π interaction.
Finally, the lowest saturation transfer was observed for the methyl protons on the dimethylamino
group (HD) on the naphthalene at 20-25%. In future derivative design, this moiety could be
substituted by another group, perhaps cytosine.
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Table 10. Relative saturation transfer results for 90 with BpIspF.
Proton
Relative Percent Saturation Transfer
A
50-55%
B
65-70%
C
55-60%
D
20-25%
E
100%
F
65-70%
G
100%

In the interest of using the synthesized compounds as fluorescent probes to determine the
dissociation constants of other compounds, they were each evaluated for fluorescence.
Dansylamide (90) and compound 89 were also included. Compound 90 had the greatest
fluorescence with 2-4x the intensity of any of the other compounds. It was then analyzed by
fluoresce anisotropy to have a KD (WT BpIspF) of 2.04 ± 0.37 µM (courtesy of Dakota Grote).
This lead to efforts to use dansylamide as a probe in displacement assays in fluorescence
anisotropy. There are not many compounds known in literature with a single digit micromolar
concentration dissociation constant. Most compounds previously reported are given with enzyme
inhibition values instead of dissociation constants, and few of those are against BpIspF.
Following the successful FA experiment with 90, dissociation constants were obtained
for the remaining compounds in the series. Because all of the compounds contain the dansyl
moiety and therefore fluoresce well, their dissociation constants could be obtained by
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fluorescence anisotropy without using a displacement assay. These results are given below in
Table 11.
Table 11. Dissociation constants of dansyl compounds by FA.
Compound
KD (µM)
89
120 ± 20
90
2.0 ± 0.4
91
8.1 ± 2.5
92
9.5 ± 2.7
93
350 ± 50
94
0.69 ± 0.44

The ligand with the tightest binding proved to be compound 94. This compound was
found to bind approximately three times as tightly as dansylamide. Not surprisingly, it has
previously been identified as a zinc-binding fluorophore.84 It has also been identified as a
micromolar potency inhibitor of Schistosoma mansoni acetylcholinesterase,85 however there are
no entries in the PDB (Protein Data Bank) or other descriptions of the active site of this enzyme
to determine if the binding mode could be similar in BpIspF. Of all the R groups depicted in
Table 9 above, 94 is the most polar. This is a significant advantage above other compounds in
the series as IspF, like the other enzymes in the MEP pathway, has a polar active site. It is also
the smallest of the R groups listed. However if substitution off the sulfonamide nitrogen was not
beneficial due to steric hindrance in the active site, 90 would have greater binding. The nitrogen
in the R group also provides an additional hydrogen bond acceptor, possibly increasing the
protein-ligand interaction.
The dissociation constants of compounds 91 and 92 were nearly identical to one another,
displaying a lack of importance in the positioning of the nitrogens in the imidazole or the
presence of a hydrogen bond donor. The binding is slightly weaker than 90, therefore even if any
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interactions may be gained by the presence of the hydrogen bond donor and acceptors, it is
cancelled out by bulk interference. Compound 91 is structurally similar to 94 with an additional
N and C to close the ring and introduce aromaticity. Derivatives of 91 and 92 could be designed
to open the ring such as in 94. This would allow more of the active site to be filled, possibly
gaining additional interactions while also maintaining bond rotation to avoid steric clashes.
Compound 93, like 89, had a much lower affinity with the enzyme. It was likely hindered
by the bulk provided by the additional dansyl group on the imidazole. As sulfonamides are
known zinc binding groups, it is likely the method by which the compounds in this series are
binding. However, the second sulfonamide group in 93 is difficult to access and would not
provide any additional binding strength. At 577.72 Da the compound has already exceeded the
“Rule of 5” guideline on molecular weight.
4.4 Conclusion

Compound 89 was previously designed and synthesized as a derivative of 88, however
while both bind to BpIspF and bear similar structures, the binding mode is likely different. The
compounds in this series were designed to be derivatives of the weakly binding 89, so that the
moieties of 89 could be evaluated for their contribution to binding. The phenol group that had
been present in the original compound discovered by the SSGCID was found to be a hindrance to
binding upon the addition of the dansyl group. Although no crystal structures have yet been
determined to support this, 90 was found to bind to BpIspF via STD NMR and group epitope
mapping supported binding through the sulfonamide nitrogen. The most tightly binding
compounds in the series have dissociation constants in the high nanomolar to low micromolar
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range, the lowest of which carries a polar substituent on the sulfonamide nitrogen. In the field of
BpIspF binding compounds, this series has produced some of the strongest binders. Future work
in this series could use the knowledge gained here to modify the functional group at the 5position on the naphthalene, as demonstrated by group epitope mapping, as well as explore other
polar substituents off the sulfonamide nitrogen, as demonstrated by the dissociation constants
found by fluorescence anisotropy. Overall, this series has contributed significant knowledge to
the field that will hopefully continue to grow.
4.5 Experimental

Saturation transfer difference NMR: STD NMR for 90 spectra were collected on a Bruker
Avance III 500 MHz spectrometer. Samples were prepared for group epitope mapping by
combining 60 μL of the 5 mM DMSO-D6 stock of the inhibitor, 590 μL D2O, and 50 μL 50 μM
WT BpIspF in a 75 mM phosphate and 150 mM NaCl buffer for a total 700 μL sample, giving
final concentrations of 428 µM 90, 3.6 µM BpIspF, 5.4 mM phosphate, and 10.7 mM NaCl in
D2O and 8.6% DMSO-D6, pH 8.8. Spectra were collected at saturation times of 0.5, 0.75, 1.0,
1.5, 2.0, 2.5, 3.0, 3.5, 4.0, and 5.0 seconds.
Fluorescence evaluation: Compounds 89, 90, 91, 92, 93, and 94 were added to a 384 well
Corning Costar 3575 plate (black, flat, square bottom) using a Labcyte Echo 550 Liquid Handler.
Using a multichannel micropipette, 20 µL of buffer (0.1% Tween 20, 100 mM HEPES, pH 8,
100 mM NaCl) were added to each well. Final concentrations for each compound were at 50,
12.5, 5.0, and 1.25 µM. Fluorescence was observed on a Tecan Infinite M1000Pro and a BioTek
Synergy 4. The dissociation constant of compound 90 was determined in 20 mM Tris, pH 8.0.
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Fluorescence anisotropy: To determine the dissociation constant for each compound, the
compounds were held constant at 4.76 µM while the protein concentration was varied. The
buffer was prepared starting with a 10 mM 100% DMSO stock of the analyte, from which 7 µL
were removed and diluted to 700 µL with DMSO to make a 100 µM stock of the analyte. Next,
300 µL of the 100 µM stock were added to 6000 µL 20 mM tris buffer, pH 8.0 with 150 mM
NaCl. All samples then contained a varied concentration of BpIspF and a constant 4.76 µM
analyte concentration in a 20 mM tris buffer, pH 8.0 with 150 mM NaCl and a DMSO content of
4.76%. The WT BpIspF used was prepared in-house. All samples were analyzed initially at
concentrations of approximately 0, 2.5, 5, 7.5, 10, 15, 20, and 25 µM BpIspF. Dilutions were
prepared serially. The instrument used was a Horiba FluoroMax-4 spectrofluorometer (S/N:
1081D-0313-FM). Each sample was run in single point anisotropy mode, using an excitation
wavelength of 328 nm and an emission wavelength of 500 nm. The slit width was 6 nm for both
excitation and emission.
Compound synthesis and characterization
N-(2-(1H-imidazol-1-yl)ethyl)-5-(dimethylamino)naphthalene-1-sulfonamide (91)

Synthesis: 2-(1H-Imidazol-1-yl)ethanamine (0.934 mmol), 2 mL pyridine, and a stir bar were
added to a round bottom flask and stirred in an ice bath. Dansyl chloride (1.094 mmol) was
measured into a vial and dissolved in 2.5 mL pyridine. Dissolved dansyl chloride was then added
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dropwise to the round bottom flask. The reaction was monitored by thin layer chromatography
and stopped after disappearance of the starting material. Deionized water (50 mL) was then
added and vacuum filtration was performed. However, this produced an oil. The oil was then
washed into a new round bottom flask with acetone and concentrated in vacuo. Solid NaCl was
added to the aqueous solution to decrease solubility. Extraction was then performed with
dichloromethane (3 × 20 mL). The organic layer was then dried over anhydrous sodium sulfate,
vacuum filtered, and concentrated in vacuo. The extract from the aqueous solution was then
chromatographed on a hexane : ethyl acetate gradient (Flowrate: 75 mL/minute, 10% ethyl
acetate (1 column volume), 10-100% ethyl acetate (10 column volumes), 100% ethyl acetate
(14.7 column volumes)). Under UV light (365 nm), it was apparent material was still left on the
column, in a blue band and a yellow band. The yellow band was removed, sonicated in ethyl
acetate, vacuum filtered, and concentrated in vacuo. The sample from the oil was applied to a
preparative TLC plate and chromatographed in 33% hexane in ethyl acetate. The bright yellow
band from the resulting plate was stripped, sonicated in ethyl acetate, vacuum filtered, and
concentrated in vacuo. Yield: 48.9%; HPLC: 254 nm: 95.25%, 280 nm: 98.00%, 300
nm: 97.53%, 365 nm: >99%, 400 nm: >99% (TR = 5.52 min); 1H NMR (500.13 MHz, DMSOD6) δ: 2.84 (s, 6H), 3.10-3.13 (t, 2H, J = 6.20 Hz), 3.98-4.00 (t, 2H, J = 6.05 Hz), 6.82 (s, 1H),
7.07 (s, 1H), 7.26-7.27 (d, 1H, J = 7.35 Hz), 7.51 (s, 1H), 7.57-7.61 (dd, 1H, J = 0.85 Hz, 7.70
Hz), 7.60-7.63 (dd, 1H, J = 1.10 Hz, 7.40 Hz), 8.05-8.07 (dd, 1H, J = 1.10 Hz, 7.30 Hz), 8.258.27 (d, 1H, J = 8.65 Hz), 8.46-8.48 (d, 1H, J = 8.50 Hz); 13C NMR (125.76 MHz, DMSO-D6) δ:
43.79 (CH2), 45.53 (CH3), 46.24 (CH2), 49.05 (CH3), 115.64 (CH), 119.52 (CH), 119.87(CH),
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124.04 (CH), 128.38 (CH), 128.66 (CH), 128.70 (CH), 129.46 (C), 129.57 (C), 129.98 (CH),
136.12 (C), 137.82 (CH), 151.86 (C).

N-(2-(1H-imidazol-4-yl)ethyl)-5-(dimethylamino)naphthalene-1-sulfonamide (92)

Synthesis: Histamine (1.10 mmol), 2 mL pyridine, and a stir bar were added to a round bottom
flask and stirred in an ice bath under nitrogen. Dansyl chloride (1.22 mmol) was measured into a
vial, dissolved in 2.5 mL pyridine, and added to the round bottom flask dropwise. The reaction
was monitored by TLC and was stopped 24 hours. The reaction was concentrated under nitrogen
gas and chromatographed on a dichloromethane : methanol gradient (Flowrate: 100 mL/minute,
5% methanol (1 column volume), 5-20 % methanol (10 column volumes), 20% methanol (8.2
column volumes)). Fractions 1-33 were concentrated and chromatography by preparative TLC
(5% methanol in dichloromethane). The yellow band was stripped from the preparative TLC
plate, sonicated in solution, and concentrated in vacuo. This was then chromatographed on a
preparative TLC plate in 10% methanol in dichloromethane. Yield: 38.6%; HPLC: 254 nm:
97.71%, 280 nm: 98.32%, 300 nm: 98.23%, 365 nm: 100%, 400 nm: 100% (TR = 5.53 min); 1H
NMR (500.13 MHz, CDCl3) δ: 2.66-2.68, (t, 2H, J = 6.35 Hz), 2.86 (s, 6H), 3.14-3.17 (t, 2H, J =
5.80 Hz), 6.26 (br s), 6.61 (s, 1H), 7.14-7.15 (d, 1H, J = 7.55 Hz), 7.42 (s, 1H), 7.46-7.49 (t, 1H,
J = 7.35 Hz), 7.49-7.52 (t, 1H, J = 8.55 Hz), 8.18-8.19 (d, 1H, J = 7.25 Hz), 8.26-8.28 (d, 1H, J =
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8.65 Hz), 8.48-8.50 (d, 1H, J = 8.50 Hz); 13C NMR (125.76 MHz, CDCl3) δ: 26.76, 43.07, 45.38,
115.07, 119.14, 123.11, 128.01, 129.17, 129.64, 129.86, 130.08, 134.70, 135.11, 151.79.
5-(dimethylamino)-N-(2-(1-((5-(dimethylamino)naphthalen-1-yl)sulfonyl)-1H-imidazol-4yl)ethyl)naphthalene-1-sulfonamide (93)

Synthesis: Histamine (0.934 mmol), 2 mL pyridine, and a stir bar were added to a round bottom
flask. The round bottom flask was stirred in an ice bath. Dansyl chloride (1.05 mmol) was
measured into a glass vial, then dissolved in 3 mL pyridine and added to the round bottom flask.
The reaction was monitored by thin layer chromatography (254 and 365 nm). Following the
disappearance of the starting material after 3 days, 40 mL deionized water were added to the
reaction flask and a precipitate formed. Vacuum filtration resulted in an oil settling on the filter
paper and Büchner funnel. TLC indicated the product remained in the water. The oil from the
funnel and filter paper were recombined with the water from the reaction by washing with ethyl
acetate, methanol, dichloromethane, hexane, and acetone. Solid NaCl (11.7 mmol) was added to
the aqueous layer to decrease solubility. Extraction was then performed with ethyl acetate (3 ×
20 mL). The organic layer was dried with anhydrous sodium sulfate. The organic layer was
vacuum filtered and the filtered material was applied to a preparative TLC plate
(Dichloromethane: acetone, 4:1). The 6th band (yellow) was stripped from the plate, sonicated in
solution to separate from the silica gel, and concentrated in vacuo. Yield: 35%; HPLC: 254 nm:
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99.39%, 280 nm: 96.46%, 300 nm: 95.34%, 365 nm: 100%, 400 nm: 100% (TR = 13.57 min); 1H
NMR (500.13 MHz, DMSO-D6) δ: 2.45-2.48 (t, 2H, J = 7.35 Hz), 2.818 (s, 6H), 2.824 (s, 6H),
2.96-2.99 (q, 2H, J = 7.30 Hz), 7.22-7.24 (d, 1H, J = 7.30 Hz), 7.28-7.30 (d, 1H, J = 7.45 Hz),
7.37 (d, 1H, J = 0.95 Hz), 7.52-7.55 (dd, 1H, J = 0.95 Hz, 7.65 Hz), 7.56-7.59 (dd, 1H, J = 1.10
Hz, 7.35 Hz), 7.64-7.67 (dd, 1H, J = 0.75 Hz, 7.75 Hz), 7.73-7.77 (dd, 1H, J = 0.90 Hz, 7.55 Hz),
7.98 (br s), 8.05-8.07 (dd, 1H, J = 1.05 Hz, 7.25 Hz), 8.18-8.20 (d, 1H, J = 8.65 Hz), 8.23-8.25
(d, 1H, J = 8.65 Hz), 8.34-8.35 (dd, 1H, J = 1.10 Hz, 7.45 Hz), 8.37 (d, 1H, J = 1.30 Hz), 8.438.45 (d, 1H, J = 8.50 Hz), 8.62-8.63 (d, 1H, J = 8.55 Hz); 13C NMR (125.76 MHz, DMSO-D6) δ:
28.55, 41.92, 45.48, 45.53, 115.18, 115.59, 116.36, 117.35, 119.49, 124.02, 124.42, 128.26,
128.68, 128.93, 129.35, 129.47, 129.51, 129.86, 130.20, 131.14, 132.72, 133.24, 136.37, 137.53,
141.43, 151.80, 152.47.
5-(dimethylamino)-N-(2-(dimethylamino)ethyl)naphthalene-1-sulfonamide (94)

Synthesis: N,N-Dimethylethylenediamine (1.11), 2 mL pyridine, and a stir bar were added to a
round bottom flask and stirred in an ice bath. Dansyl chloride (1.21 mmol) was measured into a
vial and dissolved in 3 mL pyridine. The dissolved dansyl chloride was added to the round
bottom flask dropwise. The reaction was monitored by TLC and stopped by addition of
deionized water (30 mL) after the disappearance of the starting material. Solid NaCl was added
to decrease solubility in water. Extraction was performed with ethyl acetate (3 × 20 mL). The
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organic layer was dried over anhydrous sodium sulfate, vacuum filtered, and concentrated in
vacuo. The sample was chromatographed by preparative TLC (20% acetone in
dichloromethane). The yellow band was stripped, sonicated in ethyl acetate, vacuum filtered, and
concentrated in vacuo. Yield: 43.4%; 1H NMR (500.13 MHz, CDCl3) δ: 1.92 (s, 6H), 2.17 (t, 2H,
J = 5.85 Hz), 2.90-2.92 (s + t, 8H, J = 4.75 Hz), 7.20-7.22 (d, 1H, J = 7.40 Hz), 7.53-7.57 (dd,
1H, J = 1.15 Hz, 7.30 Hz), 7.58-7.61 (dd, 1H, J = 0.90 Hz, 7.65 Hz), 8.28-8.30 (dd, 1H, J = 1.20
Hz, 7.25 Hz), 8.33-8.34 (d, 1H, J = 8.65 Hz), 8.55-8.57 (d, 1H, J = 8.55 Hz).; (500.13 MHz,
DMSO-D6) δ: 1.97 (s, 6H), 2.15-2.17 (t, 2H, J = 6.90 Hz), 2.83 (s, 6H), 2.85-2.88 (t, 2H, J = 6.85
Hz), 7.25-7.27 (d, 1H, J = 7.25 Hz), 7.58-7.61 (dd, 1H, J = 0.90 Hz, 7.65 Hz) 7.61-7.64 (dd, 1H,
J = 1.10 Hz, 7.35 Hz), 7.81 (br s), 8.12-8.14 (dd, 1H, J = 1.10 Hz, 7.25 Hz), 8.29-8.31 (d, 1H, J =
8.65), 8.46-8.47 (d, 1H, J = 8.50 Hz); 13C NMR (125.76 MHz, CDCl3) δ: 40.20, 44.51, 45.43,
56.74, 115.14, 118.87, 123.13, 128.29, 129.70, 129.79, 129.84, 130.31, 134.44, 151.97; (500.13
MHz, DMSO-D6) δ: 41.02, 45.39, 45.54, 58.62, 115.55, 119.65, 124.03, 128.25, 128.60, 129.51,
129.59, 129.78, 136.66, 151.80.

CHAPTER 5

INVESTIGATION OF THE SPECTRUM COLLECTION
5.1 Introduction

To identify a hit in BpIspF inhibition, a library of drugs and drug-like compounds was
screened against a mutant of BpIspF using a fluorescence-based thermal shift assay. The wild
type BpIspF was not used because its melting point is not within testing range. The BpIspF
Q151E mutant was previously designed to have a melting point within working range.80 It was
chosen because of its functionality and structural similarity to the wild type. Of the 2,560
compounds tested, 70 led to an absolute thermal shift greater than 4 °C in the unfolding of the
protein. These compounds were subjected to a PAINS filter to exclude promiscuous compounds
from further evaluation efforts. The resulting 16 compounds are shown in Scheme 6.
5.2 Results and Discussion

As previously stated, fluorescence-based thermal shift was performed using a mutant of
BpIspF, mutant Q151E. The mutant was prepared and chosen by a previous graduate student, Joy
Blain, for structural similarity to the wild type, while also having a lower melting point that fell
within a range suitable for analysis. The compounds’ absolute thermal shift values ranged from
4.3 to 33.6 °C. Inhibitory constants were predicted in silico using AutoDock by Chanté Muller.
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Scheme 6. Structures of the filtered Spectrum Collection hits.
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Prior to docking, compounds were optimized to their lowest energy conformation. Inhibitory
constant results ranged from 3 nM to 17 mM. Results are shown in Table 12.
Table 12. FTS and predicted Ki results of the filtered Spectrum Collection hits with BpIspF.
Compound
Name
ΔTM, °Ca
Predicted Ki Range by Dockingb
95
Cefamandole
33.6
292 nM – 7 μM
96
Cefonicid
28.8
298 nM – 43 μM
97
Cefoperazone
18.8
708 μM – 17 mM
98
Cefazolin
18.0
3 nM – 5 μM
99
Cefotaxime
10.9
1 μM – 533 μM
100
Cefdinir
6.7
3 μM - 13 μM
101
Cefradine
5.2
1 μM – 7 μM
102
Azlocillin
4.6
2 μM – 254 μM
103
Sulfapyridine
-5.6
54 μM – 95 μM
104
Sulfamonomethoxine
-9.6
14 μM – 122 μM
105
Ethoxzolamide
10.3
165 μM – 636 μM
106
Esomeprazole
5.1
34 μM – 294 μM
107
Rabeprazole
4.3
76 μM – 653 μM
108
Lansoprazole
34.7
122 μM – 982 μM
109
Broxyquinoline
11.1
302 μM – 337 μM
110
4-Aminosalicylic acid
8.2
Not determined
a
Data courtesy of Dr. Joy Blain.
b
Data courtesy of Chanté Muller.
Among the many compounds that were analyzed in this library, several of the hits were
cephalosporins. Cephalosporins are a class of widely-used broad spectrum antibiotics.
Cephalosporins are analogues of a natural product, cephalosporin C, isolated from the fungi
Cephalosporium acremonium.86,87 Cephalosporin C is not a potent antibiotic itself, but its
derivatives have proved invaluable. Penicillins are similar in structure and identical in
mechanism of action to cephalosporins.87 Both classes include a β-lactam ring. Antibiotics
containing a β-lactam ring are time-dependent antibacterial agents. That is, increasing the
concentration of the antibacterial agent above the MIC does not result in a proportional increase
in killing of bacteria.15 They function through the binding of the β-lactam ring to several
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enzymes, interrupting cell wall synthesis.86 This successful function has lead them to being one
of the most essential classes of antibiotics.1 There are five generations of cephalosporins, with
increasing activity against Gram-positive and Gram-negative organisms as well as resistance to
β-lactamases. The activity of β-lactamases has been a mechanism of resistance in some bacteria.
Unfortunately, many strains of pathogenic organisms have been found to be resistant to one or
multiple cephalosporins. Other compounds found among these screening hits include
sulfonamides (sulfa drugs), proton pump inhibitors (benzimidazole sulfoxides), broxyquinoline
(109), and 4-aminosalicylic acid (110). 4-Aminosalicylic acid is an antitubercular medication
similar in structure to the 2-amino-4-hydroxypyrimidine-5-carboxylate series previously
described in chapter 3.
The hits were next analyzed by STD NMR, each compound being screened at a
saturation time of 3.0 seconds before further experiments were performed. To make sure the
compounds were not degrading, they were first analyzed by HPLC (high performance liquid
chromatography) over a 16 hour period (Appendix A). These experiments were performed again
by NMR to verify that no compound was degrading prior to the analysis time used by HPLC
(Appendix B). The results of group epitope mapping experiments are shown in Table 13.
Saturation transfer for each proton is reported relative to the highest saturation transfer.
Overall saturation transfer is not an accurate depiction of binding, as low saturation transfer can
be indicative of binding too tight for observation. STD NMR is limited to binding interactions
(KD) ranging from 10-3 to 10-8 M. The lower limit (10-8 M) is due to tight binding. If binding is
too tight for sufficient ligand turnover, there will not be a great enough population of saturated
ligand for the transfer to be observable by NMR. The upper limit (10-3 M) is, obviously, due to a
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Table 13. STD NMR results of filtered results in the Spectrum Collection with BpIspF.
1H
Entry
Structure
Relative STD

95

96

Degraded in solution

A
B
C
D
E
F
G
H
I
J
K

Negligible
Negligible
Negligible
43-54%
100%
83-92%
34-46%
9-17%
6-10%
4-7%
2-5%

97

No transfer

98

Degraded in solution, no transfer

99

A

Negligible

B

4-9%

C

4-9%

D

1-13%

E

100%

F

10-20%

G

6-10%
(Continued on the next page)
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Table 13. (Continued)
Entry

100

Structure

1H

Relative STD

A

6-11%

B

9-17%

C

7-9%

D

100%

E

60-70%

F

Negligible

G

Negligible

101

Degraded in solution

102

Degraded in solution

103

104

A
B
C
D
E
F

100%
45-55%
55-60%
55-60%
65-75%
70-80%

Inconsistent results

(Continued on next page)
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Table 13. (Continued)
Entry
105

106

Structure

1H

107

Degraded in solution

108

Degraded in solution

109

Not soluble in buffer

110
a

Relative STD
85-95%
100%
75-80%
55-60%
55-60%
65-75%
80-90%
60-75%
100%
40-45%
35-40%
25-30%
20-25%

A
B
C
D
E
A
B
C
D
E
F
G
H

A

100%

B

35-60%

C

30-55%

Peaks that share resonance with the solvent are not shown due to suppression.

lack of interaction between the protein and the ligand. Protons on heteroatoms are not reported
due to deuterium transfer.
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Because no transfer was observed from the protein in the presence of the first two
cephalosporins tested, cefoperazone (97) and cefazolin (98), it was theorized that the cause of the
high thermal shifts among cephalosporins was due to the opening of the unstable β-lactam ring.
It was alternatively theorized that binding was outside the range of STD NMR capabilities,
which lead to cefazolin being investigated via transfer-NOE, which should be able to detect
interactions outside of STD NMR limits. However, no interaction was detected. Insolubility
prevented broxyquinoline (109) from being evaluated for group epitope mapping. Cefamandole
(95), azlocillin (102), rabeprazole (107), and lansoprazole (108) degraded in solution too quickly
for the experiments to be completed, but saturation transfer was observed for the compounds
produced in degradation. Cefradine (101) also degraded in solution within the experimental
period, but saturation transfer was observed for both cefradine and the degradation product.
Cefonicid (96) was observed to have saturation transfer and to consistently demonstrate
the greatest saturation of the same protons to the same extent. The greatest saturation was
experienced by protons HE, the methylene protons between the tetrazole and the sulfonic acid.
Information about binding can be gleaned by comparing cefonicid to cefoperazone.
Cefoperazone also has a tetrazole linked by a sulfur and a methylene group off the cephalosporin
scaffold in the same position. However, the group off the tetrazole in the 1 position is methyl on
cefoperazone and methylsulfonic acid on cefonicid. As the only proton on the sulfonic acid
group is on a heteroatom, this proton is not observable under the conditions used (due to the
prevalence of D2O). However, because of this difference in structure and the HE protons
receiving the greatest transfer while cefoperazone received no observable transfer, it can be
inferred that the sulfonic acid is likely playing an important role in cefonicid’s interaction with
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BpIspF. The next highest saturation transfer was received by proton HF, the proton at a
stereocenter bonded to the phenyl ring, amide, and hydroxyl group. Interestingly, the protons on
the phenyl ring received no saturation transfer. It is possible that the ring was twisted away from
an interaction, and the primary reason behind the high saturation transfer at this location (HF) is
due to interactions between the protein and either the hydroxyl group or the carbonyl oxygen.
The β-lactam protons HD and HG received moderate saturation transfer. One might expect that HG
would have greater saturation transfer than HD based on proximity to HF and the stereochemistry
given, but this neglects the conformation taken in three dimensions, as shown in Figure 21.
Protons HF and HD may then be forming entirely separate interactions. Methylene protons HH,
HI, HJ, and HK had very little saturation transfer, and these portions of the compound likely only
serve a purpose for the structure and positioning of the interacting functional groups.

Figure 21. The structure of cefonicid (96) as shown with stereochemistry.
Cefotaxime (99) was observed to have saturation transfer, however this transfer was
found primarily for only one resonance, HE within the β-lactam ring, while the other protons
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received little saturation transfer. However, as previously stated, binding can still occur without a
positive spectrum. Binding of cefotaxime may be near the limits of detection.
Cefdinir (100) was chronologically the first cephalosporin in this set of hits to be
observed to have saturation transfer. Most of the protons had little transfer, with protons HF and
HG receiving negligible transfer. The zinc in the active site is the most compelling possibility for
binding to BpIspF, given that there are several possible oxygen-containing functional groups that
could be oriented to form a bidentate with the zinc cation (Figure 22). However, the scarcity of
protons in the structure make any of these binding modes difficult to support via STD NMR, as
binding is only observed through the carbon-bonded protons. Proton HD received the greatest
saturation transfer. The geminal proton, HE, received the next highest saturation transfer.
Unfortunately, the Hα of the β-lactam ring has an overlapping resonance with the proton geminal
to HD, and the two could not be distinguished. Therefore, it is likely that the saturation transfer
for the geminal proton is higher than 60-70% and has been diminished by being calculated with
the Hα of the β-lactam. Protons HA, HB, and HC had extremely low saturation transfer, indicating
that these regions of cefdinir were not physically close to the protein and were therefore not
crucial to binding, except perhaps to set the spacing and orientation. As mentioned previously in
the discussion on fragment linking, a structure to position the functional groups relevant to
binding to a protein is extremely important but may greatly decrease the ligand efficiency. A
competition experiment with the natural ligand, CDP-MEP, could indicate if compound 100 is
binding in the active site. The overall saturation transfer was high for HD, ranging from 72-79%
between experiments. This could indicate a high protein-ligand turnover. In spite of the low
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saturation transfer for the majority of the protons in 100, the data was consistent, showing that
while it is not known how binding occurs, it is specific.

Figure 22. Potential bidentate formations cefdinir could make with zinc in the active site.
Sulfapyridine (103) was shown to have saturation transfer, with HA having the greatest
transfer. It is possible that this is due to the nitrogen of the pyridyl ring, adjacent to H A, and the
nitrogen of the sulfonamide making a four-membered chelating ring with the zinc of the active
site. Given the minimized energy configuration shown in Figure 23, this is a good possibility.
Binding could also be occurring through a six-membered chelating ring, wherein it is an oxygen
of the sulfonamide and the nitrogen of the pyridyl ring interacting with the zinc. HE also received
significant transfer although less than HA, supporting the idea that it has received proportional
saturation with reference to its distance from the nitrogen theoretically interacting with the
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cofactor zinc. In the docking experiment performed, the amino protons are near enough to the
backbone carbonyl of Phe63 for hydrogen bonding. This could explain how the HF protons
receive the second highest saturation transfer, and why saturation is lower for the adjacent HC
protons. The lowest saturation transfer occurs at HB, furthest from either of the two hypothesized
interactions. It would be at this position that modification could best be performed on
sulfapyridine to improve binding.

Figure 23. Sulfapyridine shown in its calculated minimal energy conformation.
Sulfamonomethoxine (104) exhibited saturation transfer, but the relative saturation
transfer fluctuated, giving overall inconsistent results. Degradation was excluded as a possible
cause of this fluctuation as the experiments were performed relatively rapidly and the offresonance spectra displayed no sign of a transformation. What was fairly consistent was a high
saturation transfer for HD and HC, but low saturation transfer for HE. Proton HA received low to
moderate saturation transfer, in spite of the structural similarities between sulfapyridine and
sulfamonomethoxine. Proton HA in sulfamonomethoxine should be comparable to HA in
sulfapyridine, but this is not observed. It is possible that the extra space taken up by the methoxy
moiety actually prevents the compound from binding in the same fashion as sulfapyridine. This
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would be contrary to what was suggested in the sulfapyridine data, or methoxy is not the
appropriate modification.
Ethoxzolamide (105) is another sulfonamide and a known carbonic anhydrase II inhibitor
and is currently available on the market as a treatment for glaucoma. Carbonic anhydrase II also
has a zinc cofactor in its active site. It is known that in carbonic anhydrase II, it is the
sulfonamide moiety binding to the zinc. As previously stated, sulfonamides are established zinc
binding groups. By STD NMR alone it is not decipherable whether the sulfonamide is indeed
close to the enzyme, due to the distance between the sulfonamide and the closest proton not
located on a heteroatom. However, what can be determined is that among the protons that are
observable by NMR, HB received the greatest saturation transfer. This was a consistent
occurrence, although HA received almost as much magnetization. HC received the next highest
saturation transfer, supporting that interaction is occurring through the sulfonamide as the
saturation decreases farther from the sulfonamide moiety. The ethoxy protons, HD and HE,
received the least transfer, but were still relatively close to the enzyme. It is difficult to predict
whether the structure would benefit from the removal or replacement of the ethoxy group,
however results indicate that this location would be the region of the molecule to modify. As a
side note, because ethoxzolamide is a carbonic anhydrase II inhibitor and the active site of
carbonic anhydrase II bears a resemblance to the active site of IspF, another known carbonic
anhydrase II inhibitor was evaluated: acetazolamide (111). Unfortunately, only the acetyl protons
are observable in the presence of D2O so 111 cannot be mapped. However, the acetyl protons did
produce a prominent peak on the difference spectrum, demonstrating by STD NMR that a
BpIspF-111 interaction was occurring (See Appendix E for spectrum).
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111
Acetazolamide
Esomeprazole is available on the market to prevent the formation of stomach ulcers by
acting as a proton pump inhibitor, as ulcers are formed in highly acidic stomachs. Following its
discovery of the mechanism of action as a proton pump inhibitor, it was also found to act as an
antibiotic. This antibacterial activity was found to be against Heliobacter pylori, another cause of
ulcers. However, it is not known how esomeprazole acts against H. pylori. Through the
saturation transfer found between esomeprazole and BpIspF, it is possible that esomeprazole
functions as an IspF inhibitor. The highest saturation transfer occurred for HD, with HB as a close
second. Protons HA and HC had the next highest transfer. The most obvious binding modes for
esomeprazole would include the interaction of the sulfoxide oxygen with the active site zinc, or a
five-membered bidentate between the sulfoxide oxygen, a nitrogen of the benzimidazole, and
zinc, or a six-membered bidentate with the oxygen of the sulfoxide and the nitrogen of the
pyridyl. However, this is not supported by HD having the greatest saturation transfer.
Unfortunately, the methylene protons could not be observed due to overlapping the suppressed
solvent. Protons of methyl and methoxy groups had lower saturation transfer, although still
received partial transfer. The high saturation transfer for HD is unlikely to be related to the
proximity of the oxygen of the closest methoxy group as the HE protons received moderate
relative saturation transfer. Esomeprazole is the S isomer. Omeprazole as a racemic mixture was
also evaluated, and was found to have less specific binding with wider ranges of saturation
transfer for each proton. While the aromatic protons still received a higher saturation transfer, the
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alkyl protons were relatively higher, all around 35-45% relative saturation transfer, than when
the S-isomer is isolated. Therefore it is the S isomer that is better fitted to binding to BpIspF. This
is an interesting development, as omeprazole/esomeprazole was marketed using the racemic
switch technique. That is, it was originally approved to be sold as a racemic mixture
(omeprazole, as Prilosec), and then was later patented again as the isolated S-isomer
(esomeprazole, the magnesium salt being sold as Nexium). This is because it is the S-isomer that
is the more potent isomer. As a proton pump inhibitor, the sulfoxide is actually protonated, and it
is this form that is active. Thus both isomers are effective as proton pump inhibitors, because the
chiral center is removed. However, esomeprazole is known to provide superior management of
gastroesophageal reflux disease (GERD) in comparison to the racemic mixture, omeprazole.88
Part of this is known to be because of esomeprazole’s lower first-pass metabolism and higher
plasma concentrations.5,88 As previously stated, it could also be partially due to greater
antibacterial activity of H. pylori through inhibition of IspF than the racemic mixture. Two in
every three people on Earth are infected with H. pylori, and it is known to cause over 90% of
duodenal ulcers and up to 80% of gastric ulcers (for many, however, symptoms of infection
never appear).89 Patenting the isolated S-isomer prior to the expiration of the patent on
omeprazole5 allowed AstraZeneca to earn big profits with minimal investment, as esomeprazole
was already known to be safe and did not require quite the extensive testing needed for a novel
drug.
Esomeprazole, rabeprazole, and lansoprazole are all prodrug proton pump (H,K-ATPase)
inhibitors with a pyridylmethylsulfinyl benzimidazole scaffold.90 The pKas of the benzimidazole
and pyridine moieties are approximately 1.0 and 4.0, respectively.90 It is under acidic conditions
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that they are converted to their active forms as sulfenamides (Figure 24).13 The production of the
sulfenamide removes the stereocenter, so again it is for antimetabolic action and possibly IspF
inhibition that esomeprazole is more effective than omeprazole. Aside from their activity as
proton pump inhibitors, they are used in treatment concurrently with antibiotics to combat H.
pylori infections. Because the STD NMR experiments are performed at pH 8.8, these compounds
are obviously not undergoing this transformation, and the stereochemistry has the opportunity to
be relevant.

Figure 24. Proton pump inhibitors such as omeprazole, rabeprazole, and lansoprazole are
converted to their active forms as sulfenamides under acidic conditions.
4-Aminosalicylic acid was proposed to bind to zinc within the active site similar to
salicylic acid as shown in Figure 17. Saturation transfer difference NMR was performed on
compound 110 to demonstrate binding to BpIspF that would be more difficult to observe for the
scaffold of the 2-amino-4-hydroxypyrimidine-5-carboxylate series (chapter 3), due to there being
only one non-exchangeable proton. While 2-amino-4-hydroxypyrimidine-5-carboxylic acid may
have slightly different interactions than 110, it retains the 1, 2-carboxylic acid, hydroxyl
substituents that were essential to binding in Figure 17. Proton HA received the greatest
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saturation transfer consistently. This supports the theory that 110 is binding in the active site
similar to salicylic acid in Figure 17, as it would be closest to this interaction through space. The
other two protons did not have nearly as significant or consistent saturation transfer. This is
likely due to weak binding. 4-Aminosalicylic acid is a small fragment, unable to generate many
interactions that could boost the binding affinity. However, this makes it a good fragment upon
which to build.
5.3 Conclusion

Through the original FTS screening of a small library of drug and drug-like compounds
and a PAINS filter, a small collection of compounds was able to be isolated as newly identified
BpIspF ligands. While a few of the compounds were determined to degrade in solution or were
insoluble, several of the compounds that degraded had degradation products that bound to
BpIspF and these compounds can be explored further in the future. The stable compounds were
evaluated by STD NMR for group epitope mapping and the most important functional groups
were identified for each compound. For the cephalosporin hits, it was typically the moieties at
either side of the compound that received the greatest saturation transfer. Therefore, the
cephalosporin scaffold itself could be acting as a spacer to position the external functional groups
for interactions with the protein. Or part of this positioning could be chelating the zinc with
carbonyls using the β-lactam carbonyl and a carboxylate oxygen or the carbonyl or the amide
bonded to the β-lactam ring. Three marketed sulfonamides, sulfapyridine, sulfamonomethoxine,
and ethoxzolamide, were also identified and interacting, as well as a proton pump inhibitor,
esomeprazole. Esomeprazole (S) was found to be a more specific binder than the racemic
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mixture. The mapping of 4-aminosalicylic acid also provided additional support for the 2-amino4-hydroxypyrimidine-5-carboxylate series. These well-known compounds were not known to
bind to IspF prior to the FTS screening and validation by STD NMR. Going forward these
results can be used to parse these compounds down into what is needed and develop IspF
specific inhibitors.
5.4 Experimental

Saturation transfer difference NMR: Spectra were collected on a Bruker Avance III 500 MHz
spectrometer and a Bruker Avance III HD 600 MHz spectrometer, Probe: TCI-F cryoprobe.
Samples were prepared for group epitope mapping by combining 60 μL of the 5 mM DMSO-D6
stock of the compound, 590 μL D2O, and 50 μL 50 μM BpIspF in a 75 mM phosphate and 150
mM NaCl buffer for a total 700 μL sample (final concentrations of 428 μM compound, 3.6 μM
WT BpIspF, 10.7 mM NaCl, 5.4 mM phosphate, and 8.6% DMSO-D6 in D2O). The solvent was
suppressed and the spinlock was kept at 50 ms. The power level for the pulse was set to 40 dB
and experiments were performed at saturation times of 0.5, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, and 5.0 s.
Irradiation was conducted off-resonance at 40 ppm and on-resonance at 0.6 ppm. Spectra
collected on the 500 MHz spectrometer required 1264 scans, L4 = 4. Spectra collected on the
600 MHz spectrometer required 128 scans, L4 = 4.
Stability: Stability of Spectrum Collection hits were evaluated by HPLC. Samples were
prepared by adding 120 μL of a 5 mM stock of the analyte in DMSO to a vial, followed by 1180
μL deionized water and 100 μL buffer of 75 mM phosphate and 150 mM NaCl buffer. Final
concentrations were 428 μM Spectrum Collection analyte, 5.4 mM phosphate, and 10.7 mM
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NaCl. The sample was then filtered through a Corning 0.45 micron filter (13 mm, cellulose,
acetate membrane, polypropylene, Catalog No. 21033-13). The column used was an Alltima C18
with a 5 μm particle size, 4.6 mm inner diameter, and 150 mm in length. Samples were analyzed
1, 2, 4, 8, and 16 hours following sample preparation. Results are shown in Appendix A.
Stability of Spectrum Collection hits were also evaluated by NMR. Samples were
prepared as STD samples, then 1H spectra with solvent suppression were recorded directly after
sample preparation (NS = 128), then 1, 2, 4, 6, 8, and 16 hours later. Results are shown in
Appendix B.

CHAPTER 6

GENERATION OF ETHOXZOLAMIDE DERIVATIVES

6.1 Introduction
Because ethoxzolamide (103) was found to be a hit in the FTS assay against BpIspF,
derivatives were designed to determine if the structure could be improved upon. One method for
modifying a compound containing a sulfonamide is to reverse the sulfonamide, switching the
positions of the nitrogen and sulfone. The compounds shown below in Table 14 were then
designed with this strategy. As will be discussed more in section 7.1 on the bis-sulfonamide
series, it is thought that increasing the acidity of the sulfonamide NH will result in a greater
affinity between the compound and the target enzyme, as sulfonamides are known zinc binding
groups and the divalent zinc will bind more tightly to a deprotonated nitrogen. The choice of
substituent on the sulfonyl chloride used was then based on increasing the acidity of the
sulfonamide NH by using electron withdrawing groups. Following synthesis of the reverse
sulfonamides, standard sulfonamides were synthesized as well. Apart from compound 121,
compounds were synthesized without the ethoxy group present in ethoxzolamide. This series
also aimed to probe whether or not this ethoxy group was necessary, prior to the determination of
the group epitope mapping of ethoxzolamide.
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6.2 Synthesis

The synthesis of reversed sulfonamides used the simple sulfonamide formation through
the reaction of an amine, 2-aminobenzothiazole, with a sulfonyl chloride (Scheme 7). The
reaction was performed in an ice bath and allowed to come to room temperature. Collection of
the product was made easy by precipitation upon addition of water and vacuum filtration. The
selection of available sulfonyl chlorides is incredibly broad, and allows for a rapid development
of a series of derivatives. In one instance of synthesis, a bis-sulfonamide was produced as a side
product. This bis-sulfonamide analogue of compound 118 was crystallized from deuterated
chloroform and analyzed by X-ray diffraction (see Appendix G).91
Scheme 7. The synthesis of the reversed sulfonamides.

The synthesis of the standard sulfonamides (Compounds 119 and 120, Table 15) required
additional steps. The reactions started with the desired sulfonamide nitrogen substituent as an
amine and N-chlorosuccinimide (Scheme 8). Following the dissolving of these, 2mercaptobenzothiazole was added to form the sulfenamide. After being isolated, the sulfenamide
was then oxidized in ethanol and water by m-CPBA (meta-chloroperbenzoic acid).
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Scheme 8. The synthesis of standard sulfonamides.

Additionally, a separate method was used for the synthesis of compound 121 (Scheme 9).
Ethoxzolamide was used as the stating material in dichloromethane, and acetic anhydride was
used to acylate ethoxzolamide. Acetic anhydride and zinc chloride were added as needed to drive
the reaction to completion.
Scheme 9. The synthesis of compound 121.

Table 14. Reverse sulfonamide ethoxzolamide derivatives synthesized.
Entry
R
112
4-tolyl
113
4-biphenyl
114
3-fluorophenyl
115
3-chlorophenyl
116
2-thiophenyl
117
4-trifluoromethylphenyl
118
4-chlorophenyl
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Table 15. Standard sulfonamide ethoxzolamide derivatives synthesized.
Entry
R1
R2
119
H
n-butyl
120
H
Phenethyl
121
Ethoxy
Acetyl
6.3 Results and Discussion
The Kirby Bauer results (Table 16) show that the reverse sulfonamides demonstrate
weak to moderate antimicrobial activity to all nine of the organisms assayed against.
Unfortunately, no antimicrobial data has been collected for 119, 120, or 121. As these are whole
cell assays, it cannot be determined by this assay alone whether the analyte is functioning as an
IspF inhibitor, however it is apparent that the compounds are able to access the cell. Each
compound analyzed was done so at three concentrations against nine organisms. In a few
instances, compounds were active at even the lowest concentration analyzed, such as 114, 116,
and 118 against B. cereus, as well as 118 against M. luteus. Growth of B. thailandensis was
inhibited at 1 mM by all of the reverse sulfonamides (apart from 113, not tested), and by all but
117 at 0.5 mM. Among the reverse sulfonamide ethoxzolamide derivatives, compounds 118 and
115 were the most broadly potent. Both structures possess a chlorine on the phenyl substituent.
Compound 116 also had broad activity. The greatest zone of inhibition was seen for 118 against
M. luteus at 37.5 mm at a compound concentration of 1 mM. Results seemed unrelated to the
Gram-negative or Gram-positive character of the organism tested, meaning the compounds are
not hindered by the cell walls Gram-negative and Gram-positive bacteria have in place. At least,
not enough to prevent a compound’s antimicrobial activity completely.

Table 16. The KB results of the ethoxzolamide derivative series.
Compound Conc. (mM) Bt (mm) Pa (mm) Bc (mm) Ec (mm) Ms (mm) Kp (mm) Cx (mm) Cp (mm) Ml (mm)
0.1
0
0
0
0
0
0
0
0
0
112
0.5
11.5
0
14
12.5
0
10
0
0
0
1
18
8
18
17
0
13
12
0
0
0.1
0
0
8
0
0
0
0
0
0
114
0.5
11
0
14
10.5
0
8
8
0
0
1
16
0
22
15
0
13
14
10
16
0.1
0
0
0
0
0
0
0
0
0
115
0.5
10
12
17.5
12
13
11
10
10
15
1
13
14.5
24.5
15
18.5
15
16
15
28
0.1
0
0
8.5
0
0
0
0
0
0
116
0.5
10
0
19
11
6
8
0
8
12
1
13
14
27.5
17
12
16
14
12
18
0.1
0
0
0
0
0
0
0
0
0
117
0.5
0
0
11
11.5
0
6
0
0
18
1
17
0
16
14
0
15
0
0
21
0.1
0
0
10.5
0
0
0
0
0
9
118
0.5
12
12
19
8
12.5
11
11
12
25
1
16.5
16.5
25.5
20
19
18
15
19
37.5
Data courtesy of Dr. Debarati Ghose.
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Preliminary results by microscale thermophoresis have given a dissociation constant for
compound 118 of 7.1 µM to BpIspF. In the realm of IspF ligands, a single digit micromolar
dissociation constant is very low. Unfortunately, this experiment was only performed once with
this compound, and it was the only compound in the series analyzed by this method. Microscale
thermophoresis is a technique used to find binding affinity with low sample consumption. It is
capable of detecting a range of picomolar to millimolar affinities.
The Malachite Green single point screening was also applied to the compounds in this
series. The reverse sulfonamides and standard sulfonamides could not be directly compared
because there were no pairs of compounds with otherwise the same substituents. Of the nine
compounds in this series analyzed using this assay, four had greater enzyme inhibition than the
parent compound, ethoxzolamide. The most potent compound was 121, the acylated nitrogen
sulfonamide ethoxzolamide. Acylation is a common technique used to promote the acidity of a
proton, and this compound likely successfully accomplished that. It is also the only compound in
the series that retained the ethoxy moiety present in ethoxzolamide. Therefore while the ethoxy
protons received the lowest saturation transfer in the compound (See section 5.2), they may still
be interacting with the enzyme, promoting binding. The next most potent compounds were the
reverse sulfonamides 115 and 118, with chlorines in the meta and para positions to the
sulfonamide, respectively. Interestingly, they were slightly more potent than the ptrifluoromethylphenyl compound (117) and the m-fluorophenyl compound (114). Compounds
that did not include a group that would promote acidity were found to be weaker inhibitors.
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Table 17. The Malachite Green assay results of the ethoxzolamide series against StIspF.
Entry
% StIspF Inhibition (100 µM)
103
21
112
12 ± 1
114
19 ± 4
115
27 ± 20
116
21 ± 9
117
24 ± 3
118
27 ± 1
119
19.3 ± 0.4
120
12 ± 8
121
27.9 ± 0.2

Finally, STD NMR was performed with compound 121 and BpIspF (Table 18).
Interestingly, the proton on the carbon ortho to the ethoxy group on the benzyl portion of the
benzothiazole had the highest reported saturation transfer for both compound 121 and the parent
compound, ethoxzolamide (105, results given in Section 5.2). However, while the protons meta
and para to this proton in ethoxzolamide had high relative saturation transfer values of 75-80%
and 85-95%, respectively, these values drop to 31-37% and 42-44% in compound 121. Also, in
ethoxzolamide the ethoxy protons maintained 55-60% relative saturation transfer, while in
compound 121 the ethoxy protons have 14-19% and 32-39% saturation transfer relative to HC.
Thus while the proton of highest saturation transfer has remained the same, something has been
altered in the binding mode caused by the acylation of the sulfonamide nitrogen. As it is
typically believed that in a sulfonamide, the sulfonamide nitrogen would be biding to the zinc
within the active site, the low values for proton HF were not anticipated. Potentially, the HF
protons are buried within the protein-ligand interaction and maintain contact with the protein
longer than the other protons, producing a small difference between the off-resonance and onresonance spectra as the interaction is too tight to be observable. Then, longer saturation times
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allow more time to “leave” the protein, producing a larger population of saturated HF protons
which then cause a small positive peak on the difference spectrum. This would also explain why
compound 121 had relatively low amplification factor (ASTD) values as compared to other
compounds analyzed in other series. If 121 has a low koff, then a small amount of the total ligand
population would receive transfer despite binding. The alternative is that the acylation of the
sulfonamide nitrogen hinders binding with BpIspF, however the enzyme inhibition data with
StIspF does not support this. In any case, compound 121 did demonstrate binding with BpIspF,
although more information may need to be gathered to determine the strength of that binding.

Table 18. Relative saturation transfer results for 121 with BpIspF.
Proton
Relative Percent Saturation Transfer
A
14-19%
B
32-39%
C
100%
D
31-37%
E
42-44%
F
Negative-5%

6.4 Conclusion

Ethoxzolamide is a known human carbonic anhydrase II inhibitor and has been used to
treat glaucoma. Human carbonic anhydrase II has an active site similar to IspF, therefore it was
not surprising when ethoxzolamide was determined to be a hit in a fluorescence-based thermal
shift assay against Q151E BpIspF (ΔTm = 10.3 °C). Building on this compound, this series was
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synthesized to increase binding to the enzyme by utilizing the functional groups that made
ethoxzolamide a hit while growing into the active site and increasing the acidity of the
sulfonamide nitrogen to boost the affinity for the enzyme. Antimicrobial data found that all
compounds analyzed had activity against at least five of the nine organisms included in the Kirby
Bauer assay. Further, the most potent compounds in the KB assay were also found to be most
potent in the Malachite Green assay, excluding 121 which was not tested for antimicrobial
activity. The weakest compound, 112, was the weakest by both KB and Malachite Green. It is
promising that the two sets of data are in agreement not only for the strongest compounds, but
also for the weaker compounds. It is possible for compounds to have multiple mechanisms of
action, but this data supports that one of the mechanisms, if not the only mechanism, is the
inhibition of IspF and blocking of the MEP pathway. Additionally, compound 121 was found to
interact with BpIspF through STD NMR. The apparent proton of highest saturation transfer was
in agreement with the STD NMR results of ethoxzolamide, although the relative saturation of
other protons on the compound have decreased dramatically, pointing to a change in binding
mode between ethoxzolamide and compound 121. In the future, dissociation constants may be
obtained by a fluorescence anisotropy assay using compound 94 or another dansyl imidazole
derivative as a probe.
6.5 Experimental

Malachite Green assay: Reactions were performed in 10 µL volumes in clear Greiner bio-one
384 well microplates. The buffer was made by mixing 500 µL 1 M Tris-Cl, pH 7.4, 50 µL 1 M
MgCl2, 10 µL 1 M DTT, and 9,440 µL ddH2O. Compounds were added from DMSO stocks by a
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Labcyte Echo 550 (1 nanomole, for a final reaction concentration of 100 µM). Volumes varied
by the concentration of the stock for each compound, but all were balanced by DMSO to 0.900
µL. Plates were then centrifuged 1 min at 300 rpm. Next, 8.1 µL of the reaction solution
containing 0.308 µM StIspF and 3.08 µM auxiliary enzyme SDT1 in buffer (for reaction
concentrations of 0.25 µM and 2.5 µM, respectively) were added by multichannel pipette. The
microplate was again centrifuged for 1 min at 300 rpm, then shaken for 9 min on a Scientific
Industries Multiplate Genie at 680 rpm. The substrate, 1 µL 670 µM CDP-MEP per well, was
then added to start the reaction. The microplate was shaken for 15 min at 750 rpm, then 20 µL
Malachite Green was added. The microplate was centrifuged for 1 min at 300 rpm, then
absorbance was read at 630 nm on a Tecan Infinite M1000Pro at multiple time points over the
course of half an hour to monitor development.
Saturation transfer difference NMR: Spectra were collected a Bruker Avance III HD 600
MHz spectrometer, Probe: TCI-F cryoprobe. Samples were prepared for group epitope mapping
by combining 60 μL of the 5 mM DMSO-D6 stock of the compound, 590 μL D2O, and 50 μL 50
μM BpIspF in a 75 mM phosphate and 150 mM NaCl buffer for a total 700 μL sample (final
concentrations of 428 μM compound, 3.6 μM WT BpIspF, 10.7 mM NaCl, 5.4 mM phosphate,
and 8.6% DMSO-D6 in D2O). The solvent was suppressed and the spinlock was kept at 50 ms.
The power level for the pulse was set to 40 dB and experiments were performed at saturation
times of 0.5, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, and 5.0 s. Irradiation was conducted off-resonance at 40
ppm and on-resonance at 0.6 ppm. Number of scans = 128, L4 =4.
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General Procedure A

The 2-aminobenzothiazole was added to a round bottom flask. The round bottom flask
was moved to an ice bath, and 2 mL pyridine and a stir bar was added and set to stir under
nitrogen. A sulfonyl chloride was measured (equimolar) into a vial and dissolved in 3 mL
pyridine. The sulfonyl chloride was then added dropwise. The reactions were monitored by thin
layer chromatography (33% hexane in ethyl acetate). The product precipitated with addition of
deionized water and collected by vacuum filtration.
General Procedure B

The amine was measured out into a round bottom flask with 40 mL dichloromethane and
stirred in an ice bath. N-chlorosuccinimide was added to the round bottom flask, and following
its dissolving the 2-mercaptobenzothiazole was added. The reaction was monitored by TLC
(33% ethyl acetate in hexane). Following reaction completion (overnight), 50 mL hexane was
added and the succinimide was filtered off, washing with an additional 10 mL hexane. The
solution was then concentrated in vacuo.
General Procedure C

The benzthiazolesulfenamide was added to a round bottom flask, followed by 21 mL
ethanol (95%) 7 mL deionized water, and a stir bar. The round bottom flask was placed in an ice
bath under nitrogen. Potassium carbonate was measured on a weigh paper then added to the
round bottom flask. In a vial, m-chloroperbenzoic acid (m-CPBA) was measured and dissolved
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in 17.5 mL ethanol. The m-CPBA solution was then added dropwise to the round bottom flask.
The reaction was stirred for 19 hours then tested by TLC (5% methanol in dichloromethane).
Saturated aqueous sodium thiosulfate (50 mL) and ethyl acetate (50 mL) were added to the round
bottom flask. Following separation, the organic layer was dried over anhydrous sodium sulfate
and concentrated in vacuo.
N-(benzo[d]thiazol-2-yl)-4-methylbenzenesulfonamide (112)

Synthesis: General Procedure A using 1.49 mmol 2-aminobenzothiazole and 1.46 mmol ptoluenesulfonyl chloride. Yield: 69%; HPLC: 254 nm: 96.84%, 280 nm: >99%, 300 nm: >99%,
365 nm: >99%, 400 nm: 99% (TR = 13.30 min); 1H NMR (500.13 MHz, DMSO-D6) δ: 2.36 (s,
3H), 7.24-7.27 (t, 1H, J = 7.65 Hz), 7.29-7.31 (d, 1H, J = 7.90 Hz), 7.36-7.41 (m, 3H), 7.75-7.76
(d, 2H, J = 7.95 Hz), 7.80-7.81 (d, 1H, J = 7.80 Hz), 8.59 (br s); 13C NMR (125.76 MHz, DMSOD6) δ: 21.43 (CH3), 113.22 (CH), 123.19 (CH), 124.08 (CH), 125.19 (C), 126.34 (CH), 127.70
(CH), 129.98 (CH), 136.69 (C), 139.61 (C), 143.12 (C), 167.34 (C); Melting Range: 245-248 °C.
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N-(benzo[d]thiazol-2-yl)-[1,1'-biphenyl]-4-sulfonamide (113)

HPLC: 300 nm: 98.26% (TR = 15.95 min); 1H NMR (300.15 MHz, DMSO-D6) δ: 7.24-7.7.32
(m, 2H), 7.38-7.44 (m, 2H), 7.47-7.52 (m, 2H), 7.69 (d, 2H, J = 7.41 Hz), 7.81-7.86 (m, 3H),
7.92-7.95 (d, 2H, J = 8.28 Hz). Melting Range: >283 °C.
N-(benzo[d]thiazol-2-yl)-3-fluorobenzenesulfonamide (114)

HPLC: 254 nm: >99%, 280 nm: >99%, 300 nm: >99%, 365 nm: >99%, 400 nm: >99% (TR =
13.29 min); 1H NMR (500.13 MHz, DMSO-D6) δ: 7.15-7.17 (m, 1H, J = 8.20 Hz), 7.21-7.24 (t,
1H, J = 7.80 Hz), 7.35-7.40 (m, 2H), 7.50-7.51 (d, 1H, J = 7.80 Hz), 7.58-7.60 (d, 1H, J = 8.20
Hz), 7.67-7.69 (d, 1H, J = 7.80 Hz), 7.75-7.77 (d, 1H, J = 7.95 Hz); Melting Range: 248-251 °C.
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N-(benzo[d]thiazol-2-yl)-3-chlorobenzenesulfonamide (115)

Synthesis: General Procedure A using 1.55 mmol 2-aminobenzothiazole and 1.76 mmol 3chlorobenzene sulfonyl chloride. Yield: 60.0%; HPLC: 254 nm: >99%, 280 nm: >99%, 300 nm:
>99%, 365 nm: >99%, 400 nm: >99% (TR = 14.31 min); 1H NMR (500.13 MHz, DMSO-D6) δ:
7.27-7.30 (t, 1H, J = 7.50 Hz), 7.33-7.34 (d, 1H, J = 7.70 Hz), 7.41-7.43 (t, 1H, J = 7.40 Hz),
7.60-7.63 (t, 1H, J = 7.85 Hz), 7.71-7.73 (d, 1H, J = 7.55 Hz), 7.84 (s, 3H); Melting Range: 238240 °C.
N-(benzo[d]thiazol-2-yl)thiophene-2-sulfonamide (116)

Synthesis: General Procedure A using 1.69 mmol 2-aminobenzothiazole and 1.70 mmol 2thiophene sulfonyl chloride. Yield: 31.2%; HPLC: 254 nm: >99%, 280 nm: >99%, 300 nm:
>99%, 365 nm: >99%, 400 nm: >99% (TR = 12.24 min); 1H NMR (500.13 MHz, DMSO-D6) δ:
7.14 (s, 1H), 7.27-7.30 (t, 1H, J = 8.15 Hz), 7.34-7.35 (d, 1H, J = 10.50 Hz), 7.40-7.43 (t, 1H, J =
5.85 Hz), 7.65 (s, 1H), 7.84-7.85 (d, 1H, J = 8.15 Hz), 7.87-7.88 (d, 1H, J = 4.25 Hz), 8.59 (br s);
Melting Range: 258-260 °C.
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N-(benzo[d]thiazol-2-yl)-4-(trifluoromethyl)benzenesulfonamide (117)

Synthesis: General Procedure A using 1.39 mmol 2-aminobenzothiazole and 1.39 mmol 4(trifluoromethyl)benzene sulfonyl chloride. Yield: 62.0%; HPLC: 254 nm: 96.91%, 280 nm:
>99%, 300 nm: >99%, 365 nm: >99%, 400 nm: >99% (TR = 13.98 min); 1H NMR (500.13 MHz,
DMSO-D6) δ: 7.28-7.31 (t, 1H, J = 7.65 Hz), 7.33-7.35 (d, 1H, J = 7.90 Hz), 7.41-7.44 (t, 1H, J =
7.55 Hz), 7.84-7.85 (d, 1H, J = 7.90 Hz), 7.95-7.97 (d, 2H, J = 8.25 Hz), 8.07-8.09 (d, 2H, J =
8.15 Hz); 13C NMR (125.76 MHz, DMSO-D6) δ: 113.52 (CH), 123.31 (CH), 124.39 (CH),
125.25 (C), 126.87 (CH), 126.90 (CH), 127.26 (CH), 127.86 (CH), 132.43 (C), 132.69 (C),
136.67 (C), 146.23 (C), 168.14 (C); Melting Range: 270-273 °C.
N-(benzo[d]thiazol-2-yl)-4-chlorobenzenesulfonamide (118)

Synthesis: General Procedure A using 1.41 mmol 2-aminobenzothiazole and 1.40 mmol 4chlorobenzene sulfonyl chloride. Yield: 68.9%; HPLC: 254 nm: 96.34%, 280 nm: >99%, 300
nm: >99%, 365 nm: >99%, 400 nm: >99% (TR = 14.40 min); 1H NMR (500.13 MHz, DMSOD6) δ: 7.26-7.29 (t, 1H, J = 7.55 Hz), 7.32-7.33 (d, 1H, J = 7.85 Hz), 7.39-7.42 (t, 1H, J = 7.45
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Hz), 7.63-7.65 (d, 2H, J = 8.20 Hz), 7.82-7.83 (d, 1H, J = 7.75 Hz), 7.86-7.88 (d, 2H, J = 8.20
Hz); 13C NMR (125.76 MHz, DMSO-D6) δ: 113.40, 123.26, 124.26, 125.22, 127.79, 128.23,
129.74, 136.67, 137.66, 141.30, 167.79; Melting Range: 250-253 °C.
S-(benzo[d]thiazol-2-yl)-N-butylthiohydroxylamine (122)

Synthesis: General Procedure B using 30.17 mmol butylamine, 10.04 mmol Nchlorosuccinimide, 10.07 mmol 2-aminobenzothiazole. Yield: 74.5%; 1H NMR (300.15 MHz,
DMSO-D6) δ: 0.87-0.92 (t, 3H, J = 7.29 Hz), 1.30-1.43 (dq, 2H, J = 7.08, 14.52 Hz), 1.48-1.58
(dq, 2H, J = 6.81, 14.56 Hz), 2.91—2.96 (dt, 2H, J = 5.73, 1.11 Hz), 5.45-5.49 (t, 1H, J = 5.46
Hz), 7.28-7.33 (td, 1H, J = 1.11, 8.1 Hz), 7.39-7.44 (td, 1H, J = 1.23, 7.32 Hz), 7.74-7.76 (d, 1H,
J = 7.98 Hz), 7.99-8.02 (d, 1H, J = 7.35 Hz); 13C NMR (75.47 MHz, DMSO-D6) δ: 14.26 (CH3),
19.92 (CH2), 32.61 (CH2), 52.23 (CH2), 121.46 (CH), 122.16 (CH), 124.03 (CH), 126.44 (CH),
134.84 (C), 155.19 (C), 180.49 (C).
N-butylbenzo[d]thiazole-2-sulfonamide (119)

Synthesis: General Procedure C using 2.07 mmol 122, 6.84 mmol potassium carbonate, and 6.37
mmol m-CPBA. Chromatography was performed in three parts on a gradient. At a flow rate of
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75 mL/min, the 50 g silica column was equilibrated with 150 mL 10% ethyl acetate in hexane,
then the separation was started with 50 mL 10% ethyl acetate in hexane, followed by a 500 mL
gradient, from 10% ethyl acetate in hexane to 100% ethyl acetate. Finally, 100 mL ethyl acetate
was used. Only one peak resulted and fractions were tested by TLC (10% ethyl acetate in
hexane, RF = 0.26). Fractions were concentrated in vacuo. Yield: 48.7%; HPLC: 254 nm:
>99.9%, 280 nm: >99.9%, 300 nm: 99.9%, 365 nm: 99.9%, 400 nm: >99.9% (TR = 14.68 min);
1

H NMR (500.13 MHz, DMSO-D6) δ: 0.80-0.83 (t, 3H, J = 7.35 Hz), 1.23-1.31 (dq, 2H, J =

7.40, 15.05 Hz), 1.39-1.46 (dq, 2H, J = 7.05, 9.20 Hz), 3.06-3.09 (t, 2H, J = 7.10 Hz), 7.64-7.67
(td, 2H, J = 1.45, 8.15 Hz), 7.68-7.71 (td, 1H, J = 1.30, 7.25 Hz), 8.20-8.21 (dd, 1H, J = 1.00,
8.50 Hz), 8.28-8.29 (dd, 1H, J = 1.25, 7.60 Hz), 8.63 (br s); 13C NMR (125.76 MHz, DMSO-D6)
δ: 13.87, 19.53, 31.68, 43.18, 123.68, 124.85, 128.05, 128.11, 136.13, 152.41, 167.69; Melting
Range: 79-82 °C; Boiling range: 219-220 °C.
S-(benzo[d]thiazol-2-yl)-N-phenethylthiohydroxylamine (123)

Synthesis: General Procedure B using 14.9 mmol phenthylamine, 5 mmol N-chlorosuccinimide,
and 5 mmol 2-mercaptobenzothiazole. RF = 0.82 in 33% ethyl acetate in hexane. Yield: 41.7%;
1

H NMR (500.13 MHz, DMSO-D6) δ: 2.85-2.88 (t, 2H, J = 7.70 Hz), 3.25-3.29 (dt, 2H, J = 5.70,

1.55 Hz), 5.58-5.61 (t, 1H, J = 5.50 Hz), 7.20-7.27 (m, 3H), 7.29-7.33 (m, 3H), 7.41-7.44 (td,
1H, J = 1.20, 7.30 Hz), 7.75-7.77 (d, 1H, J= 8.05 Hz), 7.97-7.99 (d, 1H, J= 7.70 Hz); 13C NMR
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(125.76 MHz, DMSO-D6) δ: 36.90, 54.06, 121.49, 122.12, 124.09, 126.46, 126.61, 128.83,
129.26, 134.89, 139.54, 155.16, 180.21.
N-phenethylbenzo[d]thiazole-2-sulfonamide (120)

Synthesis: General Procedure C using 2.07 mmol 123, 6.21 mmol potassium carbonate, and 6.26
mmol m-CPBA. Chromatography was performed in two parts with a flow rate of 75 mL/min on
a Biotage Isolera. Equilibration of the 50 g silica column was performed with 150 mL
dichloromethane, then separation was conducted with a 500 mL gradient of 0 to 5% methanol in
dichloromethane followed by a 150 mL gradient of 5 to 10% methanol in dichloromethane. The
fractions were tested by TLC (RF = 0.90 in 5% methanol in dichloromethane) then concentrated
in vacuo. Yield: 31.8%; HPLC: 254 nm: >99.9%, 280 nm: 99.45%, 300 nm: >99.9%, 365 nm:
>99.9%, 400 nm: >99.9% (TR = 15.34 min); 1H NMR (500.13 MHz, DMSO-D6) δ: 2.76-2.79 (t,
2H, J = 7.55 Hz), 3.32-3.35 (t, 2H), 7.14-7.19 (m, 3H), 7.22-7.25 (m, 2H), 7.63—7.67 (td, 1H, J
= 1.25, 7.25 Hz), 7.67-7.71 (td, 1H, J = 1.30, 6.20 Hz), 8.19-8.21 (dd, 1H, J = 1.05, 7.50 Hz),
8.26-8.28 (dd, 1H, J = 1.15, 7.75 Hz), 8.79 (br s, 1H); 13C NMR (125.76 MHz, DMSO-D6) δ:
35.82, 44.98, 123.67, 124.90, 126.73, 128.06, 128.09, 128.76, 129.14, 136.18, 138.82, 152.42,
167.49; Melting Range: 103-104 °C.
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N-((6-ethoxybenzo[d]thiazol-2-yl)sulfonyl)acetamide (121)

Synthesis: Ethoxzolamide (103) was measured into a round bottom flask (0.394 mmol), followed
by 0.653 mmol acetic anhydride, 2 mL dichloromethane, and a stir bar. Zinc chloride was slowly
added as needed, starting with 0.021 mmol. Acetic anhydride was also added as needed
following progress monitoring by TLC (33% ethyl acetate in hexane). Reaction reached
completion after 74 hours (RF = 0.20 in 33% ethyl acetate in hexane). The reaction was diluted
with dichloromethane then washed with deionized water and brine. The organic solution was
dried over anhydrous sodium sulfate and concentrated under reduced pressure. Yield: 89.0%;
HPLC: 254 nm: 97.10%, 280nm: 95.96%, 300 nm: 98.78%, 365 nm: 99.65%, 400 nm: 99.49%
(TR = 12.02 min); 1H NMR (500.13 MHz, DMSO-D6) δ: 1.38-1.41 (t, 3H, J = 6.95 Hz), 2.04 (s,
3H), 4.13-4.17 (q, 2H, J = 7.00 Hz), 7.26-7.29 (dd, 1H, J = 2.55, 9.10 Hz), 7.83 (d, 1H, J = 2.50
Hz), 8.09-8.11 (d, 1H, J = 9.10 Hz); 13C NMR (125.76 MHz, DMSO-D6) δ: 14.94 (CH3), 23.82
(CH3), 64.50 (CH2), 105.68 (CH), 118.85 (CH), 125.95 (CH), 138.88 (C), 146.19 (C), 158.95
(C), 162.29 (C), 169.93 (C); Melting Range: 168-171 °C.

CHAPTER 7

DERIVATIVES OF LIGANDS FROM LITERATURE

7.1 Bis-sulfonamides

7.1.1 Introduction
In a high throughput screening using a photometric assay against Arabidopsis thaliana
IspF, compound 124 was found to have micromolar activity.92 It was found to also have activity
against IspF from two other organisms: the malarial parasite Plasmodium falciparum and the
causative agent of Whitmore’s disease, Burkholderia pseudomallei, our organism of interest.
This led to the development of the bis-sulfonamide series of IspF inhibitors showing clear trends
in the structure activity relationship. First, mono-sulfonamides are not effective inhibitors.
Second, the presence of the nitro functional group meta and para to the sulfonamides is
important but may be replaced by another group if it is electron withdrawing. The loss of activity
for this parameter depends strongly on the organism. A comparison of 124, 125, and 126
demonstrates an activity cliff against BpIspF when the electron withdrawing group is not present.
Because sulfonamides are known to bind to zinc, the sulfonamide is believed to be the primary
interaction driving bis-sulfonamide binding to zinc-containing IspF. Although no crystals were
able to be produced showing a bis-sulfonamide binding to zinc inside the protein, the SAR
indicates compounds with greater electron withdrawing substituents have greater inhibitory
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potency. Thelemann and Dierderich found that these more potent compounds have lower
sulfonamide NH pKa values. A deprotonated sulfonamide nitrogen can better bind to zinc in the
active site. Therefore, a series of bis-sulfonamides was designed to increase sulfonamide NH
acidity.

124
IC50 AtIspF = 18 ± 4 μM
IC50 PfIspF = 1.9 ± 0.4 μM
IC50 BpIspF = 173 ± 11 μM

125
IC50 AtIspF = 5.6 ± 0.5 μM
IC50 PfIspF = 13 ± 1 μM
IC50 BpIspF = 70 ± 3 μM

126
IC50 AtIspF = 40 ± 12 μM
IC50 PfIspF = 29 ± 9 μM
IC50 BpIspF = > 500 μM

127
IC50 AtIspF = 0.53 ± 0.3 μM
IC50 PfIspF = 1.4 ± 0.5 μM
IC50 BpIspF = 23 ± 7 μM

7.1.2 Synthesis

Synthesis of the bis-sulfonamide series was accomplished in two one pot syntheses. First,
o-phenylene diamine was reacted with a sulfonyl chloride in pyridine and dichloromethane to
produce the non-brominated compound. That compound was then reacted with fuming Br2 in
acetic acid and sodium acetate, then poured onto ice. The precipitate that formed was removed
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by vacuum filtration and the product was collected by separation into ethyl acetate and
concentration under vacuum.
Scheme 10. The synthesis of the bis-sulfonamide series.

7.1.3 Results and Discussion

The compounds were analyzed by fluorescence-based thermal shift to indicate possible
stabilization of the protein (Table 19). The dibrominated compounds were expected to lead to a
higher thermal shift, however, results were mixed. Five sets of compounds were synthesized with
different R2 groups. Of these five, the thermal shifts for two were the same between brominated
and non-brominated (128 and 129, 134 and 135). In two cases, the brominated compound led to
a higher thermal shift (130 and 131, 132 and 133), and in one case the non-brominated
compound did (136 and 137). Compound 137 is reported in literature to have an IC50 value of 21
± 16 µM against BpIspF.92 The IC50 value for the non-brominated compound, 136, was not
reported. Unfortunately, the electron withdrawing character of the R2 groups was not predictive

176
of ability to stabilize the enzyme. However, while FTS is a useful screening tool, it is not
necessarily indicative of inhibitory capabilities.

Table 19. The synthesized bis-sulfonamides and their FTS values against BpIspF.
Entry
R1
R2
ΔTM (50 μM BpIspF)
128
H
H
4.17
129
Br
H
4.17
130
H
CH3
4.75
131
Br
CH3
9.25
132
H
Cl
7.5
133
Br
Cl
8.33
134
H
F
4.5
135
Br
F
4.5
136
H
CF3
10.25
137
Br
CF3
4.5
FTS data courtesy of Dr. Joy Blain.

The Kirby Bauer assay (Table 20) was performed at three concentrations with each
compound against B. thailandensis and P. aeruginosa. Compounds 128 and 137 were also tested
against M. smegmatis. None of the compounds were completely inactive and the Gram-negative
character of B. thailandensis and P. aeruginosa did not prevent the compounds from inhibiting
growth. The brominated compounds were generally more potent than the non-brominated
compounds for both B. thailandensis and P. aeruginosa. As only two compounds with different
R2 groups were tested against M. smegmatis, the effect of bromination could not be determined
for this organism. Compound 137 was able to produce a 14 mm zone of inhibition against M.
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smegmatis at the lowest concentration, 100 µM. Efforts to follow this compound up by STD
NMR were thwarted by the compound’s low solubility.
Table 20. Kirby Bauer results for the bis-sulfonamide series.
Compound Conc. (mM) Bt (mm) Pa (mm) Ms (mm)
0.1
0
0
0
128
0.5
0
0
12
1
12
0
20
0.1
0
0
NT
129
0.5
12.5
9.5
NT
1
15
14
NT
0.1
0
0
NT
130
0.5
10.5
8
NT
1
13
12
NT
0.1
0
0
NT
131
0.5
9
7
NT
1
18
10
NT
0.1
0
0
NT
132
0.5
13
0
NT
1
17.5
0
NT
0.1
0
0
NT
133
0.5
11
12
NT
1
18
17
NT
0.1
0
0
NT
134
0.5
11.5
8.5
NT
1
16.5
12.5
NT
0.1
0
0
NT
135
0.5
13.5
12
NT
1
18
18
NT
0.1
0
0
NT
136
0.5
14
11.5
NT
1
19.5
16.5
NT
0.1
0
0
14
137
0.5
13
13
25
1
18
17
31
Data courtesy of Dr. Debarati Ghose.
The bis-sulfonamide series was also analyzed by the Malachite Green assay for enzyme
inhibition, results shown in Table 21. While IC50 values were not determined, some plain trends
could be deduced. In the five pairs of compounds (non-brominated versus brominated), the
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brominated compounds were generally greater inhibitors. In one pair of compounds, the nonbrominated compound was higher (128 and 129), in two pairs the brominated compound was
higher (132 and 133, 136 and 137), in one pair the brominated compound was only slightly
higher (130 and 131), and in one pair the bromination did not seem to play a role (134 and 135).
These results were the same as or close to the thermal shift comparisons in all cases except for
the compounds with the 4-trifluoromethylphenyl moiety. A possible reason for this will be
provided in the conclusion. Not surprisingly, the highest enzyme inhibition was accomplished by
the fluorinated compounds. Compound 136 was already one of the most potent compounds prior
to bromination to known inhibitor 137. This supports the theory put forth by Thelemann and
Diederich in the first discovery of 124, that the acidity of the sulfonamide nitrogen as caused by
the electron withdrawing or electron donating character of the substituents is in direct correlation
to the inhibition of IspF. The low inhibition values given in for the series in Table 21 may be due
to either the fact that the enzyme used came from S. typhimurium instead of B. pseudomallei or it
might be a limitation of the Malachite Green assay, or more likely a combination thereof.

Table 21. The inhibition of StIspF by the bis-sulfonamide series.
Entry
% StIspF Inhibition (100 µM)
128
23 ± 2
129
9±2
130
6±1
131
8±9
132
2±3
133
16 ± 4
134
28 ± 5
135
28 ± 5
136
27 ± 2
137
37 ± 1
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7.1.4 Conclusion
The goal in this series was to use the results of a photometric screening assay and the
structure activity relationships that developed from the series that followed to design more potent
inhibitors. Unfortunately the most potent compound in the series remained the previously
identified inhibitor, 137. However, compound 135 and its non-brominated form, 134, also
displayed inhibition at a considerably lower molecular weight. It was also established that
compounds in this series could enter whole cells, specifically Gram-negative cells such as B.
thailandensis. No inhibitor can be effective if it is not able to meet its destination. The results of
the Kirby Bauer assay lined up with the previously established notion that brominated
compounds will be more effective than non-brominated compounds. The FTS assay results did
not support this conclusion in every pair of compounds, but that may be a conflict caused by the
design of the assay. In the performance of the assay, zinc chloride was included to make sure the
protein active site contained the essential zinc cofactor. However, the brominated compounds
may have instead been binding to the free zinc instead of the bound zinc. Apart from this portion
of the data, there is desirable agreement between the results and between these results and the
literature, provided one accepts the limitations of the Malachite Green assay and makes use of
the results more from a qualitative than quantitative perspective.
7.1.5 Experimental

Malachite Green assay: Reactions were performed in 10 µL volumes in clear Greiner bio-one
384 well microplates. The buffer was made by mixing 500 µL 1 M Tris-Cl, pH 7.4, 50 µL 1 M
MgCl2, 10 µL 1 M DTT, and 9,440 µL ddH2O. Compounds were added from DMSO stocks by a
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Labcyte Echo 550 (1 nanomole, for a final reaction concentration of 100 µM). Volumes varied
by the concentration of the stock for each compound, but all were balanced by DMSO to 0.900
µL. Plates were then centrifuged 1 min at 300 rpm. Next, 8.1 µL of the reaction solution
containing 0.308 µM StIspF and 3.08 µM auxiliary enzyme SDT1 in buffer (for reaction
concentrations of 0.25 µM and 2.5 µM, respectively) were added by multichannel pipette. The
microplate was again centrifuged for 1 min at 300 rpm, then shaken for 9 min on a Scientific
Industries Multiplate Genie at 680 rpm. The substrate, 1 µL 670 µM CDP-MEP per well, was
then added to start the reaction. The microplate was shaken for 15 min at 750 rpm, then 20 µL
Malachite Green was added. The microplate was centrifuged for 1 min at 300 rpm, then
absorbance was read at 630 nm on a Tecan Infinite M1000Pro at multiple time points over the
course of half an hour to monitor development.
Compound Synthesis and Characterization
N,N’-(1,2-phenylene)bis(4-methylbenzenesulfonamide) (130)

Synthesis: Into a 250 mL round bottom flask, 23.3 mmol o-phenylene diamine, 29 mL
dichloromethane, 237.5 mmol pyridine, and 59.1 mmol p-toluenesulfonyl chloride were added.
The round bottom flask was placed in an ice bath, stirring for 12 hours, and allowed to come to
room temperature. The reaction was monitored by TLC (Ethyl acetate: hexane, 1:2, RF = 0.24).
The solution was concentrated in vacuo, then extracted with water and ethyl acetate to remove
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pyridine. Brine was used to increase polarity and break up a formed emulsion. The organic layer
was blown down under nitrogen. Chromatography was performed on a gradient in ethyl acetate
and hexane. Yield: 98%; HPLC: 254 nm: 97.87%, 280 nm: 98.16%, 300 nm: 90.76%, 365 nm:
Not observed, 400 nm: Not observed (TR = 15.76 min); 1H NMR (300.15 MHz, DMSO-D6) δ:
2.35 (s, 6H), 6.98 (s, 4H), 7.33-7.36 (d, 4H, J = 8.04 Hz), 7.57-7.60 (d, 4H, J = 8.31 Hz), 9.26;
Melting Range: 207-209 °C.
N,N’-(4,5-dibromo-1,2-phenylene)bis(4-methylbenzenesulfonamide) (131)

Synthesis: In a 50 mL round bottom flask, 1.21 mmol 130, 10 mL acetic acid, 2.60 mmol sodium
acetate, and 3.63 mmol Br2 were added. The reaction was stirred for 10 minutes at room
temperature before stirring at 100 °C for 17 hours. The reaction was then allowed to cool before
being poured onto ice water. The precipitate was filtered off and ethyl acetate was added. This
layer was concentrated under reduced pressure. Yield: 77%; 1H NMR (500.13 MHz, CDCl3) δ:
2.45 (s, 6H), 7.23 (s, 2H), 7.30-7.31 (d, 4H, J = 8.25 Hz), 7.62-7.63 (d, 4H, J = 8.30 Hz).
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7.2 Thiazolopyrimidines

7.2.1 Introduction

Using a photometric assay, 40,000 compounds were screened by Geist et al. against
Arabidopsis thaliana IspF for inhibitory activity.53 This screening produced 14, which was
further found to have micromolar activity against Plasmodium falciparum, Mycobacterium
tuberculosis, and Escherichia coli as well.

14
IC50 AtIspF = 6.8 ± 0.6 μM
IC50 PfIspF = 9.6 ± 1.5 μM
IC50 MtIspF = 6.1 ± 0.8 μM
IC50 EcIspF = 32 ± 7 μM

138
IC50 AtIspF = 3.2 ± 0.4 μM
IC50 PfIspF = 11 ± 2 μM
IC50 MtIspF = 5.1 ± 0.4 μM
IC50 EcIspF = 18 ± 3 μM

Geist and company then designed a series of derivatives, varying the structure by five
substituents. While unable to significantly approve upon the screening hit, they were able to
identify essential functional groups of the hit by SAR. Acylation of the hydroxyl group leads to
an activity cliff, as does removing both bromines. Removing one bromine also results in a steep
loss of potency. Therefore, the electron withdrawing ability of the bromines seems to be playing
an important part in binding and inhibition of the protein. A deprotonated dibromophenol could
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bind to the divalent zinc of the active site of IspF. Despite lack of testing on BpIspF, high
homology amongst IspF isoforms indicatives positive results with AtIspF, PfIspF, MtIspF, and
EcIspF will be predictive of positive results against BpIspF.
7.2.2 Synthesis

Linpinski’s rule of 5 states that compounds under 500 Daltons are more likely to have
more drug-like characteristics. In accordance with this, it would be more favorable to synthesize
a compound smaller in mass than 14 and 138, which are 584.30 Da and 608.30 Da, respectively.
Compound 139 was conceived with the intention of reducing mass by removing the mass-heavy
bromines while maintaining the potential to bind to zinc in the active site. The choice of use of
an ethoxy substituent in the place of methoxy in the modification of 138 was based on
convenience of commercial products.

139
Synthesis of compound 139 is as shown in Scheme 11, below. Starting with ethyl 4-(4ethoxyphenyl)-6-methyl-2-thioxo-1,2,3,4-tetrahydro-5-pyrimidine carboxylate, chloroacetic acid
and 4-pyridine carboxaldehyde were added in the presence of sodium acetate, acetic acid, and
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acetic acid in a one pot synthesis. The reaction was then refluxed for 24 hours. Significant
chromatography was required to isolate the product.
Scheme 11. The synthesis of compound 139.

The dihydropyrimidine-2-thione precursor for compound 138 was also synthesized (140)
to examine the importance of the thiazole and dibromophenol moieties. It was synthesized in a
Biginelli reaction (Scheme 12), composed of the combination of an aldehyde, a β-ketoester, and
in this case a thiourea. The three component reaction was performed in N,N-dimethylformamide
(DMF) and acetonitrile (I) with trimethylsilyl chloride (TMSCl) to act as a promoter and to
scavenge water.93,94

140

185
Scheme 12. The synthesis of compound 140.

7.2.3 Results and Discussion
Another compound produced by Geist as a derivative of 14 is 138, substituting the 2thiophenyl for 4-methoxyphenyl. As an inhibitor it is not significantly distinct from 14, but it is
more commercially available. Compound 138 was purchased and analyzed by STD NMR for
group epitope mapping (Table 22).

Table 22. Relative saturation transfer results for 138 with BpIspF.
Protons
Relative Percent Saturation Transfer
A
90-100%
B
60-70%
C
55-60%
D
45-50%
E
65-75%
F
65-70%
G
70%
H
85-90%
I
95-100%
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Because the presence of the dibromophenol functional group had been essential to
inhibitory activity in this series in the literature, it is unsurprising that the protons with the
highest saturation transfer were those on the dibromophenol, HI. Recall that STD NMR is based
on the nuclear Overhauser enhancement, and saturation transfer occurs through space. Therefore,
the protons closest to ligand-protein interactions will be saturated the most. Likewise, the vinyl
proton (HH) received nearly as much transfer. The central thiazolopyrimidine scaffold has two
peaks to indicate interaction with the protein. The proton at the stereocenter (HG) and allylic
protons (HC) have less saturation transfer than the dibromophenol and vinylic proton, showing
less interaction with IspF. Saturation diminishes on the methoxyphenyl group (HF, HE, HD),
supporting the results found previously,53 the substituent at C5 of the thiazolopyrimidine has not
been found to contribute significantly to potency. Astonishingly, the protons on the terminal
carbon of the ethyl group (HA) received saturation transfer approximate to the dibromophenol
protons. However, this should not have been a surprise. In the literature, there is a small decrease
in inhibitory activity against A. thaliana, P. falciparum, and E. coli when the ethyl group is
replaced by benzyl, and a much steeper decrease in activity against A. thaliana, P. falciparum,
M. tuberculosis, and E. coli when the ethyl group is replaced by a hydrogen. Because activity
slightly decreased with benzyl and dropped off more sharply with hydrogen, an ethyl or perhaps
propyl group is the right size of a substituent in this position, providing a hydrophobic
interaction. The residues involved in this interaction are unknown.
The Kirby Bauer assay was applied with compounds 139 and 140 against nine organisms
at three concentrations (Table 23). Neither compound was able to inhibit growth at the lowest
concentration of 100 µM. However, both had activity against all nine organisms at 1 mM. Thus
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both compounds possessed antibacterial activity in the absence of the dibromophenol moiety.
The pyridine substituted compound, 139, was more potent than compound 140 for six of the nine
compounds. Antimicrobial activity could be through alternative mechanisms, however the STD
NMR results of 138 may indicate some level of binding through the interaction with the ethyl
ester group of the dihydropyrimidine present in both compounds.

Table 23. The Kirby Bauer results for compounds 139 and 140.
Compound Conc. (mM) Bt (mm) Pa (mm) Bc (mm) Ec (mm) Ms (mm) Kp (mm) Cx (mm) Cp (mm) Ml (mm)
0.1
0
0
0
0
0
0
0
0
0
139
0.5
10
13
13
11
16
0
8
0
13
1
18
21
16
15
23
11
13
11
19
0.1
0
0
0
0
0
0
0
0
0
140
0.5
10
0
9
9
14
0
11
0
11
1
15
13
16
13.5
19
14
15
13
15.5
Data courtesy of Dr. Debarati Ghose.
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7.2.4 Conclusion
In a photometric assay by Geist, Diederich, and co., compound 14 was found to be a
single to double digit micromolar inhibitor of IspF from A. thaliana, P. falciparum, M.
tuberculosis, and E. coli. Subsequent exploration of derivatization of the functional groups off
the thiazolopyrimidine scaffold found compound 138 to have similar activity. The structure
activity relationships established in their series showed the importance of the dibromophenol
moiety as well as the ethyl ester substituent, while the substitution of thiophenyl in compound 14
for p-methoxyphenyl in 138 had nearly no effect. These results were supported in the STD NMR
group epitope mapping performed here. The protons present on the dibromophenol (HI) had the
greatest saturation transfer, as well as the protons on the terminal carbon of the ethyl group (HA),
supporting the results of the structure activity relationship from the enzyme inhibition assay;
both of these positions are important to inhibition of the enzyme. Additionally, compound 139
was synthesized to reduce molecular weight while maintaining interaction with the zinc in the
active site. This compound as well as compound 140, a truncated 138, were observed to have
antimicrobial activity against all nine of the organisms included in the assay, including both
Gram-positive and Gram-negative organisms. Future work in this project should focus on
determining enzyme inhibition or binding of 139 to validate the substitution of the
dibromophenol with 4-pyridyl.
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7.2.5 Experimental

(Z)-ethyl 5-(4-ethoxyphenyl)-7-methyl-3-oxo-2-(pyridin-4-ylmethylene)-3,5-dihydro-2Hthiazolo[3,2-a]pyrimidine-6-carboxylate (139)

Synthesis: In a round bottom flask, 2.21 mmol chloroacetic acid, 2.13 mmol 4-pyridine
carboxaldehyde, 2.11 mmol ethyl 4-(4-ethoxyphenyl)-6-methyl-2-thioxo-1,2,3,4-tetrahydro-5pyrimidine carboxylate, 5.39 mmol sodium acetate, 4.22 mL acetic anhydride, and 3.165 mL
acetic acid were added with a stirring bar. The reaction was refluxed at 140 °C for 24 hours, then
concentrated under reduced pressure. Preparative TLC plates were used in purification: Analtech
Silica Gel GF 2000 μm 20 × 20 cm, catalogue number P02015. The crude sample (0.7533 g) was
dissolved in 7 mL dichloromethane. One milliliter was applied to a plate and run in 100 mL 50%
ethyl acetate in hexane. This was performed twice. At the end of each separation, the plate was
allowed to dry before the bands were stripped from the plate. Silica from each band was
sonicated in ethyl acetate, then vacuum filtered to separate the compound from the silica gel. The
product was located in the sixth band, yellow in color. The remaining crude material was
purified in portions on a Biotage Isolera using a gradient of increasing ethyl acetate in hexane
(Max collection volume per fraction: 10 mL; Flow rate: 100 mL/min; equilibrate column prior to
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sample addition with 250 mL 10% ethyl acetate in hexane; perform separation with 50 mL 12%
ethyl acetate in hexane, followed by 800 mL gradient 12 – 100% ethyl acetate in hexane, and
finally 100 mL ethyl acetate). Fractions were tested by TLC. The product’s RF was 0.34 in 50%
ethyl acetate in hexane. Yield: 14.84%; HPLC: 254 nm: 97.80%, 280 nm: 97.26%, 300 nm:
>99.9%, 365 nm: >99.9%, 400 nm: >99.9% (TR = 13.18 min); 1H NMR (500.13 MHz, DMSOD6) δ: 1.12-1.14 (t, 3H, J = 7.15 Hz), 1.28-1.31 (t, 3H, J = 6.95 Hz), 2.40 (s, 3H), 3.96-4.00 (q,
2H, J = 6.90 Hz), 4.03-4.06 (m, 2H), 6.00 (s, 1H), 6.88-6.89 (d, 2H, J = 8.70 Hz), 7.21-7.23 (d,
2H, J = 8.70 Hz), 7.53-7.55 (d, 2H, J = 6.20 Hz), 7.76 (s, 1H), 8.72-8.73 (d, 2H, J = 6.10 Hz); 1H
NMR (500.13 MHz, CDCl3) δ: 1.17-1.20 (t, 3H, J = 7.15 Hz), 1.35-1.38 (t, 3H, J = 7.00 Hz),
2.52 (s, 3H), 3.95-3.99 (q, 2H, J = 7.00 Hz), 4.09-4.12 (m, 2H), 6.14 (s, 1H), 6.80-6.81 (d, 2H, J
= 8.65 Hz), 7.28-7.31 (interference from solvent peak), 7.60 (s, 1H), 8.70-8.71 (d, 2H, J = 5.90
Hz); 13C NMR (125.76 MHz, DMSO-D6) δ: 14.35, 15.06, 22.76, 55.07, 60.70, 63.52, 109.90,
114.87, 123.70, 125.39, 129.39, 130.19, 132.35, 140.36, 150.97, 151.13, 154.91, 159.11, 164.36,
165.29; 13C NMR (125.76 MHz, CDCl3) δ: 14.08 (CH3), 14.77 (CH3), 22.64 (CH), 55.25 (CH3),
60.61 (CH2), 63.40 (CH2), 109.91 (C), 114.45 (CH), 123.12 (CH), 125.71 (C), 129.39 (CH),
129.50 (CH), 131.53 (C), 140.30 (C), 150.74 (CH), 151.59 (C), 154.42 (C), 159.25 (C), 164.58
(C), 165.32 (C).
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Ethyl 4-(4-methoxyphenyl)-6-methyl-2-thioxo-1,2,3,4-tetrahydropyrimidine-5-carboxylate
(140)

Synthesis: In a 10 mL round bottom flask, 0.779 mmol thiourea, 0.669 mmol p-anisaldehyde,
0.725 mmol ethylacetoacetate were added. Trimethylsilyl chloride, 0.701 mmol, was added to a
vial containing 0.5 mL dimethylformamide and 0.5 mL acetonitrile. These contents were added
to the round bottom flask, followed by an additional 0.75 mL dimethylformamide and 0.75 mL
acetonitrile. The reaction was monitored by TLC. Once complete, the reaction was concentrated
in vacuo. Deionized water (2 mL) was added to the concentrated reaction material, producing a
precipitate, and the mixture was vacuum filtered and washed with additional water. Extraction
was performed with water (3 x 5 mL), ethyl acetate (7 mL), and brine. The organic layer was
then dried over anhydrous sodium sulfate and vacuum filtered to collect filtrate. This solution
was then concentrated under reduced pressure to produce the white product. Yield: 43.5%;
HPLC: 254 nm: 84.40%, 280 nm: 96.93%, 300 nm: 99.06%, 365 nm: >99.9%, 400 nm: >99.9%
(TR = 11.99 min); 1H NMR (300.15 MHz, CDCl3) δ: 1.17-1.21 (t, 3H, J = 7.11 Hz), 2.37 (s, 3H),
3.80 (s, 3H), 4.06-4.14 (q, 2H, J = 7.14 Hz) (appears to be a qd due to the stereocenter), 5.35 (s,
1H) (appears to be a d due to the stereocenter), 6.84-6.87 (d, 2H, J = 8.70 Hz), 7.21-7.24 (d, 2H,
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J = 8.71 Hz), 7.90 (br s); 13C NMR (75.47 MHz, CDCl3) δ: 14.11, 18.39, 55.30, 55.76, 60.41,
103.24, 114.19, 128.06, 134.74, 142.19, 159.60, 165.26, 174.45; Melting Range: 148-150 °C.

CHAPTER 8

STD NMR STUDIES OF KNOWN ISPF LIGANDS

8.1 L-Tryptophan Hydroxamic Acid

Hydroxamic acids are known zinc binding groups. L-tryptophan hydroxamic acid (12)
was previously identified using an in silico screening to find compounds with at least two
hydrogen bond donors, two hydrogen bond acceptors, a hydrophobic region and a specific
pharmacophore. Compound 12 was found to bind to EcIspF by surface plasmon resonance (KD
= 1.92 ± 0.18 μM).95 This was the tightest binding compound identified at the time of its
discovery. The use of hydroxamates is complicated by their lack of specificity, however they
may be used as a modification to increase binding for a compound already specific to a chosen
enzyme. A series of compounds based on 12 have been designed and synthesized to improve
binding and potential inhibition of IspF, to be discussed in another publication.
To analyze the binding of l-tryptophan hydroxamic acid to BpIspF and design tighter
binding compounds, STD NMR was performed (Table 24). The results are shown relative to the
proton of highest saturation transfer. It is postulated that the hydroxamic acid moiety is binding
to the zinc in the active site. However, as protons on heteroatoms are not observed in the
presence of D2O due to deuterium exchange, this is not directly detected. The proton α to the
carbonyl and the amine (HG) received 50-55% saturation transfer, and likely only received
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transfer through the proximity to the hydroxamic acid group. The methylene protons (HF),
further still from the hydroxamate group, have the least transfer in the compound. All the protons
on the indole have moderate to high saturation transfer relative to the highest transfer, HA.
Protons HC and HE had overlapping resonances and could not be distinguished at any saturation
time. The protons then had an 80-85% relative saturation transfer average. Saturation was
slightly lower for HD, and the lowest on the indole moiety was HB despite proximity to HA. The
saturation transfer was consistent for each resonance between experiments. As the highest
transfers were all located on the indole in spite of the hypothetical binding through the
hydroxamic acid group, the indole must be fitting well into the active site if not actively
contributing to binding. However, HA and HE had two of the highest saturation transfers, hinting
at possible hydrogen bonding through the indole NH. An aromatic, π-stacking interaction is
possible, but as HB has a lower saturation transfer, it is more likely that an aromatic interaction
would be edge-on, such as with HD and HC with residues in the protein. Modification of the
compound would benefit greatest in the region of lowest saturation transfer, the methylene and
stereocentric carbon.

Table 24. Relative saturation transfer results for 12 with BpIspF.
Proton
Relative Percent Saturation Transfer
A
100%
B
60-65%
C
80-85%
D
75-80%
(Continued on the next page)
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Table 24. (Continued)
Proton
Relative Percent Saturation Transfer
E
80-85%
F
25-30%
G
50-55%

The crystal structure of compound 12 in BpIspF has been uploaded to the Protein Data
Bank (5L03, paper not yet published). The crystal structure conflicts with the STD NMR results
in that the Zn2+ binding occurs through a monodentate-bidentate intermediate (Figure 25). The
amino nitrogen atom has a distance of 1.9 Å to the zinc, while the hydroxamic acid nitrogen has
a distance of 2.9 Å to the zinc. The benzyl portion on the indole then fits into the lipophilic
pocket. This is contrary to the STD NMR results that suggest a greater protein to ligand
interaction involving the indole nitrogen, as both HA and HE have high saturation transfer.
Meanwhile, the relative saturation transfer for protons HF and HG are low. The conditions of
crystallization may not have allowed for the appearance of this binding mode, as a protein in
solution may take a different configuration than that shown in a crystal.
Experimental

STD NMR for 12 and Burkholderia pseudomallei IspF was performed on a Bruker
Avance III HD (600 MHz) spectrometer with a TCI-F cryoprobe at 25.0 °C. The sample was
prepared with 428 μM 12, 3.6 μM WT BpIspF, 10.7 mM NaCl, 5.36 mM phosphate, and 8.6%
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Figure 25. L-tryptophan hydroxamic acid in BpIspF (PDB code 5L03).
DMSO-D6 in D2O. The solvent was suppressed, and the spinlock was kept at 50 ms. The power
level for the pulse was set to 40 dB and 128 scans were performed for each of 4 loops.
Experiments were performed at saturation times of 0.5, 1.5, 2.5, 3.0, 3.5, 4.0, and 5.0 s. Recycle
delay was set to 0.1 s more than the saturation time for each experiment. Irradiation was
conducted off-resonance at 40 ppm and on-resonance at 0.6 ppm.
8.2 Geranyl Diphosphate

Geranyl diphosphate (141) is known to bind in the central channel between monomers in
IspF. There was only one resonance to receive significant saturation transfer: the vinylic proton
two positions from the β-phosphate oxygen. Most regions received zero to negligible saturation
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transfer, indicating that the majority of the compound does not interact with the protein, and it is
likely mainly the phosphate groups that are responsible for binding.

Table 25. Relative saturation transfer results for 141 with BpIspF.
Proton
Relative Percent Saturation Transfer
A
Negligible
B
Negligible
C
25%
D
No transfer
E
No transfer
F
Negligible
G
100%
H
Negligible

Alignment of three crystal structures of geranyl diphosphate in E. coli IspF (3ELC,
3EOR, and 3ERN)95 show a consistent positioning of the phosphate groups at the end of the
channel between the monomers near the c-terminus, while the arrangement of the geranyl varies
(Figure 26). The positions of the carbon bonded to HG differ from 1.3 to 2.6 Å. The crystal
structures show regardless of the conformation of the geranyl moiety, the atoms are in the open
channel, a distance from the residues of any monomer. The closest residue is a phenylalanine 2.9
Å from the sidechain to the carbon nearest the β-phosphate oxygen. A lack of interaction with
the protein is likely responsible for the great difference in conformation of the geranyl moiety.
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A
B

Figure 26. Crystal structure of geranyl diphosphate in EcIspF (PDB codes 3ELC, 3EOR, and
3ERN).95 (A) GDP in the channel between monomers. (B) The phosphate groups vary little
while the geranyl moiety differs significantly between structures.

Experimental

STD NMR for 141 was analyzed on a Bruker Avance III 500 MHz spectrometer. Geranyl
diphosphate was not soluble enough in DMSO-D6 for the standard preparation of a 5 mM stock
solution. The D2O and BpIspF were then added right into the stock, making a sample with the
following concentrations: 1.32 mM 141, 3.6 µM BpIspF, 10.7 mM NaCl, 5.36 mM phosphate,
and 8.6% DMSO-D6 in D2O. The solvent was suppressed and the spinlock was kept at 50 ms.
The power level for the pulse was set to 40 dB and 1264 scans were performed for each of 4
loops. The experiment was performed at a saturation time of 3.5 s. Recycle delay was set to 4.0
s. Irradiation was conducted off-resonance at 40 ppm and on-resonance at 0.6 ppm. A notice was
provided by the manufacturer of geranyl diphosphate that it will degrade in water within 24

200
hours. Proton spectra with solvent suppression were collected before and after the STD
experiment to verify GDP had not degraded (Number of scans = 64).

CHAPTER 9
CONCLUSION
In pursuit of compounds to bind to BpIspF, five series of compounds have been
synthesized and evaluated. Additionally, two assays have undergone development. The resorufin
assay was successfully transitioned to a 384-well plate format to reduce volume and reagent
consumption, boosting material efficiency. Adjustments were also made to the buffer to improve
fluorence over time. While the assay is not complete, progress was made toward a plate-based
assay for enzyme inhibition evaluation.
The Malachite Green assay ultimately could not be used for gathering publication-worthy
data but can effectively be used to demonstrate which compounds in a series show the greatest
promise as inhibitors. It was successfully simplified and made more cost effective. Over the
course of the optimization of the assay, the protein was also shown to have stability in DMSO up
to 12%. This allows greater analysis of compounds with lower aqueous solubility. In spite of the
challenges of this assay, valuable qualitative data was quickly gathered on 129 compounds.
The 2-amino-4-hydroxypyrimidine-5-carboxylate series, by de novo design, was
challenged by limited solubility but was demonstrated to bind to the enzyme by STD NMR
(compound 38) after the long project’s inconclusive results. The most potent compounds
generally possessed two-ring cyclic structures, often with an electron withdrawing heteroatom.
Compound 28 was found to have the greatest inhibition against StIspF in the series using the
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Malachite Green assay. The most notable compounds in this series such as compounds 28 and 38
could be used as scaffolds in future series.
The dansyl imidazoles began as a series of compound 88 derivatives, then were found to
have an alternative binding method when the dansyl group was added in compound 89 and the
88 moieties were removed. This series was synthesized to evaluate the contributions of the
functional groups in compound 89. This led to the discovery of one compound with a high
nanomolar dissociate constant and three compounds with low micromolar dissociation constants.
Compound 94 is the first recorded submicromolar BpIspF ligand. Its tight binding can be
attributed to the sulfonamide group as well as the polar ethyl dimethylamino group. Future work
in this project will focus on continuing to apply what has been learned here and evaluating the
compounds for enzyme inhibition.
The Spectrum Collection hits from an FTS screening were successfully followed up by
STD NMR and many were found to bind while others degraded. This process identified seven
compounds that bind to BpIspF in their original, undegraded state. The stable and binding hits
were mapped so derivatives may be made that will take advantage of the current interactions
with the protein while reducing the mass of the compound by removing groups that do not
contribute. Future cycles in the design and evaluation process would build on these parsed down
compounds to gather additional interactions in the active site.
Derivatives of ethoxzolamide were synthesized, and while there was not a clear answer
on whether a standard sulfonamide or reverse sulfonamide would produce better results, the
series did produce compounds that were more potent against StIspF than ethoxzolamide itself.
Additionally, a bis-sulfonamide was produced in this series and the crystal structure of the
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compound was obtained. The compounds had antimicrobial activity against both Gram-positive
and Gram-negative organisms, the results of which were consistent with the results of the
Malachite Green assay. The acylated compound 121 had the greatest enzyme inhibition in the
series. This compound could be built off in future series by derivatizing in place of the ethoxy
substituent.
In the bis-sulfonamide and thiazolopyrimidine series, derivatives of compounds that
inhibit IspF were synthesized at a major reduction in molecular weight. These compounds were
broadly active against whole cell organisms in the Kirby Bauer assay. Finally, known IspF
ligands compound 138, l-tryptophan hydroxamic acid, and geranyl diphosphate were mapped to
evaluate the mode of binding. The future of these projects will include using the information
gained by the assays used here to design new compounds with more interactions and greater
ligand efficiency than the compounds originally discovered.
Through the optimization of two plate-based assays, the implementation of various
evaluation methods (The Kirby Bauer test, fluorescence anisotropy, STD NMR), and the
synthesis of five series, a greater understanding of potential IspF inhibitors has been achieved.
The sum of this research has led to the discovery of a few of the tightest BpIspF binding
compounds, as well as enlightenment on the binding of other compounds.
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APPENDIX A
SPECTRUM COLLECTION HIT STABILITY STUDY BY HPLC

218
Cefamandole (95)

Chromatogram of cefamandole at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 254 nm; 1 hour following sample preparation.

Chromatogram of cefamandole at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 254 nm; 2 hours following sample preparation.
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Chromatogram of cefamandole at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 254 nm; 4 hours following sample preparation.

Chromatogram of cefamandole at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 254 nm; 8 hours following sample preparation.

220

Chromatogram of cefamandole at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 254 nm; 16 hours following sample preparation.

Stacked chromatograms of cefamandole at 428 μM in an aqueous solution with 8.6% DMSO,
10.71 mM NaCl, 5.36 mM phosphate at 254 nm. Front to back: 1 hour, 2 hours, 4 hours, 8 hours,
and 16 hours after sample preparation.
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Chromatogram of cefamandole at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 280 nm; 1 hours following sample preparation.

Chromatogram of cefamandole at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 280 nm; 2 hours following sample preparation.
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Chromatogram of cefamandole at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 280 nm; 4 hours following sample preparation.

Chromatogram of cefamandole at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 280 nm; 8 hours following sample preparation.

223

Chromatogram of cefamandole at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 280 nm; 16 hours following sample preparation.

Stacked chromatograms of cefamandole at 428 μM in an aqueous solution with 8.6% DMSO,
10.71 mM NaCl, 5.36 mM phosphate at 280 nm. Front to back: 1 hour, 2 hours, 4 hours, 8 hours,
and 16 hours after sample preparation.

224
Cefonicid (96)

Chromatogram of cefonicid at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 254 nm; 1 hour following sample preparation.

Chromatogram of cefonicid at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 254 nm; 2 hours following sample preparation.
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Chromatogram of cefonicid at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 254 nm; 4 hours following sample preparation.

Chromatogram of cefonicid at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 254 nm; 8 hours following sample preparation.

226

Chromatogram of cefonicid at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 254 nm; 16 hours following sample preparation.

Stacked chromatograms of cefonicid at 428 μM in an aqueous solution with 8.6% DMSO, 10.71
mM NaCl, 5.36 mM phosphate at 254 nm. Front to back: 1 hour, 2 hours, 4 hours, 8 hours, and
16 hours after sample preparation.

227

Chromatogram of cefonicid at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 280 nm; 1 hour following sample preparation.

Chromatogram of cefonicid at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 280 nm; 2 hours following sample preparation.

228

Chromatogram of cefonicid at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 280 nm; 4 hours following sample preparation.

Chromatogram of cefonicid at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 280 nm; 8 hours following sample preparation.

229

Chromatogram of cefonicid at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 280 nm; 16 hours following sample preparation.

Stacked chromatograms of cefonicid at 428 μM in an aqueous solution with 8.6% DMSO, 10.71
mM NaCl, 5.36 mM phosphate at 254 nm. Front to back: 1 hour, 2 hours, 4 hours, 8 hours, and
16 hours after sample preparation.
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Cefaperazone (97)

Chromatogram of cefaperazone at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 254 nm; 1 hour following sample preparation.

Chromatogram of cefaperazone at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 254 nm; 2 hours following sample preparation.
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Chromatogram of cefaperazone at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 254 nm; 4 hours following sample preparation.

Chromatogram of cefaperazone at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 254 nm; 8 hours following sample preparation.

232

Chromatogram of cefaperazone at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 254 nm; 16 hours following sample preparation.

Stacked chromatograms of cefaperazone at 428 μM in an aqueous solution with 8.6% DMSO,
10.71 mM NaCl, 5.36 mM phosphate at 254 nm. Front to back: 1 hour, 2 hours, 4 hours, 8 hours,
and 16 hours after sample preparation.

233

Chromatogram of cefaperazone at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 280 nm; 1 hour following sample preparation.

Chromatogram of cefaperazone at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 280 nm; 2 hours following sample preparation.
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Chromatogram of cefaperazone at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 280 nm; 4 hours following sample preparation.

Chromatogram of cefaperazone at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 280 nm; 8 hours following sample preparation.
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Chromatogram of cefaperazone at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 280 nm; 16 hours following sample preparation.

Stacked chromatograms of cefaperazone at 428 μM in an aqueous solution with 8.6% DMSO,
10.71 mM NaCl, 5.36 mM phosphate at 280 nm. Front to back: 1 hour, 2 hours, 4 hours, 8 hours,
and 16 hours after sample preparation.
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Cefazolin (98)

Chromatogram of cefazolin at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 254 nm; 1 hour following sample preparation.

Chromatogram of cefazolin at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 254 nm; 2 hours following sample preparation.
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Chromatogram of cefazolin at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 254 nm; 4 hours following sample preparation.

Chromatogram of cefazolin at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 254 nm; 8 hours following sample preparation.
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Chromatogram of cefazolin at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 254 nm; 16 hours following sample preparation.

Stacked chromatograms of cefazolin at 428 μM in an aqueous solution with 8.6% DMSO, 10.71
mM NaCl, 5.36 mM phosphate at 254 nm. Front to back: 1 hour, 2 hours, 4 hours, 8 hours, and
16 hours after sample preparation.
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Chromatogram of cefazolin at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 280 nm; 1 hour following sample preparation.

Chromatogram of cefazolin at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 280 nm; 2 hours following sample preparation.
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Chromatogram of cefazolin at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 280 nm; 4 hours following sample preparation.

Chromatogram of cefazolin at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 280 nm; 8 hours following sample preparation.
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Chromatogram of cefazolin at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 280 nm; 16 hours following sample preparation.

Stacked chromatograms of cefazolin at 428 μM in an aqueous solution with 8.6% DMSO, 10.71
mM NaCl, 5.36 mM phosphate at 280 nm. Front to back: 1 hour, 2 hours, 4 hours, 8 hours, and
16 hours after sample preparation.
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Cefotaxime (99)

Chromatogram of cefotaxime at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 254 nm; 1 hour following sample preparation.

Chromatogram of cefotaxime at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 254 nm; 2 hours following sample preparation.
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Chromatogram of cefotaxime at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 254 nm; 4 hours following sample preparation.

Chromatogram of cefotaxime at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 254 nm; 8 hours following sample preparation.

244

Chromatogram of cefotaxime at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 254 nm; 16 hours following sample preparation.

Stacked chromatograms of cefotaxime at 428 μM in an aqueous solution with 8.6% DMSO,
10.71 mM NaCl, 5.36 mM phosphate at 254 nm. Front to back: 1 hour, 2 hours, 4 hours, 8 hours,
and 16 hours after sample preparation.
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Chromatogram of cefotaxime at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 280 nm; 1 hour following sample preparation.

Chromatogram of cefotaxime at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 280 nm; 2 hours following sample preparation.
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Chromatogram of cefotaxime at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 280 nm; 4 hours following sample preparation.

Chromatogram of cefotaxime at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 280 nm; 8 hours following sample preparation.
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Chromatogram of cefotaxime at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 280 nm; 16 hours following sample preparation.

Stacked chromatograms of cefotaxime at 428 μM in an aqueous solution with 8.6% DMSO,
10.71 mM NaCl, 5.36 mM phosphate at 280 nm. Front to back: 1 hour, 2 hours, 4 hours, 8 hours,
and 16 hours after sample preparation.
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Cefdinir (100)

Chromatogram of cefdinir at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 280 nm; 1 hour following sample preparation.

Chromatogram of cefdinir at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 280 nm; 2 hours following sample preparation.
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Chromatogram of cefdinir at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 280 nm; 4 hours following sample preparation.

Chromatogram of cefdinir at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 280 nm; 8 hours following sample preparation.

250

Chromatogram of cefdinir at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 280 nm; 16 hours following sample preparation.

Stacked chromatograms of cefdinir at 428 μM in an aqueous solution with 8.6% DMSO, 10.71
mM NaCl, 5.36 mM phosphate at 280 nm. Front to back: 1 hour, 2 hours, 4 hours, 8 hours, and
16 hours after sample preparation.

251

Chromatogram of cefdinir at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 300 nm; 1 hour following sample preparation.

Chromatogram of cefdinir at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 300 nm; 2 hours following sample preparation.

252

Chromatogram of cefdinir at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 300 nm; 4 hours following sample preparation.

Chromatogram of cefdinir at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 300 nm; 8 hours following sample preparation.
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Chromatogram of cefdinir at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 300 nm; 16 hours following sample preparation.

Stacked chromatograms of cefdinir at 428 μM in an aqueous solution with 8.6% DMSO, 10.71
mM NaCl, 5.36 mM phosphate at 300 nm. Front to back: 1 hour, 2 hours, 4 hours, 8 hours, and
16 hours after sample preparation.
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Cefradine (101)

Chromatogram of cefradine at 283 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 254 nm; 1 hour following sample preparation.

Chromatogram of cefradine at 283 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 254 nm; 2 hours following sample preparation.
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Chromatogram of cefradine at 283 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 254 nm; 4 hours following sample preparation.

Chromatogram of cefradine at 283 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 254 nm; 8 hours following sample preparation.
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Chromatogram of cefradine at 283 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 254 nm; 16 hours following sample preparation.

Stacked chromatograms of cefradine at 283 μM in an aqueous solution with 8.6% DMSO, 10.71
mM NaCl, 5.36 mM phosphate at 254 nm. Front to back: 1 hour, 2 hours, 4 hours, 8 hours, and
16 hours after sample preparation.
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Chromatogram of cefradine at 283 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 280 nm; 1 hour following sample preparation.

Chromatogram of cefradine at 283 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 280 nm; 2 hours following sample preparation.
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Chromatogram of cefradine at 283 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 280 nm; 4 hours following sample preparation.

Chromatogram of cefradine at 283 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 280 nm; 8 hours following sample preparation.
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Chromatogram of cefradine at 283 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 280 nm; 16 hours following sample preparation.

Stacked chromatograms of cefradine at 283 μM in an aqueous solution with 8.6% DMSO, 10.71
mM NaCl, 5.36 mM phosphate at 280 nm. Front to back: 1 hour, 2 hours, 4 hours, 8 hours, and
16 hours after sample preparation.
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Azlocillin (102)

Chromatogram of azlocillin at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 254 nm; 1 hour following sample preparation.

Chromatogram of azlocillin at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 254 nm; 2 hours following sample preparation.
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Chromatogram of azlocillin at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 254 nm; 4 hours following sample preparation.

Chromatogram of azlocillin at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 254 nm; 8 hours following sample preparation.
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Chromatogram of azlocillin at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 254 nm; 16 hours following sample preparation.

Stacked chromatograms of azlocillin at 428 μM in an aqueous solution with 8.6% DMSO, 10.71
mM NaCl, 5.36 mM phosphate at 254 nm. Front to back: 1 hour, 2 hours, 4 hours, 8 hours, and
16 hours after sample preparation.
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Sulfapyridine (103)

Chromatogram of sulfapyridine at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 254 nm; 1 hour following sample preparation.

Chromatogram of sulfapyridine at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 254 nm; 2 hours following sample preparation.
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Chromatogram of sulfapyridine at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 254 nm; 4 hours following sample preparation.

Chromatogram of sulfapyridine at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 254 nm; 8 hours following sample preparation.
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Chromatogram of sulfapyridine at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 254 nm; 16 hours following sample preparation.

Stacked chromatograms of sulfapyridine at 428 μM in an aqueous solution with 8.6% DMSO,
10.71 mM NaCl, 5.36 mM phosphate at 254 nm. Front to back: 1 hour, 2 hours, 4 hours, 8 hours,
and 16 hours after sample preparation.
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Chromatogram of sulfapyridine at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 300 nm; 1 hour following sample preparation.

Chromatogram of sulfapyridine at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 300 nm; 2 hours following sample preparation.
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Chromatogram of sulfapyridine at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 300 nm; 4 hours following sample preparation.

Chromatogram of sulfapyridine at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 300 nm; 8 hours following sample preparation.
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Chromatogram of sulfapyridine at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 300 nm; 16 hours following sample preparation.

Stacked chromatograms of sulfapyridine at 428 μM in an aqueous solution with 8.6% DMSO,
10.71 mM NaCl, 5.36 mM phosphate at 300 nm. Front to back: 1 hour, 2 hours, 4 hours, 8 hours,
and 16 hours after sample preparation.
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Sulfamonomethoxine (104)

Chromatogram of sulfamonomethoxine at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM
phosphate; wavelength 254 nm; 1 hour following sample preparation.

Chromatogram of sulfamonomethoxine at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM
phosphate; wavelength 254 nm; 2 hour following sample preparation.
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Chromatogram of sulfamonomethoxine at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM
phosphate; wavelength 254 nm; 4 hour following sample preparation.

Chromatogram of sulfamonomethoxine at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM
phosphate; wavelength 254 nm; 8 hour following sample preparation.
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Chromatogram of sulfamonomethoxine at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM
phosphate; wavelength 254 nm; 16 hour following sample preparation.

Stacked chromatograms of sulfamonomethoxine at 428 μM in an aqueous solution with 8.6%
DMSO, 10.71 mM NaCl, 5.36 mM phosphate at 254 nm. Front to back: 1 hour, 2 hours, 4 hours,
8 hours, and 16 hours after sample preparation.
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Chromatogram of sulfamonomethoxine at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM
phosphate; wavelength 280 nm; 1 hour following sample preparation.

Chromatogram of sulfamonomethoxine at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM
phosphate; wavelength 280 nm; 2 hour following sample preparation.
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Chromatogram of sulfamonomethoxine at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM
phosphate; wavelength 280 nm; 4 hour following sample preparation.

Chromatogram of sulfamonomethoxine at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM
phosphate; wavelength 280 nm; 8 hour following sample preparation.

274

Chromatogram of sulfamonomethoxine at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM
phosphate; wavelength 280 nm; 16 hour following sample preparation.

Stacked chromatograms of sulfamonomethoxine at 428 μM in an aqueous solution with 8.6%
DMSO, 10.71 mM NaCl, 5.36 mM phosphate at 280 nm. Front to back: 1 hour, 2 hours, 4 hours,
8 hours, and 16 hours after sample preparation.

Ethoxzolamide (105)

Chromatogram of ethoxzolamide at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM
phosphate; wavelength 254 nm; 1 hour following sample preparation.

Chromatogram of ethoxzolamide at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM
phosphate; wavelength 254 nm; 2 hours following sample preparation.
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Chromatogram of ethoxzolamide at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM
phosphate; wavelength 254 nm; 4 hours following sample preparation.

Chromatogram of ethoxzolamide at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM
phosphate; wavelength 254 nm; 8 hours following sample preparation.
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Chromatogram of ethoxzolamide at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM
phosphate; wavelength 254 nm; 16 hours following sample preparation.

Stacked chromatograms of ethoxzolamide at 428 μM in an aqueous solution with 8.6% DMSO,
10.71 mM NaCl, 5.36 mM phosphate at 254 nm. Front to back: 1 hour, 2 hours, 4 hours, 8 hours,
and 16 hours after sample preparation.
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Chromatogram of ethoxzolamide at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM
phosphate; wavelength 300 nm; 1 hour following sample preparation.

Chromatogram of ethoxzolamide at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM
phosphate; wavelength 300 nm; 2 hours following sample preparation.
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Chromatogram of ethoxzolamide at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM
phosphate; wavelength 300 nm; 4 hours following sample preparation.

Chromatogram of ethoxzolamide at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM
phosphate; wavelength 300 nm; 8 hours following sample preparation.
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Chromatogram of ethoxzolamide at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM
phosphate; wavelength 300 nm; 16 hours following sample preparation.

Stacked chromatograms of ethoxzolamide at 428 μM in an aqueous solution with 8.6% DMSO,
10.71 mM NaCl, 5.36 mM phosphate at 300 nm. Front to back: 1 hour, 2 hours, 4 hours, 8 hours,
and 16 hours after sample preparation.
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Esomeprazole (106)

Chromatogram of esomeprazole at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 280 nm; 1 hour following sample preparation.

Chromatogram of esomeprazole at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 280 nm; 2 hours following sample preparation.
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Chromatogram of esomeprazole at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 280 nm; 4 hours following sample preparation.

Chromatogram of esomeprazole at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 280 nm; 8 hours following sample preparation.
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Chromatogram of esomeprazole at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 280 nm; 16 hours following sample preparation.

Stacked chromatograms of esomeprazole at 428 μM in an aqueous solution with 8.6% DMSO,
10.71 mM NaCl, 5.36 mM phosphate at 280 nm. Front to back: 1 hour, 2 hours, 4 hours, 8 hours,
and 16 hours after sample preparation.
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Chromatogram of esomeprazole at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 300 nm; 1 hour following sample preparation.

Chromatogram of esomeprazole at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 300 nm; 2 hours following sample preparation.
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Chromatogram of esomeprazole at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 300 nm; 4 hours following sample preparation.

Chromatogram of esomeprazole at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 300 nm; 8 hours following sample preparation.
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Chromatogram of esomeprazole at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 300 nm; 16 hours following sample preparation.

Stacked chromatograms of esomeprazole at 428 μM in an aqueous solution with 8.6% DMSO,
10.71 mM NaCl, 5.36 mM phosphate at 300 nm. Front to back: 1 hour, 2 hours, 4 hours, 8 hours,
and 16 hours after sample preparation.
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Rabeprazole (107)

Chromatogram of rabeprazole at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 254 nm; 1 hour following sample preparation.

Chromatogram of rabeprazole at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 254 nm; 2 hours following sample preparation.
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Chromatogram of rabeprazole at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 254 nm; 4 hours following sample preparation.

Chromatogram of rabeprazole at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 254 nm; 8 hours following sample preparation.
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Chromatogram of rabeprazole at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 254 nm; 16 hours following sample preparation.

Stacked chromatograms of rabeprazole at 428 μM in an aqueous solution with 8.6% DMSO,
10.71 mM NaCl, 5.36 mM phosphate at 254 nm. Front to back: 1 hour, 2 hours, 4 hours, 8 hours,
and 16 hours after sample preparation.
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Chromatogram of rabeprazole at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 280 nm; 1 hour following sample preparation.

Chromatogram of rabeprazole at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 280 nm; 2 hours following sample preparation.
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Chromatogram of rabeprazole at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 280 nm; 4 hours following sample preparation.

Chromatogram of rabeprazole at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 280 nm; 8 hours following sample preparation.
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Chromatogram of rabeprazole at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 280 nm; 16 hours following sample preparation.

Stacked chromatograms of rabeprazole at 428 μM in an aqueous solution with 8.6% DMSO,
10.71 mM NaCl, 5.36 mM phosphate at 280 nm. Front to back: 1 hour, 2 hours, 4 hours, 8 hours,
and 16 hours after sample preparation.
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Lansoprazole (108)

Chromatogram of lansoprazole at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 280 nm; 1 hour following sample preparation.

Chromatogram of lansoprazole at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 280 nm; 2 hours following sample preparation.
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Chromatogram of lansoprazole at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 280 nm; 4 hours following sample preparation.

Chromatogram of lansoprazole at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 280 nm; 8 hours following sample preparation.
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Chromatogram of lansoprazole at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 280 nm; 16 hours following sample preparation.

Stacked chromatograms of lansoprazole at 428 μM in an aqueous solution with 8.6% DMSO,
10.71 mM NaCl, 5.36 mM phosphate at 280 nm. Front to back: 1 hour, 2 hours, 4 hours, 8 hours,
and 16 hours after sample preparation.
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Chromatogram of lansoprazole at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 300 nm; 1 hour following sample preparation.

Chromatogram of lansoprazole at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 300 nm; 2 hours following sample preparation.
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Chromatogram of lansoprazole at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 300 nm; 4 hours following sample preparation.

Chromatogram of lansoprazole at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 300 nm; 8 hours following sample preparation.
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Chromatogram of lansoprazole at 428 μM, 8.6% DMSO, 10.71 mM NaCl, 5.36 mM phosphate;
wavelength 300 nm; 16 hours following sample preparation.

Stacked chromatograms of lansoprazole at 428 μM in an aqueous solution with 8.6% DMSO,
10.71 mM NaCl, 5.36 mM phosphate at 300 nm. Front to back: 1 hour, 2 hours, 4 hours, 8 hours,
and 16 hours after sample preparation

APPENDIX B
SPECTRUM COLLECTION HIT STABILITY STUDY BY NMR

Cefamandole (95)

16 hr
8 hr
6 hr
4 hr
2 hr
1 hr
10 min
1

H NMR spectrum of cefamandole with solvent suppression. Performed in 8.6% DMSO-D6 in D2O, 50 µM BpIspF. Times given are
time past sample preparation at time of data collection.
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Cefonicid (96)

16 hr
8 hr
6 hr
4 hr
2 hr
1 hr
6 min
1

H NMR spectrum of cefonicid with solvent suppression. Performed in 8.6% DMSO-D6 in D2O, 50 µM BpIspF. Times given are time
past sample preparation at time of data collection.
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Cefoperazone (97)

14.5 hr
8 hr
6 hr
4 hr
2 hr
1 hr
11 min
1

H NMR spectrum of cefoperazone with solvent suppression. Performed in 8.6% DMSO-D6 in D2O, 50 µM BpIspF. Times given are
time past sample preparation at time of data collection.
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Cefazolin (98)

16 hr
8 hr
6 hr
4 hr
2 hr
1 hr
15 min
1

H NMR spectrum of cefazolin with solvent suppression. Performed in 8.6% DMSO-D6 in D2O, 50 µM BpIspF. Times given are time
past sample preparation at time of data collection.
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Cefotaxime (99)

16 hr
8 hr
6 hr
4 hr
2 hr
1 hr
11 min
1

H NMR spectrum of cefotaxime with solvent suppression. Performed in 8.6% DMSO-D6 in D2O, 50 µM BpIspF. Times given are
time past sample preparation at time of data collection.
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Cefdinir (100)

17 hr
8 hr
6 hr
4 hr
2 hr
1 hr
10 min

1

H NMR spectrum of cefdinir with solvent suppression. Performed in 8.6% DMSO-D6 in D2O, 50 µM BpIspF. Times given are time
past sample preparation at time of data collection.
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Cefradine (101)

16 hr
8 hr
6 hr
4 hr
2 hr
1 hr
11 min
1

H NMR spectrum of cefradine with solvent suppression. Performed in 8.6% DMSO-D6 in D2O, 50 µM BpIspF. Times given are time
past sample preparation at time of data collection.
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Azlocillin (102)

16 hr
8 hr
6 hr
4 hr
2 hr
1 hr
11 min
1

H NMR spectrum of azlocillin with solvent suppression. Performed in 8.6% DMSO-D6 in D2O, 50 µM BpIspF. Times given are time
past sample preparation at time of data collection.
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Sulfapyridine (103)

9 hr
7 hr
5.5 hr
4 hr
2.5 hr
1 hr
10 min
1

H NMR spectrum of sulfapyridine with solvent suppression. Performed in 8.6% DMSO-D6 in D2O, 50 µM BpIspF. Times given are
time past sample preparation at time of data collection.
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Sulfamonomethoxine (104)

9 hr
7 hr
5.5 hr
4 hr
2.5 hr
1 hr
10 min
1

H NMR spectrum of cefamandole with solvent suppression. Performed in 8.6% DMSO-D6 in D2O, 50 µM BpIspF. Times given are
time past sample preparation at time of data collection.
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Ethoxzolamide (105)

16 hr
8 hr
6 hr
4 hr
2 hr
1 hr
12 min
1

H NMR spectrum of ethoxzolamide with solvent suppression. Performed in 8.6% DMSO-D6 in D2O, 50 µM BpIspF. Times given are
time past sample preparation at time of data collection.
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Esomeprazole (106)

16 hr
8 hr
6 hr
4 hr
2 hr
1 hr
13 min
1

H NMR spectrum of esomeprazole with solvent suppression. Performed in 8.6% DMSO-D6 in D2O, 50 µM BpIspF. Times given are
time past sample preparation at time of data collection.
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Rabeprazole (107)

16 hr
8 hr
6 hr
4 hr
2 hr
1 hr
9 min
1

H NMR spectrum of rabeprazole with solvent suppression. Performed in 8.6% DMSO-D6 in D2O, 50 µM BpIspF. Times given are
time past sample preparation at time of data collection.
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Lansoprazole (108)

9 hr
7 hr
5.5 hr
4 hr
2.5 hr
1 hr
10 min
1

H NMR spectrum of lansoprazole with solvent suppression. Performed in 8.6% DMSO-D6 in D2O, 50 µM BpIspF. Times given are
time past sample preparation at time of data collection.
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APPENDIX C
ASSIGNMENT OF PEAKS IN THE SPECTRUM COLLECTION
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It is important in group epitope mapping that the assignment of each peak is correct in
order for the structure’s results to be informative to future efforts in understanding binding and
designing more potent compounds. While many of the compounds have structures that make
peak assignment virtually effortless, a few require additional measures.
Cefonicid (96)

1

H spectrum of 96 (4.49 mM) in D2O, 8.6% DMSO-D6, 3.6 µM BpIspF, 10.7 mM NaCl, 5.6 mM
phosphate. Solvent suppressed.
The aromatic protons on cefonicid have nearly the same chemical shift in the buffered
solvent used and require heteronuclear 2D experiments to distinguish between them. In any case,
they showed virtually no saturation transfer difference and are of little interest in the context of
defining which functional groups interacted the most with BpIspF. Most of the protons on
cefonicid couple to one other proton, and the coupling constants make pairing them easy.
Following the aromatic peaks, the peak furthest downfield is a doublet at 5.58-5.59 ppm with a
coupling constant of 4.65 Hz. This proton likely couples to the doublet at 5.03-5.04 ppm with a
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coupling constant of 4.70 Hz. There is next what appears to be a doublet at 5.47-5.48 ppm with a
coupling constant of 4.10 Hz and an integration of 2. There is no other resonance that has a
similar coupling constant, and the methylene protons are all isolated on this structure so they will
likely only couple to their geminal proton. Next, a singlet resonates at 5.23 ppm. It has an
integration of 1, and so is likely HF. Next, there are two doublets, one at 4.33-4.36 ppm and the
other at 4.09-4.12 ppm, with coupling constants of 13.35 and 13.30 Hz, respectively. Following
those, there are two more doublets at 3.64-3.67 ppm and 3.35-3.39 ppm, with coupling constants
of 17.70 and 17.66 Hz, respectively. Geminal proton couplings have a wide range of 0-30 Hz,
but 12-15 Hz is typical.96 Therefore these two sets are assumed to be two of the methylene
groups, while the third is the resonance at 5.47-5.48 ppm. That leaves the doublets at 5.58-5.59
ppm and 5.03-5.04 ppm to be the β-lactam protons. While these protons are not on a cyclobutane
ring, the situation is similar, and cis protons on a cyclobutane ring generally have a coupling
constant 4-12 Hz. All of these deductions were supported by the 1H-1H COSY. However, this did
not allow the methylenes to be distinguished, or the β-lactam protons.

COSY spectrum of 96 (4.49 mM) in D2O, 8.6% DMSO-D6, 3.6 µM BpIspF, 10.7 mM NaCl, 5.6
mM phosphate.
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In order to determine which set of methylene protons were which, 13C, DEPT 135, and
HSQC experiments were performed. On the DEPT 135 in the absence of methyl groups, the up
or down appearance, or disappearance of a peak between the carbon spectrum and the DEPT 135
spectrum determines the protonation of each carbon as methine, methylene, or quaternary,
respectively. The carbon peaks at 129.09, 129.06, and 127.14 ppm were determined to be the
aromatic methine carbons. The other methine carbons are at 73.74, 58.66, and 57.39 ppm. These
would correspond to the two β-lactam methines and the phenyl, hydroxyl, amide stereocenter
methine.

Carbon spectrum of 96 (4.49 mM) in D2O, 8.6% DMSO-D6, 3.6 µM BpIspF, 10.7 mM NaCl, 5.6
mM phosphate.
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DEPT 135 spectrum of 96 (4.49 mM) in D2O, 8.6% DMSO-D6, 3.6 µM BpIspF, 10.7 mM NaCl,
5.6 mM phosphate.
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HSQC spectrum of 96 (4.49 mM) in D2O, 8.6% DMSO-D6, 3.6 µM BpIspF, 10.7 mM NaCl, 5.6
mM phosphate.
The results of the HSQC are given in Table 26 below. The 7.34-7.47 ppm protons
corresponded predictable to the 127.14-129.09 ppm carbons. The 5.58-5.59 ppm proton
corresponded to a methine carbon at 58.66 ppm, one of the β-lactam methines. The proton
coupled to the 5.58-5.59 ppm proton, the 5.03-5.04 ppm proton, corresponded to another methine
carbon at 57.39 ppm. These two protons are then definitively the β-lactam protons. The 5.475.48 ppm protons corresponded to a methylene carbon. The two other methylene carbons, 36.92
ppm and 26.45 ppm, corresponded to the two sets of doublets, 36.92 ppm to 4.33-4.36 ppm and
4.09-4.12 ppm, and 26.45 ppm to 3.64-3.67 ppm and 3.35-3.39 ppm. The most upfield carbon is
the methylene carbon in the cephalosporin scaffold. The second most upfield carbon is the
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methylene carbon in the linker between the cephalosporin scaffold and the tetrazole. This defines
the 4.33-4.36 ppm and 4.09-4.12 ppm protons as protons HH and HI and the 3.64-3.67 ppm and
3.35-3.39 ppm protons as protons HJ and HK. It is not surprising that there is geminal coupling
due to the protons being in different environments, because protons HJ and HK would not be able
to rotate in the ring, and protons HH and HI would experience something similar due to the steric
hindrance of the sulfur bonded tetrazolylmethylsulfonic acid with the carboxylic acid. This
leaves the 5.47-5.48 ppm protons to be the remaining methylene protons HE. As expected, the
5.23 ppm singlet corresponds to the 73.74 ppm carbon, and this is the methine group isolated
from other non-heteroatom proton-attached carbons. The 5.23 ppm singlet proton is then HF.
Table 26. The HSQC results of cefonicid (96).
1H, ppm
13C, ppm
129.09
7.34-7.47
129.06
127.14
5.58-5.59
58.66
5.47-5.48
60.98
5.23
73.74
5.03-5.04
57.39
4.33-4.36
36.92
4.09-4.12
36.92
3.64-3.67
26.45
3.35-3.39
26.45
The lone peaks left to assign are HD and HG, the β-lactam protons. An additional
experiment had to be performed to distinguish between them. Thus, an HMBC experiment was
conducted to demonstrate the correlations between protons and the carbons to which they are not
directly bonded. Focusing on the β-lactam protons, it was found through HMBC that the protons
at 5.03-5.04 ppm were J4C-H to the carbon at 73.74 ppm, previously identified as the carbon
bearing HF. This means that HD and HG correspond to 5.58-5.59 ppm and 5.03-5.04 ppm,
respectively.
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HMBC spectrum of 96 (4.49 mM) in D2O, 8.6% DMSO-D6, 3.6 µM BpIspF, 10.7 mM NaCl, 5.6
mM phosphate.
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Cefotaxime (99)

The peak assignment of cefotaxime was considerably simpler than that of cefonicid. A 1H
spectrum in the prescence of the protein with solvent suppression is shown below. The single
aromatic proton at 6.92 ppm is proton HF. The doublets at 5.72 ppm (J = 4.35 Hz) and 5.12 ppm
(J = 4.75 Hz) are the vicinally coupled β-lactam protons, HD and HE respectively. The methylene
protons external to the cephalosporin scaffold are not observed due to solvent suppression at 4.70
ppm. The singlet at 3.90 ppm corresponds to HG, as methyl protons in this environment are
reported to resonate at approximately 4 ppm.96 The two doublets at 3.57-3.61 ppm (J = 18.30 Hz)
and 3.30-3.34 ppm (J = 18.16 Hz) correspond to the geminally coupled protons HB and HC on
the carbon adjacent to the sulfur on the cephalosporin scaffold. Finally, the singlet at 2.01 ppm
corresponds to protons HA, as is typical for protons in this environment.96

323

The 1H spectrum of cefotaxime (99) (428 µM) in D2O, 8.6% DMSO-D6, 3.6 µM BpIspF, 10.7
mM NaCl, 5.6 mM phosphate. Solvent suppressed.
The 1H-1H COSY spectrum collected for this sample corroborates those assignments.
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COSY spectrum of cefotaxime (99) (428 µM) in D2O, 8.6% DMSO-D6, 3.6 µM BpIspF, 10.7 mM
NaCl, 5.6 mM phosphate.
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Cefdinir (100)

1

H spectrum of 100 (16.7 mM) in D2O, 8.6% DMSO-D6, 3.6 µM BpIspF, 10.7 mM NaCl, 5.6
mM phosphate. Solvent suppressed.
While the protons on cefdinir are spread out on the molecule, most are coupled to at least
one other proton. The exception is the resonance at 7.00 ppm, which was identified as HA, the
proton on the 2-aminothiazolyl group. Protons HF and HG are also easily identified, as doublets at
3.57-3.60 and 3.67-3.71 ppm, with a coupling constant of 17.4 Hz for each. This is a coupling
typical of geminal protons.96 Next, proton HB is a doublet of doublets and thus is easily identified
as the only resonance with two coupling constants, located on the spectrum at 6.71-6.77 ppm.
Those coupling constants are 11.1 and 17.4 Hz. The first coupling constant, 11.1 Hz, is
indicative of cis-vinyl protons. This reveals the proton at 5.22-5.24 ppm (doublet) to be proton
HE, as its coupling constant is 11.2 Hz. The second coupling constant, 17.4 Hz, identifies HD to
be the resonance at 5.39-5.42 ppm (J = 17.6 Hz) as the trans-vinyl proton. That left the β-lactam
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protons (HC and HH) to be identified between the resonances at 5.76-5.77 ppm and 5.20-5.21
ppm (both doublets, coupling constants 4.2 and 4.5 Hz, respectively).
To further back up the assignments made thus far, 1H-1H COSY (Correlation
spectroscopy) was performed. The COSY spectrum displayed interactions between the proton at
6.71-6.77 ppm with the proton at 5.39-5.42 ppm and one of the protons at 5.2 ppm. There was
also coupling between the proton at 5.76-5.77 ppm and one of the protons at 5.2 ppm. From the
coupling constants it can be determined that the proton at 6.71-6.77 ppm is coupling to the
proton at 5.22-5.24 ppm, not 5.20-5.21 ppm. Finally, an interaction is shown nearly on the
diagonal between the proton at 3.67-3.71 ppm and the proton at 3.57-3.60 ppm.

COSY spectrum of cefdinir (100) (16.7 mM) in D2O, 8.6% DMSO-D6, 3.6 µM BpIspF, 10.7 mM
NaCl, 5.6 mM phosphate.
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As this cannot be used to differentiate between the β-lactam protons, additional experiments
were done. An HSQC (Heteronuclear single quantum coherence) would help by showing which
proton was attached to which carbon. So first, a 13C spectrum was collected. The 13C spectrum
was useful when analyzing the HSQC 2D spectrum.

13

C spectrum of cefdinir (100), (16.7 mM) in D2O, 8.6% DMSO-D6, 3.6 µM BpIspF, 10.7 mM
NaCl, 5.6 mM phosphate.
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1

H-13C HSQC spectrum of cefdinir (100).

The HSQC spectrum supported previous peak assignment by showing 1H-13C interactions as
given in Table 27 below, as the protons expected to be coupling to a geminal proton were
interacting with the same carbon (both 5.39-5.42 ppm and 5.22-5.42 ppm to 115.60 ppm and
3.67-3.71 ppm and 3.57-3.60 ppm on the 1H spectrum to 23.19 ppm on the 13C spectrum). The
5.76-5.77 ppm doublet coordinated to the carbon at 58.79 ppm and the 5.20-5.21 ppm doublet
coordinated to the carbon at 57.28 ppm. This identifies the 5.76-5.77 ppm 1H doublet as proton
HC and the 5.20-5.21 ppm 1H doublet as proton HH.
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Table 27. The HSQC results of cefdinir (100).
1H, ppm
13C, ppm
7.00
111.25
6.71-6.77
132.25
5.76-5.77
58.79
5.39-5.42
115.60
5.22-5.24
115.60
5.20-5.21
57.28
3.67-3.71
23.19
3.57-3.60
23.19

APPENDIX D
NMR SPECTRA OF SYNTHESIZED COMPOUNDS
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PYRIMIDINES
Ethyl 4-hydroxy-2-(methylthio)pyrimidine-5-carboxylate (25)

332
4-hydroxy-2-(phenylamino)pyrimidine-5-carboxylic acid (26)

333
Ethyl 4-hydroxy-2-(phenylamino)pyrimidine-5-carboxylate (27)

334
Ethyl 2-((4-bromophenyl)amino)-4-hydroxypyrimidine-5-carboxylate (29)

335
Ethyl 4-hydroxy-2-((4-iodophenyl)amino)pyrimidine-5-carboxylate (30)

336
2-([1,1'-biphenyl]-3-ylamino)-4-hydroxypyrimidine-5-carboxylic acid (31)

337
Ethyl 2-([1,1'-biphenyl]-3-ylamino)-4-hydroxypyrimidine-5-carboxylate (32)

338
4-hydroxy-2-((4-(pyridin-4-yl)phenyl)amino)pyrimidine-5-carboxylic acid (38)

339
Ethyl 4-hydroxy-2-((4-(pyridin-4-yl)phenyl)amino)pyrimidine-5-carboxylate (39)

340
Ethyl 2-(benzylamino)-4-hydroxypyrimidine-5-carboxylate (41)

341
Ethyl 2-(benzylamino)-4-hydroxypyrimidine-5-carboxylate (41)
Continued: DEPT 135

342
Ethyl 4-hydroxy-2-((2-nitrobenzyl)amino)pyrimidine-5-carboxylate (42)

343
2-((2-fluorobenzyl)amino)-4-hydroxypyrimidine-5-carboxylic acid (44)

344
Ethyl 2-((2-fluorobenzyl)amino)-4-hydroxypyrimidine-5-carboxylate (45)

345
2-((4-fluorobenzyl)amino)-4-hydroxypyrimidine-5-carboxylic acid (46)

346
Ethyl 2-((4-fluorobenzyl)amino)-4-hydroxypyrimidine-5-carboxylate (47)

347
2-((3-chlorobenzyl)amino)-4-hydroxypyrimidine-5-carboxylic acid (50)

348
Ethyl 2-((3-chlorobenzyl)amino)-4-hydroxypyrimidine-5-carboxylate (51)

349
Ethyl 2-((2-chlorobenzyl)amino)-4-hydroxypyrimidine-5-carboxylate (55)

350
Ethyl 2-((3-fluorophenethyl)amino)-4-hydroxypyrimidine-5-carboxylate (59)

351
2-((4-fluorophenethyl)amino)-4-hydroxypyrimidine-5-carboxylic acid (60)

352
2-((4-fluorophenethyl)amino)-4-hydroxypyrimidine-5-carboxylic acid (60)
Continued: DEPT 135

353
Ethyl 2-((4-fluorophenethyl)amino)-4-hydroxypyrimidine-5-carboxylate (61)

354
2-((4-chlorophenethyl)amino)-4-hydroxypyrimidine-5-carboxylic acid (62)

355
Ethyl 2-((4-chlorophenethyl)amino)-4-hydroxypyrimidine-5-carboxylate (63)

356
Ethyl 2-((2-chlorophenethyl)amino)-4-hydroxypyrimidine-5-carboxylate (65)

357
2-((2,4-dichlorophenethyl)amino)-4-hydroxypyrimidine-5-carboxylic acid (66)

358
Ethyl 2-((2,4-dichlorophenethyl)amino)-4-hydroxypyrimidine-5-carboxylate (67)

359
Ethyl 2-((2,6-dichlorophenethyl)amino)-4-hydroxypyrimidine-5-carboxylate (69)

360
Ethyl 4-hydroxy-2-((4-hydroxyphenethyl)amino)pyrimidine-5-carboxylate (72)

361
4-hydroxy-2-((2-(pyridin-2-yl)ethyl)amino)pyrimidine-5-carboxylic acid (73)

362
Ethyl 4-hydroxy-2-((2-(pyridin-2-yl)ethyl)amino)pyrimidine-5-carboxylate (74)

363
4-hydroxy-2-((2-(pyridin-4-yl)ethyl)amino)pyrimidine-5-carboxylic acid (75)

364
Ethyl 4-hydroxy-2-((2-(pyridin-4-yl)ethyl)amino)pyrimidine-5-carboxylate (76)

365
Ethyl 2-(((6-chloropyridin-3-yl)methyl)amino)-4-hydroxypyrimidine-5-carboxylate (78)

366
Ethyl 2-((2-(benzo[d][1,3]dioxol-5-yl)ethyl)amino)-4-hydroxypyrimidine-5-carboxylate (83)

367
Ethyl 2-((furan-2-ylmethyl)amino)-4-hydroxypyrimidine-5-carboxylate (87)

368
DANSYL IMIDAZOLES
N-(2-(1H-imidazol-1-yl)ethyl)-5-(dimethylamino)naphthalene-1-sulfonamide (91)

369
N-(2-(1H-imidazol-1-yl)ethyl)-5-(dimethylamino)naphthalene-1-sulfonamide (91)
Continued: DEPT 135, HSQC

370
N-(2-(1H-imidazol-1-yl)ethyl)-5-(dimethylamino)naphthalene-1-sulfonamide (91)
Continued: COSY

371
N-(2-(1H-imidazol-4-yl)ethyl)-5-(dimethylamino)naphthalene-1-sulfonamide (92)

372
5-(dimethylamino)-N-(2-(1-((5-(dimethylamino)naphthalen-1-yl)sulfonyl)-1H-imidazol-4yl)ethyl)naphthalene-1-sulfonamide (93)

373
5-(dimethylamino)-N-(2-(1-((5-(dimethylamino)naphthalen-1-yl)sulfonyl)-1H-imidazol-4yl)ethyl)naphthalene-1-sulfonamide (93)
Continued: DEPT 135

374
5-(dimethylamino)-N-(2-(dimethylamino)ethyl)naphthalene-1-sulfonamide (94)

CDCl3

CDCl3

375
5-(dimethylamino)-N-(2-(dimethylamino)ethyl)naphthalene-1-sulfonamide (94)
Continued

DMSO-D6

DMSO-D6

376
ETHOXZOLAMIDE DERIVATIVES
N-(benzo[d]thiazol-2-yl)-4-methylbenzenesulfonamide (112)

377
N-(benzo[d]thiazol-2-yl)-4-methylbenzenesulfonamide (112)
Continued: Attached Proton Test

378
N-(benzo[d]thiazol-2-yl)-[1,1'-biphenyl]-4-sulfonamide (113)

379
N-(benzo[d]thiazol-2-yl)-3-fluorobenzenesulfonamide (114)

380
N-(benzo[d]thiazol-2-yl)-3-chlorobenzenesulfonamide (115)

381
N-(benzo[d]thiazol-2-yl)thiophene-2-sulfonamide (116)

382
N-(benzo[d]thiazol-2-yl)-4-(trifluoromethyl)benzenesulfonamide (117)

383
N-(benzo[d]thiazol-2-yl)-4-(trifluoromethyl)benzenesulfonamide (117)
Continued: APT

384
N-(benzo[d]thiazol-2-yl)-4-(trifluoromethyl)benzenesulfonamide (117)
Continued: HSQC

385
N-(benzo[d]thiazol-2-yl)-4-chlorobenzenesulfonamide (118)

386
N-butylbenzo[d]thiazole-2-sulfonamide (119)

387
N-phenethylbenzo[d]thiazole-2-sulfonamide (120)

388
N-((6-ethoxybenzo[d]thiazol-2-yl)sulfonyl)acetamide (121)

389
N-((6-ethoxybenzo[d]thiazol-2-yl)sulfonyl)acetamide (121)
Continued: DEPT 135

390
S-(benzo[d]thiazol-2-yl)-N-butylthiohydroxylamine (122)

391
S-(benzo[d]thiazol-2-yl)-N-butylthiohydroxylamine (122)
Continued: DEPT 135

392
S-(benzo[d]thiazol-2-yl)-N-phenethylthiohydroxylamine (123)

393
DERIVATIVES OF LIGANDS FROM LITERATURE
N,N'-(1,2-phenylene)bis(4-methylbenzenesulfonamide) (130)

394
N,N'-(4,5-dibromo-1,2-phenylene)bis(4-methylbenzenesulfonamide) (131)

395
(Z)-ethyl 5-(4-ethoxyphenyl)-7-methyl-3-oxo-2-(pyridin-4-ylmethylene)-3,5-dihydro-2Hthiazolo[3,2-a]pyrimidine-6-carboxylate (139)

396
(Z)-ethyl 5-(4-ethoxyphenyl)-7-methyl-3-oxo-2-(pyridin-4-ylmethylene)-3,5-dihydro-2Hthiazolo[3,2-a]pyrimidine-6-carboxylate (139)
Continued: APT, DEPT 90

397
(Z)-ethyl 5-(4-ethoxyphenyl)-7-methyl-3-oxo-2-(pyridin-4-ylmethylene)-3,5-dihydro-2Hthiazolo[3,2-a]pyrimidine-6-carboxylate (139)
Continued: DEPT 135

398
(Z)-ethyl 5-(4-ethoxyphenyl)-7-methyl-3-oxo-2-(pyridin-4-ylmethylene)-3,5-dihydro-2Hthiazolo[3,2-a]pyrimidine-6-carboxylate (139)
Continued: HSQC

399
(Z)-ethyl 5-(4-ethoxyphenyl)-7-methyl-3-oxo-2-(pyridin-4-ylmethylene)-3,5-dihydro-2Hthiazolo[3,2-a]pyrimidine-6-carboxylate (139)
Continued: 1H and 13C spectra in DMSO-D6

APPENDIX E
STD NMR SPECTRA

4-hydroxy-2-((4-(pyridin-4-yl)phenyl)amino)pyrimidine-5-carboxylic acid (38)
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Dansylamide (90)

402

Cefonicid (96)

403

Cefotaxime (99)

404

Cefdinir (100)

405

Sulfapyridine (103)

406

Sulfamonomethoxine (104)

407

Ethoxzolamide (105)

408

Esomeprazole (106)

409

Omeprazole (Racemic mixture of R and S)

410

4-Aminosalicyclic acid (110)

411

Acetazolamide (111)

412

N-((6-ethoxybenzo[d]thiazol-2-yl)sulfonyl)acetamide (121)

413

L-Tryptophan Hydroxamic acid (12)

414

Geranyl diphosphate (141)

415

APPENDIX F
FLUORESCENCE ANISOTROPY RESULTS

417
5-(dimethylamino)-N-(2-(5-(4-hydroxyphenyl)-1H-imidazol-1-yl)ethyl)naphthalene-1sulfonamide (89)
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Dansylamide (90)
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N-(2-(1H-imidazol-1-yl)ethyl)-5-(dimethylamino)naphthalene-1-sulfonamide (91)
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N-(2-(1H-imidazol-1-yl)ethyl)-5-(dimethylamino)naphthalene-1-sulfonamide (91)
Continued
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N-(2-(1H-imidazol-4-yl)ethyl)-5-(dimethylamino)naphthalene-1-sulfonamide (92)
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N-(2-(1H-imidazol-4-yl)ethyl)-5-(dimethylamino)naphthalene-1-sulfonamide (92)
Continued
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5-(dimethylamino)-N-(2-(1-((5-(dimethylamino)naphthalen-1-yl)sulfonyl)-1H-imidazol-4yl)ethyl)naphthalene-1-sulfonamide (93)
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5-(dimethylamino)-N-(2-(1-((5-(dimethylamino)naphthalen-1-yl)sulfonyl)-1H-imidazol-4yl)ethyl)naphthalene-1-sulfonamide (93)
Continued

0.045
0.040
0.035

Anisotropy

0.030
0.025

Data: 93
Model: Anisotropy
Weighting:
y
No weighting

0.020
0.015

Chi^2/DoF
= 5.1765E-7
R^2
= 0.99691

0.010

Af
Ab
Kd
Lt

0.005

0.00352
0.09357
0.00035
4.762E-6

±0
±0.00775
±0.00005
±0

0.000
0.00000

0.00005

0.00010

0.00015

BpIspF (M)

0.00020

0.00025

425
5-(dimethylamino)-N-(2-(dimethylamino)ethyl)naphthalene-1-sulfonamide (94)
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5-(dimethylamino)-N-(2-(dimethylamino)ethyl)naphthalene-1-sulfonamide (94)
Continued
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APPENDIX G
ETHOXZOLAMIDE DERIVATIVE BIS-SULFONAMIDE

428
4-chloro-N-(3-((4-chlorophenyl)sulfonyl)-2,3-dihydrobenzo[d]thiazol-2yl)benzenesulfonamide91

