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This dissertation contains two major projects. The first project focused on the design 

and synthesis of small molecule inhibitors of the methyl erythritol phosphate (MEP) pathway. 

Known as a non-mevalonate isoprenoid biosynthetic pathway, plants and apicomplexan 

protozoa such as malaria parasites use this to produce isoprenoids (terpenoids). Additionally, 

most bacteria, including pathogens such as Mycobacterium tuberculosis, synthesize IPP and 

DMAPP via the non-mevalonate pathway.
1 Among the seven enzymes involved in this 

pathway, a highly conserved enzyme is 2C-methyl-D-erythritol 2,4-cyclodiphosphate synthase 

(IspF). Fragment screening hits on Burkholderia pseudomallei IspF (BpIspF) afforded the basis 

for our chemistry leads, allowing the design of new potential IspF inhibitors.  Three major 

series of compounds were synthesized by efficient methods that allowed for exploration of the 

IspF binding site and modification of the physiochemical properties. Fragment based screening 

of the BpIspF enzymes performed by Dr. Darren Begley provided additional hits that 

significantly expanded the diversity of the chemical cores and additional leads for the design of 

novel inhibitors.  Guided by the biophysical methods of surface plasma resonance (SPR), we 



 

 

are able to obtain the binding potencies of compounds and generate structure activity 

relationships (SAR) for the chemical series.  Computational studies using the docking module 

in the program SYBYL-X assisted in the exploration and visualization of potential binding 

motifs and allowed the rational design of new potential BpIspF inhibitors. This work forms the 

foundation for further medicinal chemistry efforts on the optimization of MEP pathway 

inhibitors and the modification of existing IspF enzymatic assays.  

The second project involved the development of a concise synthesis of PDE4D 

allosteric modulators and applications toward the synthesis of new PDE4D inhibitors. 

Phosphodiesterases (PDEs) are responsible for the hydrolysis of cAMP and cGMP and are 

highly conserved in their catalytic domains of all super family members.
2,3

 Phosphodiesterase 4 

(PDE4) is one of enzymes present in inflammatory and immune cells, which can be targeted as 

potential therapeutic agent for central nervous system (CNS) and respiratory disease.
4,5

 As one 

of the four protein isoforms, PDE4D has been intensely investigated and a series of partial 

PDE4D inhibitors overcame the severe nausea side effects that were plaguing clinical PDE4 

inhibitors.
2
 To improve the reported six-step synthesis of the PDE4D inhibitor D159687 that 

had an 8% overall yield, a concise two-step synthesis was developed using sequential Suzuki 

couplings that significantly increased the yield to 40% and provided a convergent synthesis that 

allows for rapid analog synthesis. The convergent synthetic route developed for the PDE4D 

inhibitors allowed for the synthesis of atropisomeric compounds.  A method to separate the 

atropisomeric PDE4D inhibitors was developed using chiral HPLC. The atropisomeric PDE4D 

inhibitors will  open an opportunity to study the binding modes and biological activity of these 

inhibitors.
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CHAPTER 1 

 

Background 

 

Methyl erythritol phosphate (MEP) biosynthetic pathway 

 

 Isoprenoids, which are derived from isopentenyl diphosphate (IPP) and dimethylallyl 

diphosphate (DMAPP), comprise diverse metabolites responsible for cellular functions.
6
 Two 

distinct pathways are responsible for the production of isoprenoids. Mevalonate-dependent 

biosynthetic (MAD) pathway present in plants, archaea, fungi and mammals,
7
 involves the 

enzyme HMG-CoA reductase that has various biological effects such as protein prenylation, cell 

membrane maintenance and steroid biosynthesis. Currently, statin drugs target the HMG-CoA 

reductase enzyme and lower cholesterol levels for the treatment of cardiovascular disease (Figure 

1).
8
 

 

Figure 1 MAD biosynthetic pathway

http://en.wikipedia.org/wiki/Prenylation
http://en.wikipedia.org/wiki/Cell_membrane
http://en.wikipedia.org/wiki/Cell_membrane
http://en.wikipedia.org/wiki/Cholesterol
http://en.wikipedia.org/wiki/Cardiovascular_disease
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Figure 2 MEP biosynthetic pathway 

 Compared to the MAD pathway, the MEP (methyl erythritol phosphate) pathway (Figure 

2) is an alternative metabolic pathway for the synthesis of IPP and DMAPP, which is widely 

present in higher plants, algae, bacteria, and malarial parasites.
7
 It was first discovered by Michel 

Rohmer in 1990ôs by a isotope labeling experiments.
9
 To be more specific, MEP is essential in 

Plasmodium falciparum, Mycobacterium tuberculosis, Toxoplasma gondii, Burkholderia 

pseudomallei, Escherichia coli, and other infectious diseases causing organisms.
6,10

 Enzymes 

involved in the MEP pathway are considered promising targets for new anti-infective agents and 
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herbicides with minimal human host toxicity. The anti-infective compound fosmidomycin was 

discovered to inhibit the IspC enzyme in the MEP pathway and is currently in phase II clinical 

trials in combination of clindamycin to treat malaria.
6
 However, enzyme selectivity, 

bioavailability and increasing drug-resistance pose hurdles in developing fosmidomycin as an 

effective treatment for malaria. The driving force for my research is to design, synthesize and 

evaluate novel inhibitors with improved activity against enzymes in the MEP pathway, which 

might lead to new anti-infective agents in the future.  

 Among the seven enzymes in the pathway, my research focused on 2-C-methyl-D-

erythriol 4-phosphate cytidyltransferase (IspD), 4-diphosphocytidyl-2-C-methyl-D-erythritol 

kinase (IspE), and 2-C-methyl-D-erythritol 2,4-cyclodiphosphate synthase (IspF) since we had a 

number of fragment hits and more than 100 protein crystal structures that were obtained by the 

Seattle Structural Genomic Center for Infectious Disease (SSGCID) that were deposited in the 

Protein Data Bank (PDB). In the MEP pathway, IspD catalyzes the coupling of 2-C-methyl-D-

erythritol 4-phosphate (MEP) with CTP to afford 4-diphosphocytidyl-2C-methyl-d-erythritol 

(DCP-ME). The CDP-ME is then converted to 4-diphosphocytidyl-2-C-methyl-D-erythritol 2-

phosphate (CDP-MEP) by IspE. Finally, CDP-MEP is cyclized via IspF catalysis to afford 2-C-

methyl-D-erythritol 2,4-cyclopyrophosphate (MEcPP).   

 

Fragment-based screening of targets involved in MEP pathway 

 

 In medicinal chemistry, various screening strategies are applied to discover new chemical 

classes that are capable of binding to and inhibiting enzyme targets.  Fragment based screening 

http://en.wikipedia.org/w/index.php?title=2-C-methyl-D-erythriol_4-phosphate_cytidyltransferase&action=edit&redlink=1
http://en.wikipedia.org/w/index.php?title=2-C-methyl-D-erythriol_4-phosphate_cytidyltransferase&action=edit&redlink=1
http://en.wikipedia.org/wiki/4-diphosphocytidyl-2-C-methyl-D-erythritol_kinase
http://en.wikipedia.org/wiki/4-diphosphocytidyl-2-C-methyl-D-erythritol_kinase
http://en.wikipedia.org/wiki/2-C-methyl-D-erythritol_2,4-cyclodiphosphate_synthase
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methods are known to be an effective approach for early stage drug development. The fragments 

are generally molecules with molecular weights lower than 300 Da.
11

 Fragment screening used 

and synthetic approaches which follow three key steps. The steps include fragment library 

design, fragment screening and fragment elaboration cycle.
11

 The first example that successfully 

used a fragment screening approach that resulted in a FDA approved medicine was Zelboraf.
12

 In 

our research, the fragment based screening method offers a rational and validated approach to 

proceed from a small fragment hit, usually a molecule with millimolar activity, to the discovery 

of potential lead molecules with high ligand efficiency and micromolar affinity for the enzyme. 

 To start the screening process, our collaborators at Emerald Biostructures obtained X-ray 

crystallographic information for enzymes within the MEP pathway and ligand-bound complex 

structures. All the ligands can be considered as fragment hits and offered  rational structure-

guided drug design.
13

 Although a variety of  fragment screening methods such as ligand-based 

NMR, surface plasma resonance (SPR), and calorimetry can be used to generate fragment hits, 

problems still exist in these methods including inadequate binding specificity and deficiency of 

structural information, respectively.
13

 By contrast, fragment screening by X-ray crystallography 

provides direct target-hit details and provides structural information for the binding site. Typical 

fragment molecules are less than 300 Da which show great per-atom binding efficiency despite 

the fact of weak overall affinity.
14,15

 As an early stage of compound screening, our goal was to 

quickly determine the potential hits and generate a library for further hit to lead optimization. 

Additionally, fragment screening by X-ray crystallography of small molecules can also can be 

used to locate the ñhot spotsò inside the protein with energy optimization.  This technique 

remains a challenge for larger molecules selected by high-throughput screening (HTS) due to 

their extra bulk and steric effects.
13

 To take advantage of this method, Dr. Darren W. Begley 
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from Emerald Biostructures  performed the screening of enzymes from MEP pathway beginning 

with fragment library screening  followed by target selection (restricted by Rule of 3
11

 criteria, 

including MW < 300, hydrogen bond donor and receptor < 3, partition coefficient (LogP) < 3), 

crystal growth and crystal soaking.
13

 In the end, structural data was collected and binding site 

interactions were analyzed. Shown below are fragment hits that were found to bind to BpIspF
10

 

(Figure 3). 

 

 

Figure 3 Fragment hits for BpIspF 

 Sequence analysis reveals over 30% identity for IspF proteins across prokaryotic and 

eukaryotic species with high conservation within the substrates binding site.
13,16

 B. pseudomallei 

IspF (BpIspF) was chosen for the fragment screening due to its ability for crystal formation with 

ligands.
13

 Two major binding sites were identified; those containing the cytidine and zinc sub 
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pockets. Cytidine, CMP, CDP and CTP can bind to the cytidine pocket and mimic the native 

substrate, 4-diphospho-cytidyl-2-C-methyl-D-erythritol 2-phosphate.
13,17

 Several heteroatom 

containing aromatic molecules show interactions with the zinc atom in the other pocket based on 

the screening with the Fragment of Life
TM 

(FOL) library, a collection of compounds from 

Emerald Biostructures.
18

  

 After the fragment hits was successfully generated, three methods need to be consider in 

the process of  fragment elaboration cycle: fragment merging, fragment linking and fragment 

growing.
11

 In my research, I focus on the fragment linking and growing methods to rationally 

design lead molecules. With two pockets successfully identified, we began to analyze the 

possibility of linking the fragment hits that bound to the cytidine and zinc pockets. As described 

previously in this dissertation, the theory behind fragment based screening is to build a target 

ligand from separate hits. First, crystal structures showed CMP, CDP and CTP bind to the 

cytidine pocket with the phosphate groups binding with the zinc ion. This technique afforded a 

target lead molecule with cytosine moiety and ribose ring as a connection to various zinc binding 

groups from the fragment hits, which may conformationally mimic the binding pattern of CMP, 

CDP and CTP. Secondly, installation of zinc binding groups on the ribose ring of cytidine is a 

facile approach from a synthetic chemistry perspective that allows the use of a common 

intermediate. Further discussion for the synthesis of fusion compounds, their affinities against 

BpIspF and details for the analysis of binding site will be discussed later in this dissertation. 

 In addition to IspF, Dr. Darren Begley (at Emerald Biostructures) was also able to 

investigate IspD and IspE by applying saturated transfer difference nuclear magnetic resonance 

(STD NMR).
18

 STD NMR is widely used for characterizing binding activity of ligands to 
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proteins.
18-20

 It first applies a selective saturated pulse and then detects the signal differences 

between the saturated ligand-protein form and the free protein form. Subtraction of these two 

spectra will result in a signal which only shows the molecules that bind to the enzyme resulting 

in fragment hits.
19

 Darren Begley was able to generate additional fragment hits by this method in 

a short period of time with a minimum amount of protein. Interestingly, some chemical series 

have more than one fragment hit which indicates their potential to inhibit enzymes from the MEP 

pathway, even though the enzyme selectivity needs to be considered in the future for these 

enzyme binding assays. Figure 4 shows the result of different chemical series as fragment hits for 

three enzymes in the MEP pathway (results from Dr. Darren Begley).  

 

 

 

Figure 4 Fragment screening hits discovered against IspD, IspE and/or IspF 

 



8 

 

 

 

 

Discovery and Synthesis of Fusion Molecules as IspF Inhibitors 

 

Introduction  

 

 We applied fragment screening as a method to initiate the design of IspF inhibitors. Two 

distinct pockets were shown to be present by X-ray crystallography. Cytosine, cytidine and 

cytidine phosphate derivatives are observed crystallographically in the cytidine binding pocket 

while a range of chemical entities with differing orientations bind in the zinc pocket. The 

observation was made that in the zinc pocket, each chemical moiety coordinates to the metal 

through the nitrogen from the aromatic system.
10,16

 The fusion molecules, which fuse the 

cytidine fragment to various zinc binding fragments, were designed as the initial targets based 

upon synthetic accessibility and feasibility to test our hypothesis of fragment linking inhibitor 

design.  Among five target molecules, the cytidine moiety is retained while other heteroaromatic 

fragments that are capable of binding to the zinc ion are attached through an amide bond.  

 

Synthesis of IspF inhibitors  

 

 Synthesis of fusion compounds began with intermediate 1, which was synthesized 

according to literature procedure in six steps from commercially available (+)-cytidine.
21

 Target 

fusion compounds were obtained by amide formation followed by deprotection. Two different 

amide coupling procedures were utilized. First, 3 was synthesized from 1 by coupling with the 

commercially available acid chloride 2 (Scheme 1). Compounds 4-7 were synthesized from 1 

and coupled with commercially available acids using HBTU, HOBt and Et3N followed by 
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deprotection of acetonide and DMT with trifluoroacetic acid in acetonitrile/water (Scheme 

2).Final products 3-7 were purified by reverse phase HPLC to yield the products as TFA salts. 

 

 

 

Scheme 1 Synthesis of fusion taget 3 

 

 

 

Scheme 2 Synthetic approach to prepare fusion analogs 4-7 
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Surface plasmon resonance (SPR) analysis 

 

 An SPR assay (performed by Sriram Jakkaraju) was used to investigate the equilibrium 

dissociation constant of compounds 4-7 for BpIspF.
22

 First, BpIspF was immobilized using 

random amine by EDC (Ethyl-Nǋ-(3-dimethylaminopropyl)carbodiimide hydrochloride)\NHS 

(N-hydroxysuccinimide coupling to a carboxylmethyl dextran SPR slide. Second, concentration 

series for each compound from 2 mM to 1.7 ɛM (5% DMSO) were generated by serial dilution 

and injected over the IspF surface. Additionally, buffer-only injections were introduced between 

every compound injection. Finally, Scrubber (BioLogic Software) was used to process the data 

with double referencing (subtraction of buffer-only injection and reference flow cell). The 

binding responses which were recorded as a function of time allow equilibrium to be established. 

KD values were obtained by fitting the data to a 1:1 Langmuir binding model. 

 Cytidine diphosphate (CDP) was chosen as a reference and resulted in an observed KD of 

75 ɛM, which was close to the KD determined by Ramsden for IspF from E. coli.
22

 Fusion 

compounds had an observed KD from 70 to 200 ɛM without the diphosphate group which was 

recognized as essential interactions for CDP to bind to the zinc in the active site. Besides all five 

fusion molecules, two fragment hits (FOL717 and FOL955) were also tested to compare their 

affinity with fusion compounds. Additionally, docking scores were generated by Sybyl software 

and served as a computational evaluation based on conformational energy minimization, 

hydrogen bindings and other potential interactions of fusion compounds in the active site of 

BpIspF. Larger docking scores indicated compounds with better calculated binding interactions. 

Interestingly, the calculated scores showed a general correlation with the observed affinity values 

(Table 1).  
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Table 1 SPR assay (performed by Sriram Jakkaraju) and docking results (performed by Joy Blain) 

Compound BpIspF KD (ɛM) 

 

Docking score 

 

CDP 75 N.A. 

3 180 8.11 

4 148 8.34 

5 70 8.91 

6 200 7.13 

7 90 8.45 

FOL717 135 N.A. 

FOL955 >500 N.A. 

 

 

Structural analysis by computational methods 

 

 To further analyze the interactions of the fusion molecules, co-crystal structures were 

obtained for two out of five lead compounds (3 and 5) with BpIspF (Dr. Darren Begley) 

Alignment of crystal structures confirmed our design strategy. Compound 3 was first 

investigated by overlapping it with fragment FOL 8395 (Figure 5). 
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Figure 5 Crystal structures of BpIspF which contains compound 3 (in green) and FOL8395 (in cyan) 

overlaid (PDB: 3KE1 and 3JVH). 

 Generally, the cytosine moiety will fit into the cytidine pocket through the hydrogen 

bonding by the amino and carbonyl group (labeled in Figure 4 as 1 and 2). On the other side of 

the ligand, hetero atom (N atom in all the cases) binds to the zinc (showed as dark sphere), which 

is also coordinated to two histidine residues (His44, His10 and Asp10). The hydroxyl groups of 

the ribose ring have hydrogen bonding to aspartic acid (Asp58). The cytosine moiety of 

compound 3 interacts with Ala102, Pro105, Ala108 and the pyridyl nitrogen binds directly to the 

zinc. Next, we investigated the crystal structure of compound 5 aligned with FOL717 in the 

active site (Figure 6). In this case FOL717 interacts with the zinc by the nitrogen on the 

imidazothiazole core directly while the nitrogen on the imidazothiazole moiety of compound 5 

binds to the zinc through a water molecule. A similar KD value is observed for 5 as compared to 

CDP and it is even higher then compound 3 which has direct interaction with zinc. Two 

1 

2 



13 

 

 

 

hypotheses can be made: (1) Other heteroatom containing moiety can still interact with the zinc 

rather than the phosphate group in CDP (2) The increase of binding affinity indicates that 

bicyclic group of compound 5 creates a potential hydrophobic interaction with the pocket made 

by Ile59, Phe63 and Leu78, which is above zinc in the BpIspF active site.  

 

Figure 6 Crystal structures of compound 5 (in green) and FOL717 (in cyan) in BpIspF overlaid (PDB: 

3Q8H and 3IKF).  

 To further study the hydrophobic interaction, molecular docking was performed using 

SYBYL X-2.0. We first prepared the entry of crystal structure of compound 5 (PDB: 3Q8H) and 

then use Surflex-Dock Geom to introduce free ligand of compound 7. All water molecules were 

removed and the optimized binding was proposed by minimizing the binding energy 

computationally. As the predicted and experimental binding modes showed, main differences are 

found in the ribose ring and the zinc binding site although cytidine binding pose remains 

constant and the hydrophobic interaction preserved. With the result from the computational 
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study, we hypothesized that this hydrophobic interaction is essential for design of the future lead 

molecules (Figure 7). 

 

Figure 7 Crystal structures of compound 5 (in cyan, PDB: 3Q8H) and docking pose of compound 7 (in 

green) overlaid.  

 

Anti -bacterial and anti-malarial assay 

 

 In addition to the SPR assay, anti-bacterial test against Burkholderia thailandensis and 

anti-malarial test against Plasmodium falciparum D6, C235, W2 strains (drug resistant strains) 

were performed according to reported method.
23-25

 B. thailandensis was chosen for the in vivo 

anti-bacterial assay of fusion compounds because it does not require biosafety level 3 (BSL-3) 

facility.
23,26

 and its IspF enzyme displays 98% sequence identity at the nucleotide level with B. 

pseudomallei. We collaborated with Dr. Peggy Cotter at the University of North Carolina at 

Chapel Hill to perform the assay and all the fusion compounds are determined as inactive at the 


















































































































































































