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Abstract 

 

 

 Tuberculosis (TB) still stands as one of the leading causes of mortality resulting 

from an infectious agent. In part, this stems from the emergence of multidrug and extensive 

drug-resistant strains of tubercle bacilli, demonstrating the pressing need for the development of 

novel anti tubercular agents. Interestingly, the shikimate pathway, found in plants, bacteria, fungi 

and algae, is essential for the survival of Mycobacterium tuberculosis. This pathway produces 

precursors to aromatic amino acids and other aromatic cellular metabolites. Fortunately, it has no 

mammalian analogue. This makes the enzymes of this pathway suitable targets for the 

development of novel anti-microbial agents. The research presented in this dissertation focuses 

on Mycobacterium tuberculosis shikimate kinase (MtSK). Our objectives were to develop LC-

MS-based screening and characterization of potential anti tubercular agents – natural, synthetic 

or semi synthetic, develop fluorescence methods for rapid mechanistic evaluation of MtSK 

inhibitors and strategies for screening out promiscuous inhibitors. Using mass spectrometry, we 

characterized a group of marine derived compounds, manzamine alkaloids. These inhibitors 

showed mixed-noncompetitive mode of inhibition, with time-dependent and slow-binding 

components. Of this group, one, 6-cyclohexamidomanzamine A, a derivative of the parent 

manzamine A scaffold, showed slow, tight-binding kinetics with an inhibition constant in the 

nanomolar range. Another marine-derived inhibitor we characterized was ilimaquinone, which 

showed irreversible inhibition evident from formation of a covalent adducts with primarily 

serines and threonines, and to a lesser extent lysines and tyrosines. It is worth noting that due to 
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the nonspecific nature of this inhibitor, as it has shown to modify other proteins (not only MtSK), 

further exploitation of this molecule as a potential antibacterial, antiviral, or anticancer agent 

should be approached with great care. With respect to developing rapid screening tools, we have 

generated a panel of MtSK variants with intrinsic fluorescent properties. Substitutions were made 

on the lid domain, V116W, the adenine binding domain, N151W, and the shikimate binding 

domain, E54W. These variants show differential responses to substrates and inhibitors. 

Interestingly, we noted that the binding of one of the substrates, shikimate produced changes in 

fluorescence in only one of the variants, supporting previously reported data that substrate 

binding induces conformational changes. Using these, we evaluated the inhibition kinetics of 

previously characterized inhibitor, so-called Compound 1. Our data supported a mixed-type 

mode of inhibition, with a slow, reversible component. Competition experiments indicated 

Compound 1 binds at or near the shikimate binding site, evident from spectral shifts in E54W in 

the presence of the inhibitor. Together, we have shown that the 6-cyclohexamido derivative of 

manzamine A is a potent inhibitor of MtSK, and this may be an indication of potential success in 

later drug discovery stages. The use of ilimaquinone for further drug screening and discovery 

purposes is at the discretion of the investigator. Our combinatorial approach to weeding out 

nonspecific inhibitors together with our panel of variants would increase turnover in the early 

drug screening stages and prevent wastage of long hours on fruitless drug investigations. Lastly, 

our panel of variants shows great potential for further development into high throughput screen 

platforms and possibly as sensors.  
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Chapter 1 

 Literature review 

1.1 Overview of tuberculosis (TB) pathology 

Mycobacterium tuberculosis (M. tuberculosis) is a prolific pathogen and the etiologic 

agent of the respiratory tract infection, tuberculosis. There are several species of Mycobacterium, 

like M. leprae that infect humans and other mammals, but M. tuberculosis is the major species 

infecting humans (1).  TB is a growing public health problem. About one-third of the world's 

population is currently infected, and TB stands as the leading killer of people co-infected with 

HIV (Human Immunodeficiency Virus) (2). Transmission of the bacillus is by inhalation of 

droplet nuclei (about 1-5 microns in diameter) when a host coughs, sneezes, shouts or sings. 

These bacilli are ingested by macrophages and neutrophils which are attracted to the site of 

infection by chemotaxis. Despite the release of ready-to-use host defense components like 

antimicrobial peptides, reactive oxygen species and hydrolytic enzymes in the intracellular 

granules, the immune cells, unfortunately, fail to eliminate the bacilli and in turn serve as a 

suitable niche for their subsequent growth and survival and propagation within the host (3–6). 

Viable bacilli are spread in blood and lymphatic circulation, provoking a systemic immune 

response via antigen processing. The bacteria can override this systemic immune response hence 

moving from a latent TB infection to active TB disease (7).  
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 Current TB treatment protocols are carried out using first- and/or second-line 

antitubercular agents. First-line drugs are isoniazid, rifampin, pyrazinamide, ethambutol and 

streptomycin. Second-line drugs include fluoroquinolones like ofloxacin, levofloxacin, 

moxifloxacin, and ciprofloxacin. The aminoglycosides kanamycin, amikacin and capreomycin 

also fall in this category (8) as do the less effective antitubercular agents ethionamide, 

cycloserine, and P-aminosalicylic acid (9). There has been an increase in the prevalence of 

resistance to these drugs. Multidrug-resistant (MDR) M. tuberculosis, which are strains resistant 

to at least isoniazid (INH) and rifampin (RIF), require the use of second-line anti-tubercular 

agents (10). Extensively drug-resistant (XDR) strains are resistant to INH, RIF and one or more 

of the second-line drugs (11). Bedaquiline fumarate, the most recent anti tubercular agent in over 

five decades is also used as part of combination therapy in MDR-TB, in the absence of an 

effective treatment (12).  

The overwhelming increase in drug-resistant strains and the near absence of novel FDA-

approved antitubercular agents has widened the search for antibacterials. Ubiquitous enzymes 

like kinases, though typically targeted by anti-cancer agents are now becoming preferred 

candidates for targeting infectious diseases. 

 1.2 Kinases: Phosphorylation of small molecules to proteins 

Kinases catalyze phosphoryl transfer reactions. The large majority of metabolic pathways 

have at least one kinase step.  Most commonly, ATP is the phosphoryl donor, and as is described 

below, the range of phosphoryl acceptors is about as broad as the structures represented in 

biology (13–19). This section briefly explores the structural and functional properties of this 

diverse and ubiquitous group of enzymes. This serves to place the enzyme of focus for this 
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research, shikimate kinase, into its broader context. Here, a brief overview of the structural 

diversity of enzymes that use ATP as a transferase substrate is provided. Although the research 

of this dissertation is centered on a particular nucleoside monophosphate (NMP) kinase which 

uses a non-protein, small-molecule phosphoryl acceptor, it is important to recognize that the 

principles and progress described in this research are eminently transferrable to other kinases. As 

such, the research detailed in subsequent passages is likely to have application to other diseases 

(e.g., cancer). For example, a better understanding of their interaction(s) with nucleotide 

substrates could prove useful in the screening of ATP competitive inhibitors, one of which will 

be discussed in a subsequent chapter of this dissertation. 

Generally, the phosphoryl transfer reactions of kinases can be divided into three broad 

types of mechanisms. The dissociative mechanism (Figure 1.1A) involves the initial cleavage of 

the donor O – P bond, resulting in the formation of a trigonal metaphosphate intermediate. This 

is followed by nucleophilic attack by the acceptor. In the associative mechanism (Figure 1.1B), 

the nucleophile attacks the donor prior to the formation of a phosphorane intermediate with 

subsequent release of the leaving group. The concerted mechanism (Figure 1.1C) is an SN2 

reaction which proceeds by the formation of a pentavalent transition state (16–18). Not only is 

there a variety of mechanisms of phosphoryl transfer amongst kinases, there exist a large number 

of different families and folds. 
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Figure 1.1: Mechanisms of phosphoryl transfer observed in kinases (20). Mechanism A proceeds 

through a trigonal phosphate intermediate, post P-O bond cleavage. This precedes a nucleophilic 

attack. In B, a nucleophilic attack occurs prior to the formation of a pentavalent phosphorane 

intermediate. This precedes the release of the leaving group. C proceeds via a single transition 

state with simultaneous bond formation and cleavage.  

 

1.2.1 Protein kinases 

Protein kinases are simply those whose phosphoryl acceptor substrate is a protein, and the 

phosphorylation event invariably alters the activity/function of that protein. They are implicated 

in many disease states including cancers and many continue to be investigated for their potential 

as drugable targets (21,22). They play essential roles in virtually every cell signal transduction 

mechanism as well as many other cellular processes (23,24).  
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Though there exist a plethora of kinase-centered regulatory mechanisms, protein kinases 

are categorized into two large groups – phosphorylating serine/threonine or tyrosine residues on 

target proteins. Both groups possess similar three dimensional structures with a catalytically 

active aspartate residue and a glycine-rich phosphate-binding (P-) loop in the catalytic center 

(25). The N- and C-terminal lobes of the domains are connected by a linker and the latter is 

predominantly helical and includes the activation region (Figure 1.2). The activation region is 

located between a highly conserved Asp-Phe-Gly (DFG) motif and a less conserved Ala-Pro-Glu 

(APE) motif (26,27). In its active conformation, the kinase‟s C helix stacks against the N-

terminal lobe and the aspartate residue of the DFG motif chelates a Mg
2+

 ion, positioning the 

ATP for catalysis. In the inactive conformation, an electrostatic interaction between the aspartate 

residue and the divalent metal ion is disrupted and the phenylalanine residue of the DFG motif 

turns toward the ATP moiety.  

The ATP-binding pocket is highly conserved. Within this region, specific hydrogen 

bonds are formed between the adenine ring‟s N1 and N6 and the peptide backbone of the hinge 

region. Lining this region are nonpolar aliphatic groups providing van der Waals interactions 

with the purine. Also, there is a hydrogen bonding interaction between O2‟ and O3‟ of the ribose 

sugar and a glutamate side chain and another main chain glutamate carbonyl oxygen, 

respectively. The triphosphate is oriented out of the ATP binding pocket to facilitate the transfer 

of phosphate. A conserved glutamate in the C helix and a lysine residue on the -sheet aid in 

positioning the  and -phosphate groups of the ATP molecule. The divalent magnesium ion 

ensures proper orientation of ATP for catalysis by mediating the interactions between the - and 

-phosphate groups and aspartate (of the DFG motif) and asparagine. A second magnesium ion 
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interacts with the aspartate of the DFG motif and the - and-phosphates to further stabilize the 

substrate. 

The conformationally flexible activation region in protein kinases plays an essential role 

in substrate binding. In inactive kinases this structure is partially disordered. Transition to the 

active conformation is triggered in most kinases by phosphorylation. The active conformation 

differs from the inactive conformation by the high structural flexibility in the activation region, 

which attains a more rigid conformation in inactive forms. Some protein kinases have additional 

secondary structures in the activation regions (28,29) that promote catalysis. In addition, they 

possess a catalytically essential aspartate residue that deprotonates the hydroxyl group of the 

substrate during catalysis. In Ser/Thr kinases, a neighboring lysine stabilizes the negative charge 

that develops after the hydroxyl group of the substrate is deprotonated during catalysis. In 

tyrosine kinases, a nearby arginine residue performs the analogous function. Here the spacing of 

the electrostatically stabilizing cation accommodates the larger tyrosine residue of the substrate. 
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Figure 1.2: Typical representation of protein kinases using protein kinase A (PDB:1ATP)(30), 

showing its N-terminal lobe (purple), C-terminal lobe (green), C helix (brown), activation 

segment (cyan), C-terminal extension (yellow), interacting protein (red) and a liker (blue) (31). 

1.2.2 Kinase groups and folds 

This section covers the different kinase families. It includes a brief structural description 

of typical members and their interaction with ATP. Included in Table 1.1 are selected members 

of each family. As stated previously, structural information and interactions with substrate(s) or 

other proteins can be essential in defining key mechanistic steps and in the development of 

throughput screens for drug discovery. 
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Table 1.1. Overview of kinase groups and families. Adapted from (57). 

Group Family and members Example Structure 

Group 1: Protein S/T-Y 

kinase/ atypical protein 

kinase/ lipid kinase/ ATP-

grasp 

Protein S/T-Y kinase/ atypical 

protein kinase 

CAMP-dependent protein 

kinase 

PDB: 1CDK (32) 

 
 Lipid kinase Phosphatidylinositol-4-

phosphate 5-kinase 

PDB: 2GK9 (33) 

 
 ATP-grasp Pyruvate phosphate dikinase PDB: 1KBL (34) 

 
Group 2: Rossmann-like P-loop kinases Shikimate kinase PDB: 2IYQ (35) 
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 Phosphoenolpyruvate 

carboxykinase 

Phosphoenolpyruvate 

carboxykinase 

PDB: 1AYL (36)

 
 Phosphoglycerate kinase Phosphoglycerate kinase PDB: 4DG5 (37) 

 
 Aspartokinase Aspartate kinase PDB: 3L76 (38) 

 
 Phosphofructokinase-like Phosphofructokinase PDB: 1MTO (39) 

 
 Ribokinase-like Glucokinase PDB: 3FGU (40) 
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 Thiamin pyrophosphokinase Thiamin pyrophosphokinase PDB: 1LG3 (41) 

 
 Glycerate kinase Glycerate kinase PDB: 2B8N (42) 

 
Group 3: Ferredoxin-like 

fold kinase 

Nucleoside-diphosphate kinase Nucleoside-diphosphate kinase PDB: 1PAE (43) 

 
 HPPK (7, 8-Dihydro-6-

hydroxymethylpterin-

pyrophosphokinase) 

Pyrophosphokinase PDB: 1HQ2 (44) 

 
 Guanidino kinases Arginine kinase PDB: 1SD0 (45) 
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 Histidine kinase Histidine protein kinase PDB: 4U7N (46) 

 
Group 4: Ribonuclease H-

like 

 Hexokinase PDB: 2E2N (47) 

 
Group 5: TIM β/α-barrel 

kinase 

 Pyruvate kinase PDB: 1PKL (48) 

 
Group 6: GHMP kinase  Galactokinase PDB: 1PIE (49) 

 
Group 7: AIR synthetase-like  Thiamine-monophosphate 

kinase 

PDB: 5CC8 (50) 
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Group 8: Riboflavin kinase  Riboflavin kinase PDB: 1P4M (51) 

 
Group 9: Dihydroxyacetone 

kinase 

 Dihydroxyacetone kinase PDB: 1UN9 (52) 

 
Group 10: Putative glycerate 

kinase 

 Glycerate kinase PDB: 2B8N (42) 

 
Group 11: Polyphosphate 

kinase 

 Polyphosphate kinase 2 PDB: 5LL0 (53) 

 
Group 12: Integral 

membrane kinases 

Dolichol kinase Dolichol monophosphate 

mannose synthase 

PDB: 5MM1 (54) 

 
 Undecaprenol kinase Undecaprenol kinase  
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Group 1 kinase fold is composed of three families; protein serine/threonine-tyrosine 

kinase-like, the lipid kinase and the ATP-grasp family. The active sites of members of this 

family are sandwiched between the two  domains which comprise the enzyme structure. In 

all three families, ATP binds at the -sheet of the  core of their C-terminal domain (55). 

The Rossmann-like group (group 2) contains eight families: ribokinase-like, 

phosphoenolpyruvate carboxykinase, aspartokinase, P-loop kinases, phosphoglycerate kinase, 

glycerate kinase, thiamin pyrophosphokinase, and phosphofructokinase-like. A common feature 

in this family is the presence of three layers  in the nucleotide-binding domain. The central 

-sheet is primarily parallel with a change in direction of strand order in the middle of the sheet 

(56). Within families, the strands and strand order in the -sheet may differ. Here, the extreme 

diversity of substrate specificity is accounted for by the vast range of additional domains that can 

accommodate phosphoryl-acceptor substrate binding. Members of this group also share similar 

nucleotide binding patterns. The nucleotide binds at the C-terminal ends of the -strands with the 

phosphates at the N-terminal of either one or more -helices. 

Enzymes in ferredoxin-like group, as the name suggests, contain a nucleotide binding 

domain core very similar to the ferredoxin fold. This group is composed of four families: 

nucleoside diphosphate kinase (NDP), 7, 8-dihydro-6-hydroxymethylpterin-pyrophosphokinase 

(HPPK), guanidino kinase and histidine kinase. One interesting feature in the ferredoxin 

fold/plait fold/sandwich is the  unit with the four strands of anti-parallel -

sheet ordered as 2-3-1-4. There are two helices on one side of the sheet. Each family in this 

group possesses different nucleotide binding modes, protein-substrate interactions, substrate 

orientation and location relative to a ferredoxin-like core (57).  
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Group four, the ribonuclease H-like fold contains the ASKHA (acetate and sugar 

kinase/hsc70/actin) superfamily. The ribonuclease H-like fold is made of three layers,  and 

five strands of -sheets of order 3-2-1-4-5. The binding of nucleotides and divalent metal ion 

coordination are enhanced by interactions of ATP with many different conserved motifs within 

ASKHA superfamily (58). These motifs include the adenosine motif that interacts with -

phosphoryl and ribosyl groups of ATP, the phosphate motif 1 that interacts with the magnesium 

cation and phosphate 2 motif interacts with - and -phosphoryl groups of ATP. Their 

mechanism is thought to be via acid-base catalysis. In the case of hexokinase, an aspartate 

residue serves as a base, deprotonating the 6-hydroxyl group of glucose (59,60). 

Group five is made of enzymes with a characteristic TIM - closed barrel made of 

eight fold repeats of . In this group, the inner layer of the barrel is made of eight -strands of 

order 12345678, encircled by eight -helices (e.g. pyruvate kinase). Within this group, the active 

site is located at the C-terminal end of parallel -strands. Pyruvate kinase‟s nucleotide binding 

involves hydrogen bonding interactions with two arginines, an asparagine, lysine residues, and 

metal cations. The adenine moiety is held in place by histidine, proline and tyrosine residues. In 

pyruvate kinase, each -phosphoryl oxygen atom is coordinated to a different inorganic cofactor. 

Pyruvate kinase phosphotransfer is said to be in-line and direct, aided by a series of conserved 

residues possibly responsible for acid-base catalysis (61) 

Group six is composed of the GHMP kinase superfamily which was named after its 

original four members galactokinase, homoserine kinase, mevalonate kinase, and 

phosphomevalonate kinase (58). The group‟s fold is made of two  domains that sandwich the 

active site. The N-terminal domain contains the nucleotide-binding site and binding is assisted by 
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a novel conserved PXXXGSSAA P-loop motif, and the magnesium ion is coordinated by a 

glutamate residue. 

Members of group seven are thiamine-phosphate kinase and selenide, water dikinase, 

which are homologous to the group‟s prototype AIR synthetase (PurM) (62). This prototype, 

AIR synthethase has two  domains. Its N-terminal domain is composed of six strands of -

sheets with four helices on one side. At the C-terminal end, there are six strands of -sheets, 

sided by seven -helices. AIR synthetase exists as a dimer, and its active site is located between 

the two subunits (62). Nucleotide binding occurs at the N-terminal end while the opposite C-

terminal binds the second substrate (63). 

Groups 8-12 comprise of some unsolved structures and other enzymes that have been 

reclassified. Group 8 contains riboflavin kinase, previously classified as group 10. Group 9 

(dihydroxyacetone kinase) previously classified as group 17, contains glycerone kinase. Putative 

glycerate kinase, previously classified as group 16, now holds group 10 with glycerate kinase as 

a group member. Polyphosphate kinase is now group 11 (then group 9). Group 12 (integral 

membrane kinases) previously classified as group 8, contains dolichol kinase and undecaprenol 

kinase. 

Together, understanding the structural dynamics and diversity of these enzyme families 

and their interaction with the ubiquitous nucleotide substrate offers potential insight, especially 

in the development of new therapeutics with low cross reactivity with host metabolism.  
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1.2.3 Nucleoside monophosphate (NMP) kinases 

Within the Rossmann-like group, and listed among the members of P-loop kinases are the 

nucleoside monophosphate (NMP) kinases. The NMP kinases include enzymes like adenylate 

kinase, guanylate kinase, shikimate kinase, etc. As originally discovered and described, the NMP 

kinases catalyze the reversible transfer of the  phosphoryl group from a nucleoside triphosphate 

(NTP), usually ATP, to the phosphoryl group on a nucleoside monophosphate, resulting in the 

formation of two nucleoside diphosphates. These enzymes are essential in nucleotide salvage and 

de novo biosynthetic pathways (64–68). Based on substrate specificity, the NMP kinase family is 

divided into four subgroups; adenylate kinases (AK), uridylate-cytidylate kinases (UMP-

CMPK), guanylate kinases and thymidylate kinases. Nevertheless, all four subgroups share a 

common three-domain structure.  The main regions for phosphoryl donor binding and 

recognition (including the highly conserved phosphate binding P-loop) are the lid domain, and 

the NMP-binding domain (69,70). As with protein kinases, members of this group are 

conformationally flexible (71), most notably, the closure of the lid domain over the active site 

upon substrate binding. All of these structures are evident in the canonical representative of the 

NMP kinases, AK: the core (residues 1 – 28 [including the Walker A motif or P-loop], 60 – 119, 

158 - 206), the lid domain (residues 120 - 157) and the NMP domain (residues 30 - 59) (71,72) 

(Figure 1.3). AK catalyzes reversible phosphoryl transfer from ATP to AMP and functions to 

regulate the balance of ATP, ADP, and AMP concentration in cells and organelles (73). 

https://www.ncbi.nlm.nih.gov/books/n/stryer/A5607/def-item/A5617/
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Figure 1.3: Structure of human adenylate kinase 1 (PDB: 2C95) (74) in complex with AP5A 

(bis(adenosine)-5‟-tetraphosphate) and malonate. 

 

Substrate-free AK exists in an „open‟ conformation. Upon substrate binding, the enzyme 

adopts its „closed‟ conformation wherein the lid domain closes over the bound substrates and 

facilitates that phosphoryl transfer event. The result of the phosphoryl transfer is two ADP 

molecules which are released upon reopening of the lid domain (75,76). To date, there are nine 

isozymes of AK (AK1 - AK9) numbered in order of their discovery (72,73,77). AKs use a wide 

range of phosphate donors (63, 64, 65).  

Human AKs (AK1, AK4, AK5, AK7, AK8) and UMP-CMPK families can catalyze the 

conversion of any (d)NDP to its corresponding (d)NTP. These enzymes can phosphorylate both 

TDP and UDP with GTP as phosphate donor. Some AKs specifically bind (d)NDPs or (d)NMPs, 
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owing to the fact that their active sites can better accommodate specific (d)NMPs or in the case 

of (d)NDPs the proximity to the -phosphoryl group of the donor ensures its transfer (80). 

More recently, several kinases whose phorphoryl acceptor substrates are not nucleoside 

monophosphates (e.g., gluconate kinase, pantothenate kinase, and shikimate kinase) have been 

shown to share substantial structural similarity with classical NMP kinases like AK. 

Consequently, these are also considered members of NMP kinase family. Interestingly, shikimate 

kinase shows great structural similarity to other NMPS especially in the P-loop, nucleotide 

binding and lid domains (Figure 1.4). Within NMPs, there is high sequence similarity in the P-

loop sequence XhXhXhGXXGKG/ST, where X represents any amino acid and Xh is any 

hydrophobic residue (Figure 1.5) (81). In contrast to many of the classical NMP kinases like 

AK, some kinases like pantothenate, gluconate, shikimate kinase, etc. possess distinct specificity 

for their phosphoryl donor; ATP is their only substrate to serve in this capacity. 
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Figure 1.4: Sequence alignment (82) of nine NMPs highlighting residues with >70% 

conservation. Alignment includes sequences of MtSK, cytidylate kinase from M. leprae, human 

AK, M. tuberculosis AK, mouse guanylate kinase, pantothenate kinase from Salmonella 

enterica, UMP-CMP kinase from Dictyostelium discoideum, and thymidylate kinase from 

Sulfobacillus acidophilus. Only the P-loop sequence (XXXGXXGXGKG/ST) showed >70% 

sequence conservation. 
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Figure 1.5: Alignment of selected kinases showing the structural similarity on the nucleotide 

binding domain and the P-loop. Structure in red represents mouse guanylate kinase (PDB: 

1LVG) (83). In pale cyan is Mycobacterium tuberculosis shikimate kinase (MtSK) (PDB: 1WE2) 

(84). Human adenylate kinase expressed in E. coli is shown in pale green (PDB: 2C95) (74) 

while cytidine monophosphate kinase (CMP) from E. coli is represented in purple (PDB: 1CKE) 

(85). 

 

1.2.3.1. Shikimate kinase 

As mentioned above, shikimate kinase (SK) is has a nucleoside monophosphate (NMP) 

kinase fold. It catalyzes the stereospecific transfer of the -phosphoryl group of ATP to the C3 

hydroxyl of shikimate. To date, coordinates for over 20 structures of shikimate kinase (MtSK) 

have been deposited in the Protein Data Bank (PDB), including several with bound substrates, 
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products, and/or substrate analogs (35,86–92). The core of the SK structure is an / 

mononucleotide binding fold (i.e., five parallel -stands flanked by -helices) (Figure 1.6) as is 

observed in AK and other NMP kinases (90,93,94,95). On this foundation, the three other 

components which comprise the typical structure of an NMP kinase are also evident: 1) the 

nucleotide-binding (NB) domain which contains a P-loop (residues 9-17,) (94), adenine binding 

(AB) loop (residues 148-155), and an α6 helix (residues 104-110) (93), 2) the conformationally 

dynamic lid domain (residues 112-124) (95), and 3) the equivalent of an NMP (i.e., phosphoryl 

acceptor) binding domain. Here, the core NMP binding domain (residues 32-61) is augmented by 

additional residues which together comprise the extended substrate binding (ESB) domain 

(residues 32-93) (96) (Figure 1.7).  

 

Figure 1.6: Structure of shikimate kinase from Mycobacterium tuberculosis showing five central 

parallel -sheets flanked by -helices. PDB: 1WE2 (84). 
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Figure 1.7: Structure of MtSK in complex with ADP and shikimate. Yellow (lid domain), green 

(shikimate binding domain), red (Adenine binding loop), purple (P-loop). Coordinates are from 

Protein Data Bank (PDB) accesion number 1WE2 (90). 

 

Using fluorescence spectroscopy (91), circular dichroism (93), crystallography (87,89–

92,96–98), and molecular dynamics simulations (86), key interactions in MtSK catalysis have 

been identified. The shikimate binding pocket is highly conserved with respect to charged 

residues Arg 136, Arg 58, Glu 61, Asp 34 and Lys 15 as well as two phenylalanines (Phe 49 and 

Phe 57), a consecutive series of three glycines (Gly 79, Gly 80, and Gly 81) and Pro 118. 

Interactions with Asp 34 and Arg 136 are key to proper positioning of shikimate (99). Shikimate 

binds in an unstable conformation with two of its hydroxyl groups (C4 and C5) in an axial 
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orientation. This way the enzyme controls the equatorial disposition of the C3 hydroxyl group, 

allowing for its phosphorylation. Asp 34 stabilizes the C4 hydroxyl via hydrogen bonding (92).  

1.3 Shikimate pathway 

First elucidated by Davis and Sprinson and their collaborators over a half-century ago 

(100), the shikimate pathway is a seven-step metabolic route for the synthesis of essential 

aromatic compounds, including p-aminobenzoic acid (PABA), tocopherols (e.g., vitamin E), 

phylloquinones (e.g., vitamin K), folates, L-Phe, L-Tyr, L-Trp etc. The pathway generates 

chorismate from erythrose-4-phosphate and phosophenol pyruvate, making a clear connection 

between carbohydrate metabolism and the biosynthesis of aromatic compounds.  

There are seven enzymes of the shikimate pathway (Figure 1.8). The first committed step 

of the pathway is the condensation of phosphoenol pyruvate with erythrose-4-phosphate to 

produce 3-deoxy-D-arabino-heptulosonate-7-phosphate (DAHP) and inorganic phosphate, a 

reaction catalyzed by DAHP synthase. Cyclization of DAHP concomitant with elimination of 

phosphate generates 3-dehydroquinate (3-DHQ). The reaction is catalyzed DHQ synthase using 

NAD
+
 as a cofactor, however, the reaction does not result in the net reduction of NAD

+
 to 

NADH. 3-DHQ dehydratase eliminates H2O to generate the cyclohexenone derivative, 3-

dehydroshikimate (3-DHS). DHS dehydrogenase catalyzes NADH-dependent reduction of DHQ 

to shikimate, and then in step five shikimate kinase catalyzes ATP-dependent phosphorylation of 

the shikimate C3 hydroxyl group to form shikimate-3-phosphate (S3P). A second PEP enters the 

pathway in the sixth step. The condensation reaction between PEP and S3P to generate 5-

enolpyruvyl shikimate-3-phosphate (EPSP) is catalyzed by EPSP synthase. The final step 

involves the trans-1, 4 elimination of the phosphate group from EPSP by chorismate synthase to 
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form chorismate (101,102) which is a precursor to aromatic amino acids and other essential 

aromatic metabolites.   

Because this pathway has no mammalian counterpart, its enzymes make attractive targets 

for drug development. Herbicides like RoundUp
® 

(103), Zero
®
, Tumbleweed

®
 contain the active 

ingredient, glyphosate (N-phosphonomethyl glycine). It is a potent inhibitor (KI = 1 M) of 

EPSP synthase where it competes with PEP as it mimics an intermediate in the ternary EPSP-

substrate complex (103,104). It is active against the apicomplexan parasite, malaria (105), 

highlighting the importance of the pathway enzymes as targets for antimicrobials (106). 

. 
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Figure 1.8: The shikimate pathway. A seven-step metabolic route producing precursors to 

aromatic metabolites (105,107–111). Shikimate kinase catalyzes the fifth step of this pathway, 

converting shikimate, a product of the dehydrogenase reaction to shikimate-3-phosphate. 
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1.4 Natural products and drug discovery 

Natural products have garnered considerable attention in medicinal chemistry research 

and the work presented in subsequent chapters of this thesis explore the potential in exploiting 

them as antimicrobials, particularly with respect to shikimate kinase as a target. Natural products 

comprise a myriad of uncharacterized compounds, and as such they represent a wealth of 

potential leads for drug discovery (112). The surge in natural product drug discovery is 

associated with the advancements in isolation and purification techniques (113–115). Further, the 

characterization of their targets and mechanisms of action have facilitated great advancement 

towards the treatment of many human diseases (116,117).  

Much progress had been made in the discovery and development process of natural 

products as a result of increased understanding and exploitation of their biosynthetic pathways 

(118,119).  Biosynthetic, semisynthesis and total synthesis have been utilized to accelerate the 

drug discovery time scale. Improving the potency of natural products has been done via a variety 

of methods. 

1.4.1 By total synthesis 

Infectious diseases like tuberculosis and other lower respiratory infections remain the 

most communicable diseases worldwide (120). The class of antibiotics called tetracyclines have 

been very effective in the treatment of bacterial infections. The first representative of this family 

to be isolated was chlortetracycline (121,122), followed by other related analogues. The 

analogues were products of unmodified natural products or synthetic modifications of 

chlortetracycline and tetracycline (123). The complex nature of tetracycline attracted many an 

organic chemist, leading to the first published racemic total synthesis of tetracycline by 
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Woodward group (124,125) and has served as a platform for a variety of synthetic routes for 

many decades (126). A new candidate eravacycline (Figure 1.9) is claimed to override 

tetracycline resistance mechanisms (127). It has completed phase II trials for complicated intra-

abdominal infections and is cost effective. This shows novel synthetic routes as a promising 

approach towards the discovery of effective drug candidates. 

  

        Tetracycline                                                                     Eravacycline  

Figure 1.9: Structure of tetracycline and its derivative eravacycline 

 

1.4.2 By modification of existing scaffolds 

The glycopeptide, vancomycin (Figure 1.10) has been the drug of choice for the 

treatment of multidrug-resistant bacterial infections (128,129) for a long time. About three 

decades ago, vancomycin-resistant bacteria have been detected. These include vancomycin-

resistant enterococci (VRE), vancomycin-intermediate susceptibility (VISA) and vancomycin-

resistant Staphylococcus aureus (VRSA) strains (130–135). 

Bacterial inhibition is by inhibition of cell wall synthesis through tight binding of the 

antibiotic to peptidoglycan terminus D-Ala-D-Ala. Modification of this terminus to D-Ala-D-Lac 

is the cause of two most common forms of vancomycin resistance, vanA and vanB (136). 
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Resistance was overcome by the use of total synthesis to redesign the vancomycin peptide 

backbone, reversing the repulsion between D-Ala-D-Lac of the resistant bacteria and the 

carbonyl of central substituted phenylglycine by replacing the carbonyl with a methylene or 

imine group. This restored affinity for drug to target (137–139). 

 

Figure 1.10: Structure of Vancomycin 

 

1.4.3 By immunoconjugation 

Natural Products constitute a rich source of potent cytotoxic agents (140). Many have 

served as leads towards development of anti-cancer agents. With the advent of fully humanized 

monoclonal antibodies (mAbs), target specificity, affinity and tolerance have been increased, 

improving clinical response to cancer immunotherapy. This is through the formation of an 

immunoconjugate or antibody-drug conjugate (ADC), by the covalently coupling the monoclonal 

antibody to a natural product. With this approach, the effector (natural product) toxicity and the 

specificity of the mAbs mediate killing of cancer cells. Once the antibody binds to cancer cell 
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surface antigen, the conjugate is internalized and the linked natural product is released, killing 

the cell. An example of such is Brentuximab vedotin (Adcetris™) (Figure 1.11), first isolated 

from the sea hare Dolabella auricularia (141). It was approved for the treatment of Hodgkin‟s 

and systemic anaplastic large cell lymphoma. 

 

Figure 1.11: Structure of brentuximab vedotin 

1.4.4 Total synthesis of unmodified natural products  

About 20% of natural product-derived drugs are in this group (140). A classic example in 

this category is artemisinin used in the treatment malaria. Artemisinin is a sesquiterpene lactone 

peroxide that was originally extracted from the aerial parts of the shrub Artemesia annua (142). 

The first total synthesis of artemisinin was in 1983 (143). Though other synthetic routes have 

been published (144–146), the commercialization artemisinin remains costly. Its very short half-

life and poor water solubility (147), motivated efforts toward semisynthesis of derivatives like 

artemether, arteether, and artesunate.  Artemisinin and its derivatives (Figure 1.12) are currently 
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the most effective antimalarial drugs available on the market (148) and are prescribed in a 

combination called „artemisinin-based combination therapies (ACTs)‟ (149). 

 

       Artemisinin                                  

          R = Me, artemether 

                         R = Et, arteether 

 

Figure 1.12:  Structure of Artemisinin and derivatives artemether and arteether. 

1.5 Marine natural products in the drug discovery pipeline 

Marine organisms have served as a great source of marine-derived natural products that 

could potentially be developed into therapeutics. Though very few marine natural products have 

been FDA-approved so far, there is a substantial amount of marine natural products in different 

phases of clinical trials. 

1.5.1 FDA-approved marine pharmaceuticals 

Currently, cytarabine, vidarabine, and ziconotide are the three FDA-approved marine 

pharmaceuticals in the US Pharmacopeia. Trabectedin has also been approved by EMEA 

(European Agency for the Evaluation of Medicinal Products) and also completed key approval 

studies in the US. 
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The FDA-approved synthetic pyrimidine nucleoside, cytarabine (arabinosyl cytosine or 

Ara-C) was developed from spongothymidine isolated from the Caribbean sponge Tethya crypta 

(150). It is a specific antimetabolite of the S-phase that undergoes intracellular conversion into 

cytosine arabinoside triphosphate. This competitively excludes the physiologic substrate 

deoxycytidine triphosphate, inhibiting DNA polymerase and synthesis of new DNA. The 

conventional cytarabine is recommended for treatment of acute lymphocytic leukemia, acute 

myelocytic leukemia and meningeal leukemia (151,152) while liposomal cytarabine is 

recommended for treatment of lymphomatous meningitis (153). 

The synthetic purine nucleoside, vidarabine or Ara-A, developed from the nucleoside 

spongouridine extracted from the Caribbean sponge Tethya crypta (150) and currently obtained 

from Streptomyces antibioticus. In cells, there is rapid conversion of Ara-A to adenine 

arabinoside triphosphate, inhibiting viral DNA polymerase and DNA synthesis in viruses like 

herpes, vaccinia and Varicella zoster.  

The third approved drug ziconotide is a synthetic equivalent of -conotoxin MVIIIA, a 

naturally occurring 25-amino acid peptide in the venom of marine snail Conus magnus (154). 

Ziconotide functions as an analgesic, reversibly blocking N-type voltage-gated calcium channels 

located in the afferent nerves of the dorsal horn of the spinal cord (155,156). Ziconotide was 

approved by the FDA in 2004 and is currently used for the management of severe chronic pain in 

patients with AIDS or cancer (157,158). 

Trabectin is a tetrahydroisoquinoline alkaloid extracted from the marine tunicate 

Ecteinascidia turbinate (159,160). It is the first marine anticancer agent to be approved in the 

European Union against soft tissue carcinoma (161) and relapsed Pt-sensitive ovarian cancer 

(162). The mechanism of action of trabectin is not fully understood but it forms a reversible 
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covalent bond with DNA minor groove (163) and interacts with a variety of nucleotide excision 

repairs systems (164–166). 

 

1.5.2 Marine pharmaceuticals in clinical pipeline 

1.5.2.1 Compounds in Phase III trials e.g. Eribulin and soblidotin 

The polymacrolide ether, eribulin mesylate (E7389, Figure 1.13) Halichondrin B (HB) 

from marine sponges (167) has shown potent anticancer activity preclinical animal models (168). 

Macrocyclic ketone analogues (169) of this compound are also active and the parent/natural 

compound still shows potent biological and pharmacological activity (170). Though its 

mechanism of inhibition may be similar to those of the taxanes and vinca alkaloids, it inhibits 

microtubule dynamics by binding to tubulin, thus suppressing the microtubule growth phase 

during interphase (171,172). It exhibits potent, irreversible antimitotic effects in cancer cells 

leading to apoptosis (173). 

 
 

Figure 1.13: Structure of eribulin mesylate 
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1.5.2.2 Examples of compounds in Phase II trials: DMXBA  

3-(2,4-dimethoxybenzylidene)-anabaseine (DMXB) (Figure 1.14) is a synthetic 

derivative of an anabaseine alkaloid from marine worms, and it can selectively stimulate 7 

nicotinic acetylcholine receptors (174) expressed in CNS neurons and astrocytes and peripheral 

macrophages. DMXB has shown neuroprotective abilities in both in vitro and in vivo studies 

(175,176). In cultures of cerebral cortex neurons, it slows down the adverse effect of -amyloid 

(177) and has shown anti-inflammatory activities in some animal models (178,179). Substantial 

cognitive improvements have been observed in healthy young males (180) and schizophrenics 

(181) during Phase I clinical trials. Phase II trials have shown enhanced cognitive functions in 

patients with schizophrenia (182). 

 

 

Figure 1.14: Structure of DMXB 

 

1.5.2.3 Examples of compounds in Phase I trials: Hemiasterlin  

Hemiasterlin (Figure 1.15) is a cytotoxic tripeptide from marine sponges (183). 

Analogues resulting from substitutions to the N-terminal amino acid possessed a high potency in 

in vitro systems, suitable pharmaceutical properties and were resistant to p-glycoprotein-

mediated efflux (184).  It binds preferentially or -tubulin leading to apoptosis in tumor cells 
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(185). Associated adverse effects observed in Phase I studies include nausea, constipation, 

fatigue and vomiting (186). 

 

Figure 1.15: Structure of Hemiasterlin 

1.6 Enzyme inhibition 

There are a myriad of molecules that can bind or interact with enzymes. 

Molecules/compounds that bind to and decrease the activity of an enzyme are called inhibitors. 

This decrease in activity can ultimately result in the death of a pathogen or slow down metabolic 

processes at cellular and subcellular levels. Inhibitors exert their actions via a variety of 

mechanisms. 

1.6.1 Rapid reversible inhibition 

As illustrated in the general scheme below (Figure 1.16), the range of common rapid 

reversible mechanisms of inhibition (e.g., competitive, uncompetitive, etc.) can be understood to 

fall on a continuum depending on the extent to which the inhibitor in question prefers the free 

enzyme versus enzyme-substrate complex(es). Here, the former is represented by the value of the 

dissociation constant KI (Equation 1), and the latter is represented by the value of the dissociation 

constant KI (Equation 2). Rapid equilibrium between free inhibitor and the corresponding 

enzyme-inhibitor complexes is assumed, and formation of an enzyme-inhibitor complex (EI 

and/or ESI) renders the enzyme inactive (i.e., unable to carry out substrate conversion to 
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product). The range of common, rapid-reversible inhibition mechanisms can be accounted for by 

a single equation (Equation 3), where each mechanism is distinguished by the value of , from 

values far greater than 1 (competitive) to far less than 1 (uncompetitive) to values close to or 

equal to 1 (mixed or pure noncompetitive, respectively).   

 

   
[ ][ ]

[  ]
 ……………………..………………………………………………………...Eq. 1 

 

    
[  ][ ]

[   ]
 …………………………………………………………………………...Eq. 2 

 

  

[ ] 
 

    

   
[ ]

   
 
[ ]

[ ]    (
   

[ ]
  

 

   
[ ]

   
 
)

……………………..……………………………….………..Eq. 3 

 

 

Figure 1.16. Schematic representation of common rapid reversible mechanisms. 
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1.6.1.1 Competitive inhibition 

With competitive inhibition, enzyme association with the inhibitor and the substrate are 

mutually exclusive events. Most commonly this is because the inhibitor and the substrate 

compete for binding within the active site (i.e., binding of inhibitor and substrate are mutually 

exclusive). Of course, an enzyme that is unable to associate with its substrate due to an 

interfering inhibitor will be unable to catalyze its reaction. According to the continuum 

represented in Figure 1.16 a competitive inhibitor would be one in which  >> 1 (i.e., KI << 

KI) 

 

With increasing concentrations of a competitive inhibitor, the kcat (i.e., the maximum 

catalytic output of the enzyme) remains unchanged, but the apparent KM for substrate (i.e., the 

concentration of substrate necessary to reach ½ kcat) increases by 1+ [I]/KI. Likewise, the 

apparent second-order rate constant for the enzyme-catalzyed reaction (i.e., kcat/KM or kon) 

decreases by the same factor (187). An example of a competitive inhibitor is ibuprofen (Figure 

1.17) (188). 

 

 

Figure 1.17: Structure of ibuprofen 

 

1.6.1.2 Uncompetitive inhibition 
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On the opposite end of the continuum, an uncompetitive inhibitor is one that requires that 

substrate be bound to the enzyme.  In other words, the inhibitor binds exclusively to the ES 

complex(es) but not the free enzyme (i.e.,  << 1). Increasing concentrations of an 

uncompetitive inhibitor produce decreases in both kcat and KM  by the same factor, 1+ [I]/αKI. As 

such, the value of kon (i.e., kcat/KM) is unaffected by the concentration of an uncompetitive 

inhibitor. Compared to competitive, uncompetitive inhibitors are relatively rarely observed; 

however, one example is ciglitazone an uncompetitive inhibitor of 15-hydroxyprostaglandin 

dehydrogenase with respect to the prostaglandin E2 (189). 

 

Figure 1.18: Structure of ciglitazone 

1.6.1.3 Noncompetitive inhibition 

A noncompetitive inhibitor binds to both the free enzyme and the enzyme-substrate 

complex(es). If the inhibitor binds with equal affinity to E and ES (i.e.,  = 1), the inhibitor is 

referred to as pure noncompetitive. Here, both kcat and kon will be diminished with increasing 

concentrations of the inhibitor by the same factor (1 + [I]/KI), and accordingly, the apparent KM 

will be unaffected by the inhibitor. If the noncompetitive inhibitor displays a preference for the 

free enzyme (i.e.,  > 1) or the enzyme-substrate complex (i.e.,  < 1), it is referred to as a 

mixed-noncompetitive. In both cases kcat and kon are diminished by the inhibitor; the former is 

according to the factor 1 + [I]/KI, and the latter is according to 1 + [I]/KI. Where the inhibitor 

prefers the free enzyme, kon will be diminished to a greater degree than kcat, and vice versa where 
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the inhibitor prefers the enzyme-substrate complex (190). Inhibition of topoisomerase II by 

etoposide (Figure 1.19) is an example of noncompetitive inhibition (191). This mode of 

inhibition ultimately results in cell death by forming a ternary complex with DNA and 

topoisomerase II, preventing ligation of single-stranded DNA (192). This forms the basis for a 

cancer chemotherapeutic approach. 

 

Figure 1.19: Structure of Etoposide 

 

1.6.2 Slow-onset inhibition 

In contrast to the rapid reversible inhibition mechanisms described above, where on the 

time-scale of the typical steady-state experiment, inhibition is essentially instantaneous and 

constant, this form, though typically non-covalent and reversible, is slow with respect to onset. 

As a result, the extent of inhibition increases with the time of enzyme exposure to the inhibitor 

(i.e., time-dependent inhibition is observed) (190). 

There are common ways to monitor time-dependent inhibition. One is to monitor the 

effect of pre-incubation time on the activity of the enzyme which results afterward. A single-

exponential decrease in activity (equation 4) is typically observed, and the effect of inhibitor 

concentration on kobs can be evaluated to make inferences regarding the steps involved in the 

inhibition mechanism and estimate their rate constants. Alternatively, the ability of an inhibitor 
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to decrease enzyme activity over the course of an assay can be evaluated. Here, burst-exponential 

behavior is observed (equation 5). The value of kobs captures that rate at which the enzyme 

transitions from full activity (vi) to the activity once equilibrium between enzyme and inhibitor 

has been established (vs).  Here as well the effect of inhibitor concentration on kobs can be 

evaluated to help elucidate the steps involved the onset of inhibition and the rate constants that 

govern those steps.   

      
        ……………………………………………………………..Eq.4 

[ ]       
     

    
[           ]   …………………………………………………….Eq.5 

 

Figure 1.20: Mechanisms of slow binding inhibition. A represents uninhibited reaction, B 

represents a simple reversible slow binding mechanism, C is an induced-fit mechanism, D 

represents conformational selection and E, mechanism-based inhibition and affinity labeling. 
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 Over years of enzyme inhibition analyses, several mechanisms which produce slow-onset 

inhibition have been uncovered.  The most common of these are summarized in Figure 1.20. 

These are presented in the context of a simple Michaelis-Menten enzyme mechanism (Figure 

1.20 A) where the rate constants governing enzyme association with substrate and dissociation of 

the ES complex to free enzyme and substrate are represented k1 and k-1, respectively. Simple, 

slow-binding inhibition involves a single-step reversible association between enzyme and 

inhibitor (Figure 1.20 B), and in this way it resembles the rapid-reversible mechanisms 

discussed above. The distinction is that, k2 and k-2, the respective association and dissociation 

rate constants for the inhibitor are much smaller, leading to a slow onset of inhibition. 

Alternatively, slow onset can be rationalized by relatively slow conformational changes that 

occur after (induced-fit, Figure 1.20 C) or before (conformational selection, Figure 1.20 D) 

association of the inhibitor with the enzyme. Finally, initial association of an inhibitor with an 

enzyme may be followed by formation of an irreversible (often covalent) complex, as is the case 

with affinity labels and mechanism-based inactivation of enzymes.  

1.6.2.1 Slow binding  

For an inhibitor which conforms to a simple slow-binding mechanism (Figure 1.20 B), 

increasing its concentration results in a linear increase in kobs, (rate of formation of EI complex) 

an apparent first-order rate constant corresponding to the onset of inhibition measured either by a 

preincubation experiment (i.e., application of equation 4) or by the burst-exponential onset of 

inhibition during the reaction of an enzyme with its substrates (i.e., application of equation 5). 

The preincubation experiments establish an equilibrium between enzyme and inhibitor before the 

reaction is initiated. Thus, there is an initial encounter between the enzyme and inhibitor and the 

KI is usually low. In the burst exponential inhibitory experiments, the enzyme encounters both 
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inhibitor and substrate(s) within the progress of the reaction. Here, the resulting inhibition 

constants are usually higher than in the preincubation experiments.  The slope of kobs vs inhibitor 

concentration returns k2 the second-order rate constant for the slow onset of inhibition. 

Extrapolation to the y-axis (i.e., [I] = 0) allows for the estimation of k-2, the first-order rate 

constant for dissociation of the EI complex. Of course, KI can be determined from k-2/k2.  

 When an inhibitor conforms to an induced fit mechanism (Figure 1.20 C), the 

dependence of kobs on inhibitor concentration is not linear, but hyperbolic. An initial rapid-

equilibrium association of enzyme and inhibitor is captured by activity when E + I preincubation 

time = 0, or by initial rates of enzyme activity in the presence of inhibitor. The exponential 

increase in inhibition with time (i.e., kobs) is a function of the slow conversion of the initial EI 

complex to EI* and back (i.e, k4 and k-4, respectively). Here, the asymptote of the hyperbolic 

function (kobs vs [I]) corresponds to the sum of k4 and k-4, and the extrapolated kobs when [I] = 0 

(i.e., the y-intercept) corresponds to k-3. Thus, the amplitude of the hyperbolic response gives k4, 

and interestingly, the KI (i.e., k-3/k3) for the initial encounter complex is determined by the 

concentration of inhibitor that returns ½ the change in amplitude. 

With slow, tight binders (for example Figure 1.20C) which typically follow a multi-step 

mechanism, kobs is defined as; 
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………………………………………….Eq. 6 

And KI*, which corresponds to the ratio of the rate constants that account for the 

formation and dissociation of EI*; 

  
   

  

  
  
   

……………………………………………………………....Eq. 7 
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However, the use of integrated rate equations is not applicable to every mechanism, and 

is also applied with underlying assumptions; [S] ≈ [S]t and [I]  ≈ [I]t, implying [S]t, [I]t >> [E]t. 

For example, if [E]T ≈[I]T, then the inhibitor‟s KI will be extremely low, then a slow-tight 

binding mechanism is operating. 

1.6.2.2 Advantages of inhibitors with slow off rate constants 

In some clinical cases, the potency of a drug is dependent on its pharmacodynamics 

which correlates to its dissociation half-life or the duration of inhibition. The half-life and the 

apparent kI are critical factors in determining dosing concentrations and intervals in in vivo 

studies. Inhibitors with significantly lower off-rates (e.g., k-4 in Figure 1.20 C) display longer 

half-lives and considerable clinical advantage over rapid reversible inhibitors. Inhibitors with 

these mechanistic/kinetic features can effectively halt enzyme activity for a considerable length 

of time, even indefinitely in cases of irreversible inhibition. Here the return of activity is 

dependent upon the transcription/translation of new enzyme.  

1.6.3 Tight binding inhibition 

In evaluating mechanism of inhibitors as they encounter the enzyme, the concentration of 

bound inhibitor to that of the free is very low. The concentration of free inhibitor can essentially 

be assumed constant. As such, in determining dissociation constants, [I] can be treated as 

constant, allowing the use of hyperbolic functions to determine KI or KD. However, with tight- 

binding inhibitors or when KI < [E], this assumption no longer valid. This can be addressed by 

the use of the Morrison‟s quadratic function (193,194) presented below. No assumptions are 

made with respect to the changes in the concentration of free enzyme or other components. 
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……………………………………….Eq.8 

 

vi and vo (initial velocities with and without inhibitor respectively) are experimentally determined 

at known values of total inhibitor concentration, [I]T, while KI
app

 and [E]T are allowed can be set 

as constants.  

 

1.6.3.1 Clinical advantages of tight binders 

 

Their low KI and longer half-lives make them better inhibitors in vivo. Low KI values 

allow for extended or complete inhibition, associated with their slow „off‟ rates. Their low 

clearance rates make them suitable candidates for in vivo studies. The high affinity for these 

inhibitors for their targets also allows for lower prescribed doses in patients, and as such, helps 

minimize off-target toxicity. The slow dissociation of the tightly bound binary complex ensures 

near or complete enzyme inactivation and slows drug clearance. These make tight binders 

suitable for later drug discovery stages (190).  

 

1.6.4 Irreversible inhibition 

 

This is a form of enzyme inactivation wherein there is a non-zero rate for inhibitor 

association with the enzyme, but at least one of the rate constants for inhibitor dissociation is 

zero. In reality, this simply an extension of slow tight binding inhibitors, but k-2 (Figure 1.20 B), 

k-4 (Figure 1.20 C), or k-6 (Figure 1.20 D) is zero. In these cases, the action of the inhibitor 

eliminates activity for the remaining lifetime of the enzyme, and a given cell must synthesize 

(i.e., transcribe and/or translate) more of the enzyme to restore activity.  
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In many ways the analyses of irreversible inhibition are the same as those for reversible 

slow-onset inhibition. If a variant of the slow-binding mechanism (Figure 1.20 B), a linear 

response of kobs with inhibitor concentration will still be observed, the slope of which will be k2, 

but within error, the y-intercept will be zero, consistent with a k-2 = 0. Likewise, a variant of the 

induced fit mechanism (e.g., Figure 1.20 E) will also produce a hyperbolic response of kobs to 

inhibitor concentration. The amplitude of the hyperbolic response will return the rate constant of 

the latter irreversible step (i.e., kinact), and the concentration of inhibitor that produces ½ the 

change in amplitude will correspond to KI for the initial encounter complex. However, because 

EI* is an irreversible complex, kobs will extrapolate to zero at the y-intercept. In a similar manner, 

the vs terms of equations 4 and 5 (depending on the type of experiment performed) will approach 

zero.  

Also, jump dilution experiments will show no gain of enzyme activity post-dilution, if 

inhibitor is irreversible. Slow-tight binders will show a lag phase in product generation which is 

conspicuously absent in rapid reversible inhibitors. The most typical mode of irreversible 

inhibition is one where the inhibitor covalently modifies a residue in or near the active site of the 

enzyme, atypical of reversible inhibitors.  This covalent modification and can be detected by 

mass spectrometry, as the inhibitor causes increases in protein mass. This is the best way to 

detect irreversible inhibition. This does not require long kinetic investigations and is less prone 

to error, in contrast to the more popular x, y = 0 intercept interpretation, which may be 

misleading.  The intercept interpretation relies on a specific set of data points and thus defining 

the irreversibility becomes subjective, especially if the error margin is high. Post covalent bond 

formation, neither dialysis nor gel filtration restores enzyme activity, contradistinctive to 

reversible inhibitors.  
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Irreversible inactivation by covalent means can be classified into two major groups; 

affinity labeling and mechanism-based inactivation 

1.6.4.1 Affinity labels 

These contain functional groups that form covalent bonds with other reactive molecules. 

Affinity labels contain electrophilic groups that form covalent bonds with counterpart protein 

nucleophiles. Some interact with specific amino acids, making them useful agents for enzyme 

mechanistic investigations. An example of affinity label is Tosyl-L-phenylalanine chloromethyl 

ketone (TPCK), a substrate analogue for chymotrypsin which covalently modifies histidine of 

the enzyme‟s catalytic triad, inactivating the enzyme.  

1.6.4.2 Mechanism-based inactivators  

Mechanism-based inhibitors are unreactive molecules; substrate analogues, enzyme 

products – that are catalytically converted by the enzyme to active species which inactivate the 

enzyme prior to release from the active site. These use the enzyme‟s catalytic mechanism to 

convert the inactive compound to an active inactivator (Figure 1.20 E).  

 

The formation of covalent bonds with target serves as an advantage to this class of 

inhibitors too, decreasing the frequency of administration of the drug. In contrast to affinity 

labeling agents, mechanism-based inhibitors being unreactive solves the problem of non-

specificity and off-target toxicity since only the enzyme catalyzing the conversion of these 

molecules are in turn inactivated (195). 
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1.6.5 Nonspecific inhibition 

 

A stark contrast to the previously described inhibition mechanism is nonspecific 

inhibition where compounds exert inhibition by the formation of micelles or aggregates. Specific 

inhibitors act on their targets via strong and selective binding. A common observation with non-

polar compounds is that they form micelles relatively easily. Interaction of a target enzyme with 

these micelles producing some extent of protein unfolding of the enzyme and the resulting loss 

of activity (196). Obviously, this cannot be considered any kind of specific or targeted inhibition.  

This has posed substantial problems in the high-throughput screening (HTS) of compound 

libraries by producing numerous false-positive “hits”(197). 

The promiscuity of these inhibitors – interaction with target proteins and several 

mechanisms have been postulated to explain this behavior. One popular thought is that the onset 

of inhibition is from by forming particles of 30 – 1000 nm in diameter in solution, preventing 

substrate binding, hence „inhibition‟ (196). As with slow binders, the potency of this set of 

inhibitors is time dependent as aggregates stick to enzymes, resulting in decrease free enzyme in 

solution. 

Interestingly, increasing the ionic strength of the medium increases particle size, resulting 

in fewer amounts of aggregates and more free enzyme. Thus in a high ionic strength buffer, 

higher concentrations of inhibitor are required to exert the same effect, increasing the observed 

IC 50 values (197). Slope steepness is also a feature of aggregate-based compounds. The 

observed hill slopes (n) of promiscuous inhibitors is almost a factor of two that of a specific 

inhibitor (198). 

The use of small amount of detergent like Triton X-100 has been shown to reduce 

aggregation of small molecules by lowering the surface tension (Figure 1.21). Only aggregator 
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based inhibitors are sensitive to the addition of detergents, decreasing the effect of inhibition 

(196,199).  

 

 

Figure 1.21: Images of Compound 14 and control with MtSK by transmission electron 

microscopy. A. Compound 14 100 µM formed aggregates with an average size of 0.7 µm (Bar = 

1 µm). B. Compound 14 with 0.01% v/v Triton X-100, average size of 0.03 µm (Bar = 250 nm). 

C. Control at 30 µM exhibited aggregation with an average size of 100 nm (Bar=500 nm).  D. 

Control with 0.01% v/v Triton X-100, particle size of 5 nm (Bar = 500 nm) (199; Elsevier, 2018) 

. 
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1.6.5.1 PAINS (Pan-Assay INterference compoundS) 

 

Pan-assay interference compounds (so-called PAINS) are responsible for many false-

positive readings in activity screens. Often these compounds have a broad reactivity that alters 

features likely to be common to many proteins/enzymes. Examples include redox active 

compounds that alter cysteine thiols, or compounds with a capacity to chelate catalytically 

necessary metal ions, interfering fluorescence signals from compounds or breakdown of 

compounds to smaller units (200–202). PAINS-type molecules are usually of low molecular 

weight, a fraction of larger compounds. Inhibitors/compounds likely to cause interference could 

either be of a synthetic or natural source (203,204). Recently a number of natural products have 

been reported to exhibit artificial bioactivity (204).  

Identification and classification of PAINS (200,202,205) are often corroborated by other 

techniques like X-ray crystallography (206), NMR, dynamic light scattering (207) etc. PAINS 

molecules show high deflections in pulsed light as compared to non-aggregators under X-ray and 

dynamic light scattering. Their NMR spectra shows broadening of signals resulting for micelle 

formation. The wide distribution and appearance of false-positive data make PAINS 

identification difficult (200,205). As a result of this, characterization of such a molecule may be 

pursued for a considerable length of time prior to hitting a dead end, significantly slowing the 

drug discovery process. 

Many drugs contain PAINS alerts (200,208,209) and have received much attention 

recently (203). Many PAINS alerts in some drugs (e.g. quinone containing) have been linked to 

undesirable ADMETox (Absorbance Distribution Metabolism Elimination Toxicity) properties 

(200). However, Drugs-PAINS are more active than Drugs-NoPAINS with 24% vs 15% activity 

in bioassays (210) and a good number of these drugs show a quinone PAINS alert (211,212). 
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Quinone drugs are one of the very promiscuous classes of drugs (200,203), a classic example 

being doxorubicin which has the quinone_A(370) alert, tested in over 400 assays, with about an 

85% PAINS call. However, reporting PAINS molecules should not only rely on PAINS filter 

(213) results but also the use of orthogonal experimental assays to complement them (210). 

1.7 Coupled enzyme assays and HTS 

In reactions where neither analyte can be easily measured directly and in real time, a 

coupled-enzyme assay can be developed to evaluate activity in response to substrates, inhibitors, 

etc. Because such assays typically make a target enzyme‟s activity much easier to detect, they 

are often adapted for HTS efforts. The typical coupled assay uses one of the reaction products of 

the enzyme of interest as a substrate for a secondary enzymatic reaction, the product of which 

can be easily and directly measured in real time (e.g., a product with a unique chromophore with 

high molar absorptivity). A typical example is the lactate dehydrogenase/pyruvate kinase 

coupled assay where pyruvate kinase readily converts ADP to ATP and phosphoenol pyruvate to 

pyruvate, neither of which has a distinct unique UV-visible absorption spectrum.  This is coupled 

to lactate dehydrogenase, another bisubstrate enzyme which catalyzes the conversion of pyruvate 

to lactate with a corresponding NADH oxidation to NAD
+
. The consumption of NADH is 

monitored at 340 nm and a decrease in absorbance signal is observed. 

Coupled systems allow for probing of reactions in systems with no distinct chromophore 

to be applicable for HTS. For successful coupling reactions, the detected signal must be sensitive 

to the catalytic activity of the analyte under investigation and less sensitive to small changes in 

the activity of the other coupled enzymes. This is achieved by using higher concentrations of 

other coupled enzymes while using a lower or rate-limiting concentration of the enzyme under 
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investigation. As such the product formed is rapidly converted into a detectable form or the 

detectable analyte is rapidly converted to an undetectable form. 

Another critical factor in the use of coupled enzyme systems for HTS is ensuring that the 

observed inhibition results from inactivation of target enzyme and not inhibition of other coupled 

enzyme (s). Adjusting coupling conditions, ensuring high enough concentrations of coupling 

enzymes can help mitigate this problem. Target specificity can also be validated by evaluating 

the toxicity of inhibitors to the coupling enzymes in the absence of the enzyme under 

investigation. The cost of purchasing coupling enzymes, substrates and co-substrates may be a 

considerable drawback towards the use of these systems for HTS (190). 

1.8 Kinase inhibitors 

 

Over the past decade, kinases have become the pharmaceutical industry‟s most targeted 

class of enzymes with about 30 different kinase targets in phase I clinical trials. Many kinases 

are targeted for treatment of different cancers. The effect of their deregulation has also been 

implicated in immunological, neurological, metabolic, and infectious diseases, driving interest 

towards the development of kinase inhibitors to treat these diseases (214). 

1.8.1 Type 1 inhibitors 

Many inhibitors belong to this class and they recognize the active conformation – 

conducive to phosphotransfer (215). The vast majority of kinase inhibitors being class 1 may be 

as a result of using these compounds in assays where kinases were introduced in their active 

conformations and many were synthesized to resemble ATP. These usually possess heterocyclic 
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ring system that binds to the purine binding site and extends to hydrophobic regions of the 

enzyme (216). 

1.8.2 Type 2 inhibitors 

These recognize the inactive conformation commonly referred to as DFG-out. This 

conformation exposes the additional hydrophobic binding site adjacent to the ATP binding 

region (216). FDA-approved type 2 inhibitors like imatinib, nilotinib (217) and sorafenib (218) 

act through this mechanism. Crystal structures of kinase-bound type 2 inhibitors show that the 

active site is highly mobile making it feasible for kinases to accommodate a broad range of 

inhibitors (215). However, this is not unique to type 2 inhibitors. PIK-39, a type 1 inhibitor, also 

induced this type of conformational rearrangement (219). 

1.8.3 Allosteric inhibitors 

As the name implies, these inhibitors bind outside the ATP-binding site. Inhibitors in this 

class show greater selectivity since they target sites that are unique to a particular kinase. An 

example in this category is CI-1040 which inhibits MEK1 and MEK2 (Dual Specificity Mitogen-

Activated Protein Kinase 1 and 2) by binding to a region near to but distinct from the ATP 

binding site (220). 

1.8.4 Covalent inhibitors 

This fourth class of compounds forms an irreversible, covalent bond with the enzyme. 

This rare type of inhibitors typically react with an active site cysteine nucleophile (221,222), as 

in the cases of inhibitors targeting epidermal growth factor receptor, HKI-272 and CL-387785 

(223). These inhibitors are designed by attaching an electrophile, reactive towards the rare 
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nucleophilic sulfur in the cysteine residue. The inhibitor undergoes a Michael addition during 

which it forms a covalent bond with the active site cysteine. This irreversibly blocks ATP 

binding, inactivating the enzyme. Some naturally existing cytotoxic compounds like 

hypothmeycin, a resorcyclic acid lactone polyketide has been shown to act using this same 

mechanism (224). Though a vast majority of kinases can be targeted using this approach, off-

target toxicity is still of great concern. 

1.8.5 MtSK inhibitors 

 Though the shikimate pathway had long been described, it is only fairly recently that 

significant efforts have been made towards targeting MtSK for the development of novel anti-

tubercular agents. In this section we review the evaluation different MtSK inhibitors and the 

potencies. These were characterized by the use techniques and approaches including virtual 

screening or molecular dynamic simulations (225,235, 236, 237), mass spectrometry (229, 342), 

X-ray crystallography (236), in vitro and in vivo assays (225, 234, 236,237), etc. 

 Compounds 5489375 and 5311863 (Figure 1.22) were two in the library of 2000 

compounds that showed significant inhibition of MtSK (225). Dose-response evaluations of 

5489375 and 5311863 yielded IC50 values of 10 and 45 M, respectively. Both compounds 

passed the PAINS filter servers, i.e. they lacked structural characteristics of typical PAINS 

compounds. Inhibition kinetics displayed by 5489375 suggest it is uncompetitive and 

noncompetitive to shikimate and ATP, respectively, with an overall KI of 13 M, KI (SA) of 8 

M and KI (ATP) of 11M.  

 A class of heterocyclic compounds, pyrazolones and derivatives thereof, has shown 

antimicrobial and anti-MtSK properties (226–229). Compounds 2, 3, and 4 (Figure 1.22), 

pyrazolone derivatives showed substantial activity against MtSK with EC50s of 0.24, 0.07 and 
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0.18 M, respectively (230). The fatty acid, -linoleic acid isolated from Sutherlandia 

frutescens, previously shown to be active against some bacterial, viral and fungal pathogens 

(231–234) demonstrated significant inhibition of MtSK with an IC50 of about 4g/mL (235). 

Virtual screens of molecules with triazoles or tetrazole moieties predicted these to be potential 

inhibitors of MtSK (236). 

 Shikimate analogues – bicyclic derivatives (3 and 4), hydroxyl derivatives (5 and 6), 4-

aminoshikimate (7), 3-epi-shikimate (8) and 3-aminoshikimate (9) (Figure 1.22) exhibited 

different levels of potency against MtSK, with the bicyclic derivatives being most potent (237). 

The conformationally restricted bicyclic analogues, 3 and 4 had KIs of 60 and 45 M, 

respectively. The KIs for the hydroxyl derivatives were in the near millimolar range, while the 

amino derivatives had KIs around 65 M. The least potent was compound 8, with an estimated KI 

above 4 mM.  

 Representative inhibitors from the thiobarbiturate, naphthoquinone, thiazoleacetonitrile, 

chalcone and thiazolidinedione classes showed ATP-competitive inhibition (238). Of these, the 

thiobarbiturate, thiazoleacetonitrile and thiazolidinedione were uncompetitive with respect to 

shikimate with KI‟s of 10, 20 and 10 M, respectively and KI‟s (SA) of about 10 M. The 

naphthoquinone and chalcone were non-competitive with respect to shikimate with KI‟s of 

around 10 M and KIs (SA) of 15 and 10 M, respectively. The thiobarbiturate inhibitor was 

synergistic with rifampicin, while the thiazoloeacetonitrile showed some synergism with 

rifampicin, isoniazid and ethambutol (238). 

Though this section is focused on inhibitors against MtSK, in vivo evaluations of 

promising inhibitors can be carried out on Mycobacterium species. Being a biosafety level 3 

organism, screening with M. tuberculosis can be very challenging. However, level 1 
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Mycobacterial species like M. smegmatis can be used for this purpose. M. smegamtis is non-

pathogenic, it shares similar cell wall structures with pathogenic species and grows rapidly, 

forming colonies within 3-5 days. Other level 1 species which could possibly make good models 

for studying M. tuberculosis include; M. gilvum, M. vanbaalenii, M. gadium etc. These are rapid 

growing species and only require biosafety level (BSL) 1 laboratories. 
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Figure 1.22: MtSK inhibitors 
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1.9 Drug screening and LC-MS 

The research presented in this dissertation relied, in large part, on mass spectrometric-

based analyses used for the mechanistic evaluation and screening of potential antitubercular 

agents. Presented in this section are two main techniques applicable to the drug discovery 

pipeline, and protein analyses. 

There has been a rapid increase in the use of hyphenated techniques for protein and 

inhibitor characterization. There has not only been a shift in paradigm from sequencing to 

identification in proteomics, but also a major shift in the drug screening. Though there have been 

significant advances made towards the discovery of new molecular entities (NMEs) for the 

treatment and prevention of diseases, the major causes of drug attrition have been attributed to 

poor efficacy and lack of safety (239). But, today, hyphenated techniques are essential in target 

identification, evaluating compound purity and identity, identifying lead compounds, efficacy, 

and control of bulk drug substance, pharmacokinetics to solve the above-stated problems. LC-

MS has become a powerful drug discovery tool with varied applications of drug chemistry. 

1.9.1 LC-MS methodology 

 

Proteomics has gained much attention in this post-genomic world. Over the last couple of years, 

several LC-MS based methods have been developed for proteomics studies. 

1.9.1.1 Top-down approach 

Mass spectrometry-based proteomic studies have been typically carried out using bottom-

up approach (240,241) as described above. Inferred identification of proteins from peptide 

fragments, may lead to loss of information regarding PTMs or variations in the peptide sequence. 

The top-down MS approach to solving these problems is via the introduction of the intact peptide 
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to the MS, measuring both intact and fragmented peptides (Figure 1.23). This allows for full 

sequence coverage, proteoform characterization, identifying specific molecular forms of the 

protein resulting from genetic variation, PTMs and alternative splicing (242). The ability to 

perform intact protein characterization has led to the widespread use of top-down MS approaches 

(243–248). However, the challenges in carrying out intact protein proteome-wide analyses using 

top-down proteomics (in areas like proteome coverage, sensitivity, and throughput) has caused 

employment of these techniques to lag behind the use of bottom-up methodology. But, advances 

in MS, separation techniques and bioinformatics have driven top-down MS towards becoming an 

essential tool and better alternative to peptide digest methods (249). 

With the continuous use and complexity of samples analyzed, data processing must also 

be able to meet this increasing demand. The first tool used for intact protein identification was 

ProSight PTM (250,251), which was later updated to ProSight 2.0. The latter had the ability to 

include fixed modifications like cysteine alkylation and N-terminal modifications like N-terminal 

acetylation (251). ProSightPC, a desktop version contains a high-throughput mode for rapid 

analyses via the TRASH algorithm (252). It is also used in computing clusters for processing 

large amounts of top-down data (253). There are alternatives to ProSight, though with limited 

use (254,255). These include tools like BIG Mascot or MascotTD which use a bottom-up 

software of Mascot (256) but with an extended cut off mass of 110 kDa from the typical 16 kDa 

(254). PIITA (precursor ion independent top-down algorithm) is another alternative tool for 

comparing tandem mass spectra against a database (255). 
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1.9.1.2 Bottom-up approach 

This approach involves the enzymatic digestions of proteins and subsequent analyses of 

the resulting peptides by tandem MS (Figure 1.23) (257,258). Two approaches are used for 

further protein identification. In one, the peptides are subjected to a direct search against a 

protein or genome database. The other entails performing a tandem mass spectrometric analysis 

(MS-MS) to obtain a mixture of peptide fragments (259). The pattern of fragmentation is 

indicative of the amino acid sequence. Cleavages from the N-terminus of peptide fragments are 

„b‟ ions and those from the C-terminus are classified as „y‟ ions. Based on molecular weight, 

sequences are selected from the database (Mascot, Pepsea, Mowse etc.) and their predicted 

patterns compared with those obtained from spectra. If most of the ion fragments match, it is 

termed a good fit. Tandem MS provides information with higher accuracy since the data is built 

from highly specific information. It is also essential in identifying type and site of modification 

(260) and can also identify proteins in a mixture (257,260,261).  MS systems used for bottom-up 

approach include 3D and linear ion trap (262,263), quadrupole-time-of-flight (264), Orbitrap 

(265), Fourier-transform ion-cyclotron resonance (FTICR)-MS (266) etc. 
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Figure 1.23: Schematic illustration of the differences between top-down and bottom-up mass 

spectrometry-based proteomics approaches. 
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1.10 Fluorescence and techniques in drug discovery and screening 

 The advances made towards the development of a high throughput screening (HTS) 

system presented in this dissertation utilize intrinsic and extrinsic fluorescence. Presented in this 

section are brief descriptions and applications of fluorescence approaches in drug screening. 

1.10.1 Energy states of a fluorophore 

The processes of absorption and fluorescence can be explained by a typical Jablonski 

diagram (Figure 1.24). A single electronic ground state with a variety of vibrational energey 

levels is represented by S0. Absorption of a photon by the fluorophore produces excitation to S1. 

Some molecules rapidly relax to lower vibrational levels in a process called internal conversion, 

occurring in a time frame of about 10
-12

 s or less. Fluorescence lifetimes are usually in the 

nanosecond range.  

The return to S0 usually occurs to a higher excitable vibrational state which rapidly 

attains thermal equilibrium in about 10
-11

 s. From the S1 state, molecules can undergo spin 

conversion to a triplet state T1. From T1 to S0, this emission is termed phosphorescence and it 

occurs at a higher wavelength. The transition from S1 to T1 is called intersystem crossing. 
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Figure 1.24: Jablonski diagram showing the excitation from ground state S0 to an excited singlet 

state S1which may undergo vibrational relaxation or intersystem crossing to a transition state T1. 

Emission from T1 to S0 results in phosphorescence while emission from S1 to S0 is called 

fluorescence.  

 

 Fluorimetric measurements are usually classified into two categories – steady-state and 

time-resolved (267). Steady-state measurements require constant illumination of the sample with 

a continuous beam of light while recording the emitted spectrum using a scanning 

monochromator, adjusted for desired wavelengths and data correction (268). Steady-state spectra 

are collected under equilibrium conditions, wherein the vibrational and solvent induced 

relaxation of all excited species are completed and rates of excitation and emission under said 

illumination conditions are equal. In contrast, time-resolved fluorimetric measurements are done 

with a pulsed light source. The corresponding fluorescence decay data are monitored using rapid 

detection systems. Steady-state observations are an average of several time-resolved emissions 

over fluorescence decay of the sample.  
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1.10.2 Implications of tryptophan in protein fluorescence 

 Trp, Tyr and Phe are the three fluorescent amino acids found in proteins, with Trp being 

the most abundant and most widely used in fluorescence as a reporter of protein stucture, 

dynamics and function (269). The latter is as a result of its comparatively higher quantum yield 

and senstitivity to its environment (270–272). The quantum yield of Trp can vary from 0.35 – 

0.01 based on its environment (273). This change is thought to be associated with electron 

transfer from the peptide backbone or from surrounding residues (274–276). In addition to its 

sensitivity, Trp has at least two different fluorescent lifetimes (~0.5 and ~3.1 ns)  (277,278) 

which have been shown to be inherent to its structure but independent of its excitation 

wavelength (279). Interestingly, a third Trp fluorescence lifetime is observed in ethanol, thought 

to be from interactions between hydrophobic and hydrophilic dipoles or ethanol and Trp (279). 

 However, interpretation of data from Trp fluorescence can be quite challenging, taken 

together the low photostability and its absorption/emission at UV region. Though this research 

makes use of natural Trp fluorescence, unnatural Trp can also be used. Significant efforts have 

been made to identify small unnatural fluorophores to solve this problem (280–286).  Unnatural 

fluorophores like prodan (285) and aladan (280) have been used to overcome this. Unfortunately, 

they are larger in size than Trp, making them less attractive in application requiring unique 

flourophore sizes and structure. Trp analogues like azatryptophan (281,282,287) have also been 

used to substitute for the natural Trp. Though some analogues show enhanced fluorescent 

properties over Trp, they all lack photostability. Recently, a new analogue 4-cyanotryptophan 

has been shown to solve the photostability issues (288,289). It has a reasonably higher molar 

extinction coefficient (~6000 M
-1

cm
-1

), a fluorescence lifetime of about 13.7 ns, a quantum yield 
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greater than 0.8 (288). These enhanced spectroscopic properties make it a suitable molecule for 

intrinsic fluorescence studies. 

1.10.3 Fluorescence quenching  

 

Fluorescence quenching has become a vital tool in protein research since it usually 

requires small sample volumes and using intrinsic fluorescence quenching information can be 

gathered on the location of the fluorophore (usually Trp) within the macromolecule (290–293). 

Quenching can either be collisional or static. In collisional quenching, fluorescence is quenched 

on contact with quencher. Flourophore returns to the ground state during a diffusive encounter 

with a quencher. Both molecules remain chemically unaltered in the process.  This can be 

described by the Stern-Volmer equation: 

  

 
    [ ]         [ ]…………….………………………………Eq. 9 

Where K is the Stern-Volmer constant, kq represents the bimolecular quenching constant,    is 

the unquenched lifetime, and [Q] represents concentration of quencher. Fo and F are fluorescence 

intensities in the absence and presence of Q, respectively. The value of K quantifies the 

sensitivity of fluorophore to quencher, buried or water-inaccessible flourophores usually have 

lower K values. Larger K values are observed if fluorophore is water accessible or at the surface. 

Other than collisional quenching, some fluorophores are able to form non-fluorescent complexes 

with quencher molecules. This is termed static quenching since it occurs at the ground state and 

is independent of molecular collisions or diffusive encounter. 
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1.10.4 Fluorescence anisotropy 

 

Fluorescence anisotropy has a wide range of applications in biological and chemical 

assays. It provides a measure of protein interactions, information on proteins molecular 

environment, conformational dynamics, protein-protein interactions, the environment of different 

fluorophores etc. (294–298). Both extrinsic and intrinsic fluorophores can be used for 

fluorescence anisotropy measurements. Trp anisotropy is low when flourophore motions are 

rapid and high when motions are slow. 

The measurements are based on wavelength selective excitation of the desired 

fluorophore by polarized light. The fluorophores absorb photons with vectors aligned parallel to 

that of fluorophore (Figure 1.25). In an isotropic solution, fluorophores have no unique 

orientation. Upon excitation only those whose transition dipoles are oriented parallel to the 

excitation vector are excited. The result of this selective excitation is partial emission and partial 

polarization. Fluorescence anisotropy (r) and polarization (P) are defined by 

 

  
     

      
……………………………………………………...….Eq. 10 

 

 

  
     

     
……………………………………………………………Eq. 11 

 

Where    and    represent fluorescence intensities due to vertically and horizontally polarized 

emission when excited with vertically polarized light (see diagram below).  

There are several factors that account for lower experimental anisotropy values than 

theoretically predicted. A common one is a rotational diffusion which displaces the emission 

dipole of the fluorophore causing a decrease in emission. In fluids most fluorophores rotate in 

about 50 – 100 ps, resulting in multiple rotations during a 1- 10 ns excitation lifetime and 
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randomly polarized emission. As a result of this fluorophores in non-viscous solutions tend to 

have near zero anisotropies. Rotational diffusion can be decreased if the fluorophore is attached 

to a macromolecule like protein (299). 

 

 

Figure 1.25: A schematic diagram showing measurement of fluorescence anisotropy 

 

 

1.10.5 Resonance Energy transfer  

 

Resonance energy transfer (RET) is unique in its ability to detect and measure spatio-

molecular interactions between fluorescent molecules within a 10 – 100 Å range and is very 

applicable to bioassays. RET entails a non-radiative transfer of energy from an excited 

chromophore (donor, D) to another (acceptor, A) via intermolecular long-range dipole-dipole 
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coupling (300). Non-radiative energy transfer implies photons are neither emitted or absorbed, 

hence the name resonance energy transfer and not FRET. 

For effective energy transfer over this 10 - 100 Å distance there must be a considerable 

overlap between the emission spectrum of the donor and the absorbance spectrum of the 

acceptor, and the quantum yield of D and the absorption coefficient of A should be sufficiently 

high. As a requirement for dipole-dipole interaction to occur, there must be a favorable 

orientation of the transition dipoles of D and A relative to each other or either one or both 

chromophores must have a certain degree of rapid rotational freedom for favorable orientation of 

their individual dipoles (301). The rate of energy transfer is given by  

 

       
 

  
 
  

 
  …….…………………………………………..Eq. 12 

  

Where r represents donor-acceptor distance and    represents lifetime of donor without energy 

transfer to acceptor. The efficiency of a single donor-acceptor transfer pair at a fixed distance is 

given by 

   
  

 

  
     ………………………………………………....Eq. 13 

 

The extent of transfer depends on r. for biological molecules Forster radii are in the range 

of 30 – 60 Å making energy transfer a useful tool for measuring distances between different 

protein binding sites (302). 

1.10.6 Time-gated fluorescence – Homogenous time-resolved fluorescence (HTRF) 

Elements, especially of the lanthanide series have long been applied as tracers for time-

resolved fluorescence. Europium chelates (303) and cryptates (304) have also been applied to 
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immunoassays. A variety of RET assays have been developed using lanthanide complexes as 

donors (305,306), commonly referred to as time-resolved energy transfer (TRET). A major 

advantage of TRET systems is the vast difference in donor-acceptor lifetime (s to ms) from low 

lifetime background components (< 10 ns). Hence fluorescence in gated to received delayed 

signals, typically beyond 10 ns post excitation.  

1.10.7 Fluorescence lifetime (FLA)                                                                                                                                             

Representing molecular property of a fluorophore and its molecular environment, 

fluorescence lifetime has been a wide range of scientific applications (301). The sensitivity and 

intrinsic properties of this technique make FLA a valuable tool for HTS applications (307–309).  

There are two main methods generally applied for FLA; frequency and time domain data 

acquisition. In the frequency domain, phase shift fluorescence lifetime and the demodulated 

fluorescence emission are calculated with the use of sinusoidal modulated light (310,311). In 

time domain fluorescence, lifetimes are measured from time-dependent emission decay after the 

application of brief excitation pulses like time-correlated-single-photon-counting (312,313). 

However, the biological applications of FLA are limited since fluorescence lifetimes resulting 

from environmental quenching and/or solvent polarity effects are very unpredictable. So, recent 

advancements in assay development use additional quencher labels to monitor lifetime changes 

during binding (307). 
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Chapter 2 

 Slow-binding inhibition of Mycobacterium tuberculosis shikimate kinase by manzamine 

alkaloids 

This chapter is recovered from a publication of the same title:  Simithy, J.; Fuanta, N.R.; 

Alturki, M.; Hobrath, J.V.; Wahba, A.E.; Pina, I.; Rath, J.; Hamann,
 
M.T.; DeRuiter, J.; 

Goodwin, D.C.; Calderón, A.I. Biochemistry, 2018, in press (DOI 10.1021/acs.biochem. 

8b00231). JS and NRF contributed equally as first authors. 

2.1 Abstract 

Tuberculosis (TB) possess a significant public health challenge and there is urgent need for novel 

potent antitubercular agents.  This chapter focuses on screening and mechanistic evaluation of a 

small marine sponge metabolite and its derivatives against Mycobacterium tuberculosis (MtSK). 

However, most comparisons will be made using the scaffold manzamine A (1) and one of its 

derivatives 6-cyclohexamidomanzamine A (6). This small, yet promising group of compounds 

called manzamines that have previously shown to be active against M. tuberculosis were 

characterized as MtSK inhibitors: manzamine A (1), 8-hydroxymanzamine A (2), manzamine E 

(3), manzamine F (4), 6-deoxymanzamine X (5), and 6-cyclohexamidomanzamine A (6). 

Interestingly, all these compounds showed mixed-noncompetitive inhibition of MtSK with 6 

being the most potent.  They all showed time-dependence with a two-step slow binding 

inhibition. 1 showed typical tight binding characteristics with an apparent KI of ~ 30 µM and 
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forward (k5) and reverse (k6) rate constants for isomerization to a tightly-bound EI* complex of 

0.18 min
-1

 and 0.08 min
-1

, respectively. Contradistinctive to 1, 6 showed a lower KI for the initial 

encounter complex (~ 1.5 M), substantially faster isomerization to EI* (k5 = 0.91 min
-1

), and 

slower back conversion of EI* to EI (k6 = 0.04 min
-1

). Thus, the overall inhibition constants, KI*, 

for 1 versus 6 were 10 µM and 0.06 µM, respectively. Our data aligns with docking predictions 

of a first, favorable binding mode and a second, less tightly bound pose for 6 at MtSK. Our 

results suggest that manzamine alkaloids, 6 in particular, constitute a new scaffold from which 

potential drug candidates with novel mechanisms of action could be designed for the treatment of 

tuberculosis by targeting MtSK.  

2.2 Introduction 

Tuberculosis (TB) still stands a major health scare being and is second leading cause of 

mortality form a single infective agent (314).
 
 Complicated by the emergence of HIV-TB co-

infection, multi-drug resistant (MDR) and extensively drug-resistant (XDR) strains of 

Mycobacterium tuberculosis, there is an urgent need for new therapeutics. In 2012, a new drug 

(SIRTURO
TM 

Bedaquiline) that targets M. tuberculosis ATP synthase was approved by the Food 

and Drug Administration (FDA) exclusively for the treatment of MDR-TB (315,316).
 
It was the 

first drug approved in over four decades for the treatment of TB. Unfortunately, Bedaquiline has 

already been associated with an increased risk of potentially fatal heart conditions, further 

stressing the unmet need for safer antitubercular drugs with novel targets and mechanisms of 

action to treat resistant forms of the disease (317,318).
  

Recently identified targets essential for M. tuberculosis survival and persistence include  

shikimate kinase (MtSK) from the shikimate pathway (319).
 
 This pathway is responsible for the 
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biosynthesis of aromatic compounds in microorganisms and higher plants, and gene knock-out 

studies have established that it is an essential enzyme and a valid target (320).
 
 MtSK, the fifth 

enzyme of the pathway, catalyzes the phosphorylation of shikimate (SA) using ATP to form 

shikimate-3-phosphate (S3P) and ADP (321).
  
With no mammalian counterpart, MtSK makes an 

attractive target for the design of drugs specific to the M. tuberculosis pathogen with reduced risk 

of toxicity in the human host (99,322)
 
. 

Some of the strategies for the development of new drugs for the treatment of TB include 

the phenotypic and target-based screening of libraries of small molecules and natural products to 

identify novel chemical entities, the repurposing of existing antibiotics, and the modification of 

existing scaffolds with known antimicrobial activities (323–325). Although optimization of 

existing drugs can shorten the length and reduce the cost of the drug discovery process, more 

efforts are being directed towards the combination of whole-cell screening followed by target-

based screenings. Using this integrated approach, compounds that can penetrate the 

mycobacterial cell wall and also inhibit the activity of a validated target can be identified (326–

328).
 

For millennia, natural products have played a pivotal role in the treatment and prevention 

of many diseases (329). Some first- and second-line anti-TB drugs (e.g., rifampicin, 

polypeptides, cycloserine, and aminoglycosides) are derivatives of natural products, supporting 

the role of natural products in generating novel chemical entities and new drug classes (326,330).
 
 

In the past, more attention was directed towards plants as sources for bioactive lead compounds 

and antibacterials (331).
 
 However, more recently, marine organisms have come into focus as 

potential sources for new therapeutic agents against infectious diseases including TB (332). In 

particular, manzamine alkaloids, a novel structural class of compounds isolated from Indo-
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Pacific marine sponges, have been reported to possess anti-inflammatory, antiparasitic, 

insecticidal, and antibacterial activities with potential for their development against malaria and 

TB (333–337).
 
 

The manzamines contain a complex polycyclic ring system coupled to a β-carboline 

moiety (Figure 2). Manzamine A, first isolated in 1986, has been followed by more than 80 

manzamine and manzamine-related alkaloids obtained from more than 16 different species of 

marine sponges (338,339). Manzamine A, the archetype of the group, has shown promising 

antitubercular activity in vitro with an MIC value of 1.5 µg/mL (M. tuberculosis strain H37Rv), 

an activity comparable to the first-line drug for TB treatment, rifampicin (MIC 0.5 μg/mL) 

(339,340).
 
    

Figure 2: Structures of manzamines presented in this chapter. Manzamine A (1), 8-hydroxy 

manzamine A (2), manzamine E (3), manzamine F (4), 6-deoxymanzamine X (5), and 6-

cyclohexamidomanzamine A (6). 
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Despite their promising anti-tubercular activity, the cytotoxicity of the manzamines has 

been a major drawback for their development into drugs. One proposed mechanism for their 

cytotoxicity posits the planar β-carboline moiety as a DNA intercalating agent (341).
 
 Consistent 

with this notion, amidation of the β-carboline ring to produce 6-cyclohexamidomanzamine A 

(Figure 2) eliminated the cytotoxicity observed for manzamine A but produced only a modest 

reduction in activity against M. intracellulare (IC50 = 1.26 µM) relative to manzamine A (IC50 = 

0.640 µM) (342). 

To date, mechanisms underlying the potent biological activities of these alkaloids remain 

unclear. In this report, we have screened a library of 26 marine-derived alkaloids against MtSK. 

From them, six inhibited MtSK, including manzamine A (1), 8-hydroxymanzamine A (2), 

manzamine E (3), manzamine F (4), 6-deoxymanzamine X (5), and 6-cyclohexamidomanzamine 

A (6) (Figure 2). Initial kinetic evaluations showed all six to be mixed non-competitive 

inhibitors of the enzyme, with 6 showing the lowest KI values against all forms of MtSK (free 

enzyme, each enzyme-substrate binary complex, and the enzyme-substrate ternary complex). 

Further analyses revealed that each compound also showed time-dependent inhibition of MtSK. 

Only 6 showed isomerization of the initial EI complex to a more tightly-bound EI* complex. 

Again, 6 showed the most favorable properties as an inhibitor with the highest forward and 

lowest reverse rate constants for the isomerization step. Inhibitor jump-dilution experiments 

confirmed that 6 was the only slow, tight-binding inhibitor distinct in its potency from the other 

manzamines tested. Indeed, the KI* value obtained for 6 was at least 40-fold lower than that 

obtained for any of the other manzamines. Docking simulations of 6 with MtSK predicted two 

possible binding modes for this compound in the substrate binding pockets of MtSK. In the most 

favorable pose  1 obtained, the 6-cyclohexamido moiety occupied the shikimate binding site, 
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while in an alternative pose 2 overlapped with the co-crystallized ADP. Our results suggest that 

manzamine alkaloids may be viable lead compounds for the development of antimycobacterial 

drugs and that MtSK may be a fruitful target for manzamines and other compounds to exert their 

antitubercular activity.  

2.3 Materials  

Manzamine A (1), 8-hydroximanzamine A (2), manzamine E (3), manzamine F (4), and 

6-deoxymanzamine X (5), were isolated from a common Indo-Pacific sponge, 

Acanthostrongylophora sp., collected from Manado, Indonesia through an optimized isolation 

procedure (340). 6-cyclohexamidomanzamine A (6) was synthesized by amidation of 

aminomanzamines (342). All compounds evaluated on this study were supplied with a minimum 

purity of 90% as analyzed by HPLC or 
1
H-NMR.  Dimethyl sulfoxide (DMSO), shikimate-3-

phosphate (S3P) used for the calibration curve, the substrates adenosine-5'-triphosphate (ATP) 

and shikimate (SA) were purchased from Sigma-Aldrich (St. Louis, MO).  All organic solvents 

were HPLC or LC-MS grade and were purchased from Thermo Fisher (Hanover Park, IL).  All 

buffers and media were prepared using water purified by a Milli-Q purification system 

(Millipore, Billerica, MA). MtSK was expressed and purified following procedures described in 

a previous report (343). The purity of the protein after Ni
2+

 affinity chromatography was 

determined by SDS-PAGE and LC-ESI-MS, and aliquots were stored at −80 °C in 50 mM Tris-

HCl, pH 7.4; 0.5 M NaCl. 
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2.4 Methods  

2.4.1 MtSK inhibitor screening by LC-MS  

 The inhibitory effect of the small library of marine-derived compounds was evaluated by 

an end-point LC-MS enzymatic activity assay based on the quantitative measurement of the 

reaction product shikimate-3-phosphate (S3P) (m/z = 253.0117 [M - H]
-
).  All assays were 

performed at 25 °C as described previously, using 100 mM ammonium acetate, pH 7.6, 50 mM 

KCl and 5 mM MgCl2 in a reaction volume of 500 µL (343). Primary screening was carried out 

by measuring the activity of MtSK in the presence of each compound (50 μM) dissolved in 

DMSO at saturating concentrations of the substrates ATP (1.2 mM) and SA (5 mM).  Reactions 

were initiated by the addition of 0.2 μM of MtSK, for 30 seconds and quenched by the addition 

of 2 µL of 98% formic acid and vortexing.  Negative control experiments were carried out in the 

same manner in the presence of DMSO.  For mass spectrometric analyses, 5 L of each reaction 

mixture were injected onto the HPLC system.   

2.4.2 LC-MS analysis 

Reversed-phase HPLC separation of the reaction mixtures was performed on an Agilent 

1200 RRLC system, using a Zorbax Eclipse Plus Phenyl-hexyl (4.6 x 100 mm 3.5 μm, Agilent 

Technologies, Inc.) column.  The mobile phase consisted of water with 0.1% (v/v) formic acid 

(A) and acetonitrile 100% (B) with a gradient elution as follows: 0 min, 2% B held for 4 min, to 

30% B in the next 2 min.  Each elution was followed by a 1 min post-elution with 2% B. The 

total elution-time analysis was 7 min at a flow rate of 0.4 mL/min and column temperature of 45 

°C. Mass spectrometry was carried out in an Agilent (Little Falls, DE) 6520 Accurate-Mass Q-

TOF under negative ionization mode using a narrow m/z range (m/z 100-300).  Nitrogen was 

used as the nebulizing gas (25 psig) and drying gas (10 L/h, 350 °C).  A capillary voltage of 3200 
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V was used for the ESI source, and the fragmentor voltage was set to 175 eV.   For quantification 

of S3P, extracted ion chromatograms (EIC) of m/z 253.0117 [M - H]
-
 were integrated using 

Agilent MassHunter Workstation Qualitative Analysis software (version B.02.00), and the peak 

area was used to evaluate enzymatic activity. 

2.4.3 Kinetics of inhibition of manzamine alkaloids  

Initial assessment of compounds 1 - 6 was carried out to determine the mechanism of 

rapid-reversible inhibition exerted by each.  A range of concentrations (0 - 250 μM in DMSO) for 

compounds 1 – 5 and (0- 50 μM in DMSO) for compound 6 was evaluated to determine the 

effect on the linear initial rates of MtSK activity. For these experiments, there was no pre-

incubation of enzyme with the manzamines (1 – 6).  For each concentration of 1 – 6, five ATP 

concentrations varying from 0.05 to 1.2 mM were evaluated, while keeping the SA concentration 

constant at saturating concentrations (i.e., 5 mM SA against an apparent KM with respect to SA 

of 0.53 mM). Likewise, five different concentrations of SA ranging from 0.2 to 5 mM were used 

for each concentration of 1 – 6, while the concentration of ATP was kept constant at a saturating 

concentration (i.e., 1.2 mM ATP against an apparent KM with respect to ATP of 0.20 mM) (343).
 
 

Each reaction was initiated by the addition of MtSK (0.2 µM), allowed to proceed for 30 

seconds, and then quenched as described above.   

The initial rate data were evaluated using GraphPad Prism 5.02 software (Mountain 

View, CA) in two ways. In the first, all data obtained from varying SA against a constant 

concentration ATP were fit to one of four common models of inhibition (competitive, 

uncompetitive, non-competitive, and mixed-noncompetitive). The same was done for all data 

obtained by varying ATP against a constant concentration of SA. As described below, both data 
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sets were best fit by a mixed-noncompetitive model where compounds show unequal affinities 

for the free enzyme (E) versus the enzyme-substrate (ES) complexes. That is, the ratio of 

KI(ES)/KI(E)  1, and in all cases reported here KI(ES)/KI(E) values were ≥1(344). In the second 

approach, each hyperbolic curve in a set (e.g., varied ATP, constant saturating SA, and a chosen 

concentration of 1 – 6) was fit individually to a Michaelis-Menten equation (1), where S 

represents the substrate whose concentration was varied in order to obtain an individual 

           
𝒗 

[E] 
 

 𝒌        [S]

 𝑲      [S]
           

apparent kon (i.e., [kcat/KM]app) with respect to the varied substrate and an apparent kcat in the 

presence of a given concentration of inhibitor and saturating concentrations of the second 

substrate.  The effects of inhibitor concentration on these two parameters were then evaluated in 

secondary plots to make assessments regarding the mechanism of inhibition and then determine 

KI‟s involved. 

Given the random sequential kinetic mechanism of MtSK catalysis, (345) we interpreted 

our results in the context of a cubic model (Figure 2.1). In this model, the term “α” accounts for 

the ratio of KATP for the free enzyme (E) versus the enzyme bound to shikimate (E-SA), and the 

complementary situation applies for KSA. Since each binding sequence establishes a 

thermodynamic square, α applies to both substrates (i.e., KSA *α KATP = α KSA *KATP). Previous 

reports indicate that the value of α is close to 1.(345) The cubic model allows that the inhibitor 

may bind to any form of the enzyme (E, E-SA, E-ATP, and E-SA-ATP) where each form of the 

enzyme has its own KI for a given inhibitor. These are, respectively, KI, KI, KI, and KI.  
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Figure 2.1: Kinetic model for the mixed-type inhibition of MtSK reaction with shikimate (SA) 

and ATP by manzamine compounds. 

 

From fitting the mixed-noncompetitive inhibition model to experiments where ATP 

concentration is varied, the Prism-designated “KI” corresponds to KI, and the Prism-designated 

“KI” corresponds to KI (i.e., the “” returned by the software corresponds to  in the cubic 

model). Similarly, when SA is the varied substrate, the KI corresponds to KI and the Prism-

designated “KI” corresponds to KI (i.e., now “” refers to  in the cubic model). The 

dissociation constant for the inhibitor binding to the free enzyme (KI) can be estimated by 

dividing KI (obtained from experiments where ATP was varied),  (obtained from experiments 

where SA was varied). The same was determined using KI and  from the complementary 

experiments (i.e., where SA was varied, and ATP was varied, respectively). Importantly, there 

was good agreement between both estimations of KI. 

To ensure that the mixed-noncompetitive model was a model well supported across the 

data we collected, we also used an approach where each curve was individually fit to a 
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Michaelis-Menten equation. Briefly, a hyperbolic decrease in apparent kcat with increasing 

inhibitor concentration was fit to obtain KI (Equation 2). In principle, 

                      
    

(   
[I]

βγ  
)
    𝟐  

the same value should be obtained whether SA or ATP is the substrate varied to obtain the 

individual curves. For individual curves where SA is the varied substrate, the hyperbolic 

decrease in apparent kcat/KSA with increasing inhibitor concentration can be fit to obtain KI 

(Equation 3). Likewise, when ATP is the varied substrate, the decrease in apparent kcat/KATP with 

increasing concentration of inhibitor can be fit to obtain KI (Equation 4).  
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 Importantly, where there was overlap in determined dissociation constants across both 

methods (e.g., KI and KI), there was close agreement, indicating the mixed-noncompetitive 

inhibition model and the equilibrium dissociation constants obtained from it provided a 

reasonable description of the initial encounter of MtSK with these two inhibitors. 

2.4.4 Slow, tight-binding inhibition of MtSK activity  

Initial kinetic experiments which included a pre-incubation of MtSK and a given 

manzamine (1 – 6) produced greater MtSK inhibition, suggesting the inhibition involved a time-
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dependent mechanism. Therefore, two methods were used to characterize the slow-binding 

component of the inhibition.
 
In the first, preincubation times of MtSK (0.2 µM) with various 

fixed concentrations of inhibitors (0 – 250 μM) were varied (0 – 60 min). The MtSK activity 

remaining following incubation was measured by initial rates of S3P production as described 

above.  For the second approach, MtSK (2.5 nM) was used to initiate S3P formation in reactions 

containing both substrates and some concentration (0 – 150 μM) of 1 – 6. The progressive 

decrease in rate of S3P formation by MtSK was monitored for 20 min. All reactions were 

performed using the same buffer and conditions as described above. Data generated using the 

first approach were analyzed by Equation 5 for time-dependent inhibition:  

                               

where vt is the measured steady-state velocity after preincubation time t, and vi represents the 

steady-state velocity measured at preincubation t = 0. kobs is the apparent first-order rate constant 

for the loss of activity with preincubation time. Progress curves generated using the second 

approach were analyzed by Equation 6 for slow-binding inhibition:  

 

     [ ]      (
     

    
)                             

 

where [P] represents the amount of S3P generated by MtSK at time t, vi and vs represent the 

initial and final steady-state rates, respectively, in the presence of inhibitors, and kobs is the rate 

constant for the transition from the initial to final steady-state rates of MtSK reaction.   

Scheme 1 below describes a two-step mechanism that can account for the slow binding of 

inhibitors.  The first step involves the formation of a loose initial encounter complex (EI), and 
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the second step involves the slow isomerization of the enzyme to form a higher affinity complex 

(EI*): 

 

 

 

Scheme 1. Two-step mechanism for slow binding inhibition 

In this type of inhibition, the value of kobs is a saturable function of [I] conforming to 

Equation 7. Therefore, plots of kobs versus inhibitor concentration yield a rectangular hyperbola, 

where the y-intercept is nonzero and indicates the rate constant k6.  The maximum value of kobs 

approached as an asymptote with increasing concentration of inhibitor is equal to k6 + k5.  The 

concentration of inhibitor yielding a half-maximal value of kobs is equal to the apparent 

dissociation constant for the initial enzyme-inhibitor complex (KI) and the true affinities (KI*) or 

dissociation constants of the high-affinity enzyme-inhibitor complex were calculated according 

to Equation 8.(346) 
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2.4.5 Jump dilution experiments.  

MtSK (20 µM) was incubated with 1 mM of a given manzamine (1 – 6) for 1 h. The 

reaction was initiated by diluting the EI complex in 1.2 mM ATP and 5 mM SA in 100 mM 

ammonium acetate, 50 mM KCl and 5 mM MgCl2, pH = 7.6 to a final enzyme concentration of 

0.2 µM. Reactions were quenched with formic acid at times ranging from 0 - 60 min. Quenched 
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reactions were analyzed by LC-MS as described above to quantify S3P. Concentration of S3P 

produced was plotted against reaction time. Data were fit to Equation 9: 

[S3 ]  [ ]   
 

     

[                          }             

where [A] is the total concentration of S3P generated by MtSK over the reaction (i.e., the 

amplitude) and k1 and k2 are the rates governing the recovery of activity from EI*. The slower of 

the two is taken to represent k6 from Scheme 1.   

2.4.6 Computational Methods 

The MtSK crystal structure (PDB code 2DFT) (321) was refined by applying the Prime 

preparation and refinement tools of the Protein preparation wizard implemented in the 

Schrödinger software package (Schrödinger, LLC).  After the addition of hydrogen and detection 

of disulfide bonds, the structure was optimized by applying default parameters of the Impref 

utility using the OPLS2001 force field.  The maximum allowed root-mean-square deviation 

between the refined structure and the input crystal structure was 0.3. Ligand structures were 

prepared using the LigPrep utility at pH = 7.4. The Induced Fit program of the Schrödinger 

software applies the Glide docking method combined with Prime structural refinement tools to 

account for the flexibility of protein side chains within 5 Å of the ligand during docking.  Three 

docking set-ups were used in the docking runs, defining the center of the docking grid based on 

the centroid position of ligands present in the MtSK crystal structures as follows: a. SA, b. ADP 

and c. the center of mass of SA and ADP.  The latter site definition allowed docking into the 

region that included both the SA and the ATP binding site.  Induced Fit settings were at default 

values except the size of the box enclosing the targeted site, which was set to 30 Å.   
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2.5 Results and discussion  

 For all the manzamines examined (1 – 6), the effects of their concentrations on the MtSK 

reaction kinetics with varying concentrations of substrates were best fit by a mixed-type 

inhibition model. Data obtained for 1 and 6 are shown in Figures 2.2 and 2.3. The data for 2-5 

are shown in Figures 2.1- 2.4 (Appendix 1). A decrease in apparent kcat with increasing inhibitor 

concentration (observed for 1 – 6) suggested that the mechanism of inhibition could not be 

exclusively competitive. However,
 

a decrease in apparent kcat/KM (with respect to either 

substrate) with increasing concentrations of 1 – 6 indicated that all six compounds bound to the 

free enzyme. As described below, values for  and  in all cases were  1, indicating the 

preference of the inhibitors for the free enzyme.  Visual inspection of double reciprocal plots 

(e.g., Figure 2.8 for 6) confirmed these conclusions. 

A mixed-type mechanism of inhibition with respect to both substrates implies that the 

manzamine alkaloids can bind to MtSK forming four different complexes, but their affinities for 

these forms can be different. Thus, there are likely four different dissociation constants within 

the system: one for inhibitor interaction with the binary complex E-SA (γKI), one for inhibitor 

interaction with the alternative binary complex, E-ATP (βKI), one corresponding to the ternary 

complex E-SA-ATP (βγKI), and one for the interaction of the inhibitor with the free enzyme E 

(KI) (Figure 2.2). 
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Figure 2.2: Non-linear least-squares analyses of rapid reversible inhibition by manzamine A (1). 

Data acquired varying [ATP] at fixed [SA] (and vice versa) were either fit to a global mixed-

noncompetitive mechanism of inhibition or as individual Michaelis-Menten curves. 

Concentrations of 1 evaluated were 0 (), 25 (), 50 (), 100 (), 150 (), and 200 () M.  
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Figure 2.3: Non-linear least-squares analyses of rapid reversible inhibition by 6-cyclohexamido-

manzamine A (6). Data acquired varying [ATP] at fixed [SA] (and vice versa) were either fit to a 

global mixed-noncompetitive mechanism of inhibition or as individual Michaelis-Menten curves 

Concentrations of 6 evaluated were 0 (), 3.12 (), 6.25 (), 12.5 (), 25 (), and 50 () M. 
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Figure 2.8: Effect of compound 6 on MtSK activity. The concentration of ATP was varied 

relative to a constant 5 mM shikimate concentration (A) or the concentration of shikimate was 

varied against a constant 1.2 mM ATP concentration (B) in the presence of 0 μM (), 3.12 μM 

(), 6.25 μM (), 12.5 μM (), 25 μM (♦), and 50 μM () of compound 6.  
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There was good general agreement on the values of , , KI, KI, and KI across our 

methods of data analysis, and this extended to our estimates of KI. Across all complexes, 

inhibition constants for 6 were 4- to 60-fold lower than those determined for the other 

manzamines 1 – 5 (Tables 2 and 2.1). For example, for 1,  and  were relatively small values 

(between 1 and 2), such that the range of inhibition constants observed for 1 was from ~140 M 

for free MtSK (i.e., KI) to ~250 M for the ternary MtSK-ATP-SA complex (i.e., KI). 

Conversely, for 6, values for  and  were both determined to be about three. Here, the inhibition 

constants ranged from ~30 M for the ternary complex (i.e., KI) down to ~3 M for the free 

enzyme (i.e., KI). Thus, overall, 6 is a far more potent inhibitor of MtSK than 1, and with its 

greater preference for free MtSK over the MtSK-substrate complexes, 6 shows an apparent 

affinity for free MtSK that exceeds 1 by about 50-fold. 

 

 

Table 2. Inhibition constants determined by varied [ATP], fixed [shikimate] 

Compound Inhibition Parameter
a
 

 β
b
 γKi

 
 (μM)

c
 γKi

 
(μM)

d
 βγKi (μM)

e
 est Ki (μM)

f
 

1 1.0 ± 0.4 210 ± 60 210 ± 20 205 ± 20 120 ± 60  

2 2 ± 1 76 ± 25 83 ± 22 180 ± 80 11 ± 7 

3 1.8 ± 1.0 180 ± 60 175 ± 44 312 ± 96 63 ± 46 

4 6.6 ± 3.6 121 ± 23 130 ± 15 1100 ± 660 40 ± 15 

5 6.6 ± 3.7 96 ± 18 105 ± 24 1000 ± 400 21 ± 8 

6 3.7 ± 1.0 8 ± 1 9 ± 2 32 ± 8 3.2 ± 0.9 
aShikimate held constant 5.0 mM; ATP was varied (0.05 – 1.2 mM) against a series of fixed inhibitor concentrations. 
bDetermined as “α” from fitting to a mixed-type inhibition model.  
cDetermined as “Ki” from fitting to a mixed-type inhibition model.  
dDetermined from replotting of (kcat/KATP)app vs. [inhibitor].  
eDetermined from replotting of (kcat)app vs. [inhibitor].  
fKi (i.e., dissociation constant for inhibitor binding to free MtSK) was estimated by dividing γKI from mixed-type fitting (this 

table) by γ from mixed-type fitting (Table 2). 



 

87 

 

 

Table 2.1. Inhibition constants determined by varied [shikimate], fixed [ATP] 

Compound Inhibition Parameter
a
 

 γ
b
 βKi

 
(μM)

c
 βKi

 
(μM)

d
 βγKi (μM)

e
 est Ki (μM)

f
 

1 1.7 ± 0.8 150 ± 50 160 ± 50 290 ± 60 151 ± 67 

2 7 ± 4 31 ± 10 22 ± 9 187 ± 46 15 ± 9 

3 2.9 ± 1.9 105 ± 39 139 ± 76 112 ± 20 58 ± 39 

4 3 ± 1 142 ± 32 141 ± 24 442 ± 68 22 ± 13 

5 4.5 ± 1.5 77 ± 15 44 ± 18 272 ± 73 12 ± 7 

6 2.5 ± 0.6 9.0 ± 1.5 7.6 ± 1.7 19 ± 3 2.4 ± 0.8 
aATP held constant at 1.2 mM; shikimate was varied (0.2 – 5.0 mM) against a series of fixed inhibitor concentration. 
bDetermined as “α” from fitting to a mixed-type inhibition model.  
cDetermined as “Ki” from fitting to a mixed-type inhibition model.  
dDetermined from replotting of (kcat/KSA)app vs. [inhibitor].  
eDetermined from replotting of (kcat)app vs. [inhibitor].  
fKi (i.e., dissociation constant for inhibitor binding to free MtSK) was estimated by dividing βKi from mixed-type fitting (this 

table) by β from mixed-type fitting (Table 1). 

 

Pre-incubation of MtSK with a fixed concentration of any of the manzamines (1 – 6) for 

60 min produced increased inhibition with time. Time-dependent inhibition is suggestive that a 

given inhibitor operates by either a slow-binding or irreversible mechanism of inhibition, 

wherein an initial EI complex undergoes a relatively slow transition (e.g., isomerization, 

conformational change, and/or covalent modification) to EI* (Scheme 1). Here, the rate constant 

k6 is either very small or zero, respectively. In either case, determination of inhibition constants 

using typical rapid-equilibrium methods could result in an underestimation of the true potency of 

active compounds.(347) In the presence of either 1 or 6, MtSK activity decreased exponentially 

with pre-incubation time (Figure 2.9). Notably, there was also a decrease in MtSK activity at 

preincubation t = 0 with increasing concentrations of 1 and 6. This confirmed a two-step 

inhibition mechanism where formation of the initial EI complex is reflected in the decrease along 

the y-axis with increasing inhibitor concentration, and the exponential decrease in activity 
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thereafter reflecting the transition to EI*.(348) Similar results were obtained with compounds 2 – 

5.  

 

 

Figure 2.9: Effect of inhibitor concentration and preincubation time on the activity of MtSK. 

MtSK was preincubated for the times indicated with 0 μM (), 10 μM (), 25 μM (), 50 μM 

(), 100 μM (), and 150 μM () of compound 1 (A), or 0 μM (), 3.12 μM (), 6.25 μM 

(), 12.5 μM (), 25 μM (), and 50 μM () of compound 6 (B).  

 

Because of the long pre-incubation times (≥ 1h) required for the experiments above, 

enzyme stability became a factor. Therefore, we instead monitored the burst-exponential 

decrease in rates of product formation over time in the presence increasing inhibitor 

concentration to determine the inhibition mechanism rate constants for 1 – 6. Using this 

approach, the progress curve in the presence of 1 displayed an initial burst followed by a linear 

steady-state generation of product (Figure 2.10A), diagnostic of a slow-onset of inhibition.(349) 

For 6, product formation appeared to be nearly linear but the rates were visibly reduced (Figure 



 

89 

 

2.10B) as compared to the uninhibited reaction, suggesting a more rapid conversion of EI to EI* 

than that of 1. For 1, kobs increased hyperbolically with inhibitor concentration. From the fit of 

the data to equation 8, the rate constants k5 and k6 were estimated to be 0.18 min
-1

 and 0.08 min
-1

, 

respectively, with a 
app

KI of 33 M (Table 2.2). For 6, the data revealed an upper limit for the 

sum k5 and k6 of 0.95 min
-1

 and indicated that the 
app

KI must be ≤ 2 M. This type of time-

dependent inhibition was also observed for each of the other manzamines as well (2 – 5). 

Whereas 2 and 3 behaved in a manner similar to 1, the time-dependence of inhibition by 4 and 5 

showed weak dependence on inhibitor concentration. As such, we were unable to reach the limit 

set by the sum of k5 and k6, and consequently, we were unable to determine 
app

KI or KI* for these 

compounds. 

 

Figure 2.10: Effect of inhibitor concentration and preincubation time on the activity of MtSK. 

MtSK was preincubated for the times indicated with 0 μM (), 10 μM (), 25 μM (), 50 μM 

(), 100 μM (), and 150 μM () of compound 1 (A), or 0 μM (), 3.12 μM (), 6.25 μM 

(), 12.5 μM (), 25 μM (), and 50 μM () of compound 6 (B).  
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Table 2.2. Inhibition constants slow and tight-binding inhibition models. 

Cmpd 
app

KI Μm KI
*

 μM k5 (min
-1

) k6 (min
-1

) 

1 33 ± 3 10 ± 2 0.18 ± 0.01 0.08 ± 0.01 

2 15 ± 11 2.4 ± 0.01 0.37 ± 0.09 0.07 ± 0.1 

3 55 ± 15 6.9 ± 0.9 0.09 ± 0.01 0.013 ± 0.004 

4 ND
a
 ND ND ND 

5 ND
a
 ND ND ND 

6 1.4 ± 0.9 0.06 ± 0.03 0.91 ± 0.03 0.04 ± 0.02
b
 

aTime-dependent inhibition evident, but k5 could not be reached, thus, appKI, KI, and k6, could not be determined. 
bDetermined from jump dilution experiments (see Fig. 6) 

 

Analyses of intact MtSK by ESI-MS following its incubation with 1 or 6 did not reveal 

any covalent modification of the MtSK protein (data not shown), eliminating one major 

mechanism of irreversible inhibition. To determine the value of k6 and in so doing distinguish 

whether the manzamines were irreversible or slow-binding inhibitors, a jump-dilution 

experiment was carried out for pre-formed complexes of MtSK with each manzamine (1 – 6). 

Upon 1:100 dilution into assay solution, recovery of activity as monitored by production of S3P 

was observed for MtSK preincubated with all six compounds (Figure 2.11). This confirmed that 

none of the manzamines act as irreversible inhibitors. Interestingly, only recovery of activity for 

MtSK reacted with 6, was substantially delayed, and a fit of the data to a double-exponential 

function (Equation 10) returned 0.04 min
-1

 as the value for the slower of the two exponentials. 

We interpret this as an estimate for k6 in the inhibition mechanism of 6. In contrast, no delay in 

the return of activity upon dilution was evident and only slightly diminished activity was 

observed where MtSK was reacted with 1 – 5. This suggested that EI* more readily reverted to 

EI with these compounds compared to 6. Consistent with a slow, tight-binding mechanism, the 

potency of 6 is enhanced by nearly 25-fold upon isomerization of the first initial enzyme-

inhibitor (EI) complex to form a more stable complex (EI*) (i.e., [1 + k5/k6] = 23.8; Table 3). We 



 

91 

 

obtained much more modest values for 1, 2, or 3 (i.e., [1 + k5/k6] = 3.3, 6.3, and 7.9, 

respectively; Table 2.2). Ultimately, KI* values estimated were 40-fold lower for 6 than any of 

the other manzamine inhibitors. Our results indicate that this resulted from a combination of a 

substantially lower KI for formation of the initial EI complex with 6 as well as a more facile 

isomerization of the initial complex to EI*. 

 

Figure 2.11: Recovery of MtSK activity following dilution of MtSK-inhibitor complexes. MtSK 

-incubated for 1 hour without any inhibitor () or with 1 mM 1 (), 2 (), 3 

(), 4 (), 5 (♦), or 6 () to achieve significant target inactivation. Enzyme-inhibitor 

complexes where then diluted 1:100 into a reaction buffer containing 5.0 mM shikimate, 1.2 mM 

ATP, and 100 mM ammonium acetate, pH 7.6, to follow enzyme reactivation.  

 

Compound 6 was docked into MtSK (PDB 2DFT)(321) targeting both, the shikimate and 

ATP binding site regions. Figure 2.12 illustrates that this compound may be accommodated in 

two alternative docked poses, which differ in the position and conformation of pyridoindole-
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cyclohexamide while the rest of the molecule shows close overlap. Of the two poses the binding 

model with more favorable contacts (pose 1) places the pyridoindole-hexamide moiety in a 

deeper cavity, where its cyclohexamide group occupies the shikimate binding pocket. In the 

alternative binding model (pose 2) the pyridoindole-hexamide moiety binds close to the surface, 

and the cyclohexamide group overlaps with the co-crystallized ADP. The latter pose may 

correspond to a weaker bound complex compared to pose 1. The most favorable binding model 

obtained in our docking study is pose 1, accommodated in a deep region of the MtSK active site 

(Figure 2.12B). This pose predicts the following interactions between compound 6 and MtSK 

(Figure 2.12C). Thr 115 participates in two, near optimal hydrogen bonding interactions with 

compound 6, while Glu 38 forms a salt bridge with a protonated amine of the ligand. The 

carbonyl oxygen of compound 6 coordinates the co-crystallized Mg
2+

. The guanidinium group of 

Arg117 forms positive charge – aromatic stacking interactions with the pyridoindol ring system. 

Arg 20 is hydrogen bonding with the N of the pyridine ring. Residues involved in favorable non-

polar contacts with the ligand are Pro 11, Val 35, Ile 45, Phe 49, Val 116, Pro 118, Leu 119 and 

Leu 132.   

Docking results suggested that compound 6 may adopt two alternative poses, blocking 

the binding of either substrate. Of these, the pose interfering with shikimate binding may 

represent the more tightly bound complex. These hypotheses are consistent with the mixed-type 

mechanism of inhibition suggested by our kinetic analyses. The presented model may be tested 

in future experimental designs elucidating interactions between manzamine A derivatives and 

MtSK residues. Furthermore, the active compounds in this study have been previously evaluated 

for their in vitro antibacterial activity against Mycobacterium tuberculosis (R37Rv). MIC values 

along with cytotoxicity in mammalian cells are summarized in Table 2.3. It is noteworthy that 
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the in vitro activity against M. intracellulare of the best candidate, compound 6 (1.8 µM), is 

comparable to that of the second drug of treatment for TB, ciprofloxacin (1.05 µM).    

 
 

Figure 2.12: Two docked poses of compound 6 are shown in the MtSK crystal structure, PDB 

code 2DFT (panel A).  The electrostatic potential surface of the MtSK binding site with docked 

poses 1 and 2 is shown in panel B, with analogous color scheme for the ligands as in A.  A close-

up view of docked pose 1 with MtSK residues closest to the ligand is displayed in panel C. All 

other atoms are colored by atom type.  
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 Kinetic profiling has demonstrated that several manzamines (1 – 5) inhibit MtSK though, 

only 6 follows the two-step mechanism where an initial EI complex undergoes a slow 

isomerization, resulting in a higher affinity EI* complex. Of the six manzamines evaluated, the 

6-cyclohexamido derivative of manzamine A (6) was clearly the superior inhibitor of MtSK, a 

property that was evident in both steps of the inhibition mechanism. Apparent KI values 

corresponding to mixed inhibition were lower for 6 than the other five manzamines regardless of 

the presence of either or both MtSK substrates. Similarly, a higher rate constant for conversion of 

EI to EI* (i.e., k5) along with the largest quotient between on and off rate constants (i.e., k5/k6) 

combined to yield a slow, tight-binding inhibitor with an overall inhibition constant (KI*) in the 

60 nM range, at least 40-fold lower than the other manzamines evaluated. 

Docking simulations of compound 6 at MtSK predicted two binding poses that differ in 

the pyridoindole-cyclo-hexamide region while the rest of the ligand structure closely overlaps 

between the two poses (Fig. 8). The most favorable binding mode is pose 1, in which the 

pyridoindole-cyclo-hexamide occupies a deep lying region of the binding site. Its 6-

cyclohexamide group binds favorably in the shikimate binding pocket through non-polar 

Table 2.3.  In vitro anti Mycobacterial activities and cytotoxicities of manzamines 1 and 2. 

Compound 
Mtb (H37Rv) 

MIC (μg/mL) 

M. intracellulare 

IC50 ( µM) 

Cytotoxicity (Vero) 

IC50 (μg/mL) 

1 1.5 0.64 1.2 

2 NT 1.8 NC 

Rifampin 0.5 NT NT 

Ciprofloxacin NT 1.05 NT 

Doxorubicin NT NT 5.0 

Values were obtained from the literature (23, 27, 28 and 30). MIC values for the first and second line of 

treatment drugs rifampin and ciprofloxacin are reported as a reference, as well the cytotoxicity of the drug 

doxorubicin against Vero cells. NC = no cytotoxicity up to 4.76 μg/mL. NT = not tested.  
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contacts of the cyclohexyl group while the carbonyl is anchored through Mg
2+

 coordination. In 

pose 2 this moiety is accommodated less favorably in a polar, solvent exposed region near the 

surface. Comparison of docked poses suggests that pose 1 may correspond to a more tightly 

bound complex than pose 2. We hypothesize that 6 may first bind in a mode similar to pose 2, 

then transition to adopt the more favorable pose 1. Re-orientation of pyridoindole-cyclo-

hexamide from a region close to the surface into a deeper site may require induced 

conformational changes of the structure over time. This hypothesis derived from docking 

predictions is a possible model consistent with the kinetic profile of 6 presented in this study. 

The favorable contribution of the cyclohexamide group to ligand binding also provides a 

possible explanation to why manzamine A (1) as well as 2 – 5, all of which lack the 6-

cyclohexamido- modification are inferior as MtSK inhibitors at all stages of the mechanism. 

Notably, we have previously evaluated the potential of 6-nitroharmane and ircinol A, two 

compounds containing the biogenetic precursors of the manzamine alkaloids, to act as inhibitors 

of MtSK,(350) and no significant inhibition was observed for these compounds. These data 

suggest that the entire manzamine structure is required to observe inhibition, a property that is 

enhanced by the 6-cyclohexamido addition.  

Interestingly, other observed biological activities of the manzamines point toward a 

synergistic function in fighting TB infection.  For example, the manzamine alkaloids have been 

reported to inhibit the activity of glycogen synthase kinase-3 beta (GSK-3β).(351,352)
 
GSK-3β 

is a serine/threonine protein kinase involved in the regulation of several cellular pathways 

including insulin signaling, glycogen synthesis, neurotrophic factor signaling, Wnt signaling, 

neurotransmitter signaling and microtubule dynamics.(353) Most importantly, GSK-3β has been 

implicated in mycobacterial-induced interleukin-10 (IL-10) production in human peripheral 
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blood monocytes.(354) IL-10 is an anti-inflammatory cytokine mainly produced by 

macrophages, and it plays an important role in the regulation of immune response against 

infectious pathogens.  Despite IL-10 protective role in the host, its immunosuppressive properties 

have been shown to be exploited by mycobacteria to facilitate immune evasion and long-term 

infections in the lungs.(355,356) BCG vaccine, widely used for vaccination against M. 

tuberculosis has been reported to inhibit GSK-3β activity resulting in increased production of IL-

10, consistent with that inhibition of this protein kinase is beneficial to the host in the 

development of protective immunity against M. tuberculosis.(354)  Interestingly, manzamine A 

and some of its analogs showed selective binding for human GSK-3β.(340) When tested in a 

cell-based assay that measures GSK-3β dependent tau phosphorylation, manzamine A 

significantly inhibited tau phosphorylation within cells at concentrations as low as 5 μM with no 

cytotoxicity.(340)  

 

2.6 Conclusion 

Despite their structural complexity, the manzamine alkaloids in this study constitute a 

novel scaffold for the potential development of new leads for the treatment of tuberculosis.  The 

time-dependent component of the inhibition exerted by these compounds on MtSK represents a 

significant clinical advantage, as a prolonged residence time of a drug on a particular target may 

result in an enhanced duration of the desired pharmacological effect in vivo.(357,358) Since 

manzamine A and some of its analogs can inhibit both GSK-3β and MtSK, we suggest that these 

compounds are promising candidates for further studies leading to the development of new drug 

candidates specific to the M. tuberculosis pathogen. This is most particularly so for the 6-
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cyclohexamido derivative, compound 6, due to its inhibition profile, in vitro antibacterial 

activity, and lack of cytotoxicity. 
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Chapter 3 

 Mechanism of irreversible inactivation of Mycobacterium tuberculosis shikimate kinase by 

ilimaquinone 

This chapter is recovered from a publication of the same title: Simithy, J.; Fuanta, N.R.; 

Kochanowska-Karamyan, A.; Hobrath, J.V., Hamann, M.T.; Goodwin, D.C.; Calderón, A.I. 

Biochim. Biophys. Acta - Proteins and Proteomics, 2018 5(6), 731-739. JS and NRF contributed 

equally as first authors. 

3.1 Abstract 

Ilimaquinone (IQ), a metabolite from marine sponge Hippospongia metachromia, has 

been considered as a potential therapeutic agent for many a disease due to its broad range of 

biological activities. In this chapter, we show an IQ-based irreversible inactivation of 

Mycobacterium tuberculosis shikimate kinase (MtSK) through covalent modification of the 

protein. This inactivation is rather slow, with an apparent second-order rate constant of about 60 

M
-1

s
-1

.  Following reaction with IQ, LC-MS analyses of intact MtSK revealed covalent 

modification of MtSK by IQ, with the concomitant loss of a methoxy group, suggesting a 

Michael-addition mechanism. Evaluation of trypsinated fragments of IQ-derivatized MtSK by 

MS/MS demonstrated that Ser and Thr residues were most frequently modified and to a lesser 

extent Lys and Tyr. In or near the MtSK active site, three residues of the P-loop (K15, S16, and 

T17) as well as S77, T111, and S44 showed evidence of IQ-dependent derivatization. 
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Accordingly, inclusion of ATP in IQ reactions with MtSK partially protected the enzyme from 

inactivation and limited IQ-based derivatization of K15 and S16. Additionally, molecular 

docking models for MtSK-IQ were for IQ-derivatized S77 and T111. In the latter, ATP was 

observed to sterically clash with the IQ moiety. Out of three other enzymes evaluated, lactate 

dehydrogenase was derivatized and inactivated by IQ, but pyruvate kinase and catalase-

peroxidase (KatG) were unaffected. Together, these data suggest that IQ is promiscuous (though 

not entirely indiscriminant) in its reactivity. As such, the potential of IQ as a lead in the 

development of antitubercular agents directed against MtSK or other targets is questionable. 

 

3.2 Introduction 

Terpenylquinones comprise a class of marine natural products considered attractive 

scaffolds for drug design due to their ubiquity in nature and their versatile bioactivities (359). 

These compounds are characterized as having a bicyclic sesquiterpene skeleton coupled to a 

quinone moiety (360). Among them, ilimaquinone (IQ) (Fig. 1), first isolated in 1979 from the 

Red Sea sponge Hippospongia metachromia (361), has been reported to possess several 

biological activities of potential therapeutic value, including antiviral (362), anti-inflammatory 

(362), antimicrobial (363), antimalarial (364) and anti-HIV (365) properties. Most prominently, 

IQ has been recognized for its ability to degrade Golgi membranes into small vesicular structures 

(i.e., vesiculated Golgi membranes), a phenomenon which blocks cellular secretion (366–369). 

In addition, IQ has shown to induce the transcriptional activation of autophagic target genes in 

tumor cells, (370,371) and to inhibit the growth of several cancer cell lines, including multiple 

myeloma (372), prostate cancer (PC-3, DU145 and LNCaP), non-small cell lung cancer (A549), 

human osteosarcoma (MG63) and hepatocellular carcinoma cells (Hep3B) (373).   
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Figure 3.1: Structure of ilimaquinone (IQ). 

 

Although IQ has proven to exert a myriad of biological activities through multiple 

pathways,
 
the specific interactions of IQ with its cellular targets have not been clearly elucidated 

(374–376). Our interest in this compound arose from an initial observation that IQ inhibited 

shikimate kinase from M. tuberculosis (MtSK). The shikimate pathway is responsible for the 

biosynthesis of aromatic compounds in microorganisms and higher plants, and MtSK catalyzes 

the fifth step of the process. Because this pathway is absent from human metabolism,
 
numerous 

investigators have suggested that small molecule inhibitors of shikimate pathway enzymes may 

produce new leads for the development of antibiotics to treat drug-resistant tuberculosis 

(106,320,377). 

In this study, we investigated the mechanism of MtSK inhibition by IQ. Time-dependent 

inhibition kinetics suggested that IQ was either a slow-reversible or irreversible inhibitor of 

MtSK. Dilution of IQ-inhibited MtSK failed to produce an increase in MtSK activity, suggesting 

in irreversible mechanism of inhibition by IQ. In accord with this conclusion, mass spectrometry 
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evaluation of intact MtSK revealed the time-dependent loss of unmodified MtSK concomitant 

with increases in IQ-derivatized enzyme (+326.3 Da and +652.6 Da). This was consistent with 

covalent addition of one and two IQ units, respectively, each of which lacked the mass 

corresponding to a methoxy moiety. LC-ESI MS/MS analyses of MtSK trypsinized following its 

reaction with IQ indicated a range of possible targets, including several threonine and serine 

residues. Our data supports an irreversible mechanism through a Michael addition involving 

serine and threonine residues. IQ shows modest specificity to MtSK and does not necessarily 

modify any exposed Thr or Ser residues. Molecular docking studies show that target specificity 

can be enhanced by modification of the inhibitor 

 

3.3 Materials 

Dimethyl sulfoxide (DMSO), adenosine-5'-triphosphate (ATP), shikimate, 2,2‟-azino-

bis[3-ethylbenzthiazoline-6-sulfonic acid (ABTS), H2O2 (30%), rabbit muscle lactate 

dehydrogenase (LDH) and rabbit muscle pyruvate kinase (PK) were purchased from Sigma-

Aldrich (St. Louis, MO). MtSK (378) and M. tuberculosis catalase-peroxidase (MtKatG) (379) 

were expressed and purified as previously described.  The purity of MtSK and MtKatG were 

determined by SDS-PAGE and LC-ESI-MS, and aliquots were stored at −80 °C in 50 mM Tris-

HCl, pH 7.4; 0.5 M NaCl for MtSK and 5 mM phosphate, pH 7.0, for MtKatG. All organic 

solvents were HPLC or LC-MS grade and were purchased from Thermo Fisher (Hanover Park, 

IL). All buffers and media were prepared using water purified by a Milli-Q purification system 

(Millipore, Billerica, MA). 
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3.4 Methods 

3.4.1 Ilimaquinone acquisition and isolation.  

Ilimaquinone was obtained with a minimum purity of 90% as analyzed by HPLC or H-

NMR. This natural product was obtained from Smenospongia cerebriformis. The sponge was 

collected from shallow (3-21 m depth) coral reef habitat at Key Largo, Florida, on July 1 and 

August 7, 2005. Voucher specimens have been deposited in the Natural History Museum, 

London (BMNH 2007.4.23.5 [University of Mississippi voucher 05FL-020(1)]; BMNH 

2007.4.23.6 [University of Mississippi voucher 0505FL-161]). The sponge was stored frozen 

until extracted. Six kilograms (wet weight) of the frozen sponge S. cerebriformis were extracted 

exhaustively with EtOH in a sonicator. The extracts were then combined, filtered and 

concentrated in vacuo until dry. The resulting crude extract (260 g) was subjected to vacuum-

liquid chromatography with a gradient solvent system starting from hexanes through acetone to 

methanol, yielding 20 fractions. Nonpolar fractions (mainly 2 and 3) after purification yielded 

2.5 g (0.9615% dry weight) of ilimaquinone, which was identified by comparison of 
1
H NMR 

and 
13

C NMR data with a standard.   

3.4.2 LC-MS based time-dependent inhibition assay.  

The effect of ilimaquinone on the activity of MtSK was evaluated by an in vitro time-

dependent inhibition assay.  In this assay, MtSK (0.2 µM) was pre-incubated with ilimaquinone 

(in DMSO) at 0, 5, 10, 25, 50, 100 and 150 µM for 0 - 60 min prior to initiation of the shikimate 

kinase reaction assay. All assays were performed in 100 mM ammonium acetate, pH 7.6, 

supplemented with 50 mM KCl and 5 mM MgCl2. All assays were performed at 25 °C in a final 

volume of 500 µL. Reactions were initiated by the addition of 5 mM shikimate and 1.2 mM 
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ATP, followed for 30 seconds and quenched by the addition of 2 µL of 98% formic acid and 

vortexing. To study the effects of substrate competition during inhibition by IQ, time-dependent 

experiments were performed in the presence of 1.2 mM ATP, added prior to the addition of IQ, 

and reactions were initiated by the addition of 5mM shikimate. The amount of the product 

shikimate-3-phosphate (S3P) formed in each reaction was quantified using liquid 

chromatography-mass spectrometry. LC separation of S3P was carried out as described 

previously (378). 

 Data analyses for the time-dependent inactivation of MtSK were performed using least-

squares non-linear regression fitting to the appropriate equation. Data were collected in duplicate 

and initial velocities were calculated by dividing the concentration of S3P formed in each 

reaction by the reaction quenching time (V0 = [S3P]/tq). The remaining enzyme activity was 

determined by comparing the initial velocities in control experiments (in the presence of DMSO) 

to the initial velocities of the enzyme in the presence of various concentrations of IQ, and plotted 

against the pre-incubation times.  These data were fitted to the equation [1]:  

Vt = Vi e
(−kobs*t)

 

 where Vt is the measured steady-state velocity after pre-incubation time t, Vi is the steady-state 

velocity when pre-incubation time is zero, and kobs is the pseudo first-order constant of observed 

inactivation at a given inhibitor concentration (346).  The kobs values obtained were re-plotted as 

a function of ilimaquinone concentration, and the data were fit using linear regression. The 

resulting slope corresponded to a second-order rate constant for inactivation (kinact)(346).  All 

data fitting was carried out using GraphPad Prism (version 5.02).  
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3.4.3 Inhibition of other enzymes by IQ: Activity assays for MtKatG, PK, and LDH 

MtKatG, PK, and LDH were each incubated with 100 M IQ for 1 hour at 25 C. 

Reactions with LDH and PK were run in 100 mM Tris, pH 7.6, supplemented with 50 mM KCl 

and 5 mM MgCl2, while reactions with MtKatG were run in 5 mM phosphate, pH 7.0. An aliquot 

was drawn after 1 hr and assayed for its activity. The catalase activity of MtKatG was monitored 

by the decrease in absorbance at 240 nm resulting from the consumption of H2O2 (240 =39.4 M
-1

 

cm
-1

) (380) in 100 mM phosphate, pH 7.0, as previously described (379). LDH and PK activities 

were monitored by decrease in NADH concentration as measured at 340 nm (340 = 6220 M
-1

  

cm
-1

). Reaction conditions were as previously described (378), except for the final LDH and PK 

concentrations which were set at 1 µM. Interference in the PK assay from the inhibition of LDH 

by IQ was avoided by the exclusion of LDH from the preincubation cocktail of PK with IQ, the 

low concentration of IQ in the final assay (1 M), and the very short time of exposure of LDH to 

IQ. 

3.4.4 Dilution experiments  

MtSK (20 µM) was incubated with 250 µM IQ (greater than 50-fold excess over the IC50 

for IQ), for 1 hour. The shikimate kinase reaction was initiated by diluting the EI complex (100 

fold) into 1.2 mM ATP, 5 mM shikimate in MtSK assay buffer (100 mM ammonium acetate, pH 

7.6, supplemented with 50 mM KCl and 5 mM MgCl2,). The final concentration of enzyme 

following dilution was 0.2 µM. The reactions were allowed to run for times ranging from 0 - 60 

min prior to quenching with formic acid. The quenched reactions were analyzed by LC-MS as 

previously described (378) and the concentrations of S3P produced were plotted against reaction 

time. In reactions where ATP was present during pre-incubation, MtSK-ATP complex was 
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formed prior to the addition of the inhibitor. Subsequent steps were the same as when MtSK was 

preincubated only with IQ. All data fitting was carried out using GraphPad Prism (version 5.02).  

3.4.5 Intact protein analysis by mass spectrometry 

MtKatG, LDH and PK (each at 1 M) were incubated with 100 µM IQ at 4 °C for 30 hr; 

MtSK (1 M) was incubated with 100, 10 and 1 M. With the exception of MtKatG, all reactions 

were carried out in 100 mM ammonium acetate, pH 7.6, supplemented 50 mM KCl and 5 mM 

MgCl2. Reactions with MtKatG were performed in phosphate, pH 7.0. chromatograms and mass 

spectra were collected each hour and analyzed using Agilent MassHunter BioConfirm software 

version B.06.00. 

3.4.6 Nano liquid chromatography – tandem mass spectrometry (nLC-MS/MS) analysis of 

MtSK tryptic peptides.  

Post pre-incubation of MtSK (1 µM) and Ilimaquinone (100 µM) at 25°C for 1, excess, 

unbound ilimaquinone was removed by filtration using Macrosep® Advance centrifugal device 

prior to enzymatic digestion. Desalting was carried out following manufacturer‟s instructions 

using MtSK assay buffer as the wash buffer. Modified and unmodified MtSK were digested with 

trypsin at a ratio of 1:20 (w/w) trypsin/substrate overnight at 37 °C in an assay buffer consisting 

of 100 mM ammonium bicarbonate pH = 8.  Tryptic peptides were separated using a 75 μm i.d × 

17 cm Reprosil-Pur C18-AQ (3 μm; Dr. Maisch GmbH, Germany) nano-column (packed in-

house) using an EASY-nLC nano HPLC (Thermo Scientific, Bremen, Germany). The mobile 

phases consisted of water with 0.1% (v/v) formic acid (A) and acetonitrile with 0.1% (v/v) 

formic acid (B). Peptides were eluted using a gradient of 2 - 50% B in 50 min followed by 50 - 

98% B in 5 min and maintained over 10 minutes at 300 nL/min. The nano-HPLC was coupled to 
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a Orbitrap Fusion
TM 

Tribrid mass spectrometer (Thermo Scientific, San Jose, California). Spray 

voltage was set at 2.3 kV and capillary temperature was set at 275 °C. The mass spectrometer 

was set to perform a full MS scan (350 – 1200 m/z) at 120,000 FWHM resolving power (at 200 

m/z), followed by sequential HCD (higher-energy collisional dissociation) MS/MS fragmentation 

at normalized collision energy of 27% and 7,500 FWHM resolution. The monoisotopic precursor 

selector (MIPS) filter for peptides was activated. All MS/MS scans were performed in the ion 

trap mass analyzer (rapid scan rate) using an isolation window of 2.0 m/z. Maximum injection 

times of 50 ms and 80 ms were defined for MS and MS/MS scans, respectively. AGC values 

were set to 5 x 10
5
 for MS and 5 x 10

4
 for MS/MS. MS data were collected in profile mode and 

MS/MS data were collected in centroid mode. All acquisitions were performed under positive 

mode polarity. Thermo Proteome Discoverer (PD, version 2.2.0.388) was used to perform 

database searching against UniProt shikimate kinase Mycobacterium tuberculosis FASTA 

database. Search engine Sequest-HT implemented in Thermo Proteome Discoverer was applied 

for all MS raw files. The search parameters were set to 10 ppm for precursor tolerance and 0.5 

Da for MS/MS fragment ions and a maximum of three missed cleavages.  Custom modifiers 

were created for the mass of ilimaquinone minus 32 Da. (C21H26O3) with preference for the 

target amino acids (S, T, Y, R and K) and each sample was searched against each modifier 

separately as fix custom modifications.  

3.4.7 Prediction of covalently bound ilimaquinone binding poses 

All computations were performed using the Small Molecule Drug Discovery Suite of the 

Schrödinger software package, 2016-1 release (Schrödinger, LLC). Two MtSK X-ray structures 

(PDB entry codes 2IYT and 2IYY) were prepared using the Protein Preparation Wizard suite of 
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tools. Hydrogens were added, protonation states assigned, and any ligands present removed. The 

structures were relaxed through restrained minimization within 0.3 root-mean-square-deviation 

(RMSD) of heavy atoms from the original crystal structures using the OPLS3 force field, further 

referred to as prepared crystal structures. Following preparation with LigPrep, IQ was docked 

into both structures in three binding site regions, in proximity of S44, S77 or T111. In order to 

include protein flexibility and increase sampling of ligand binding poses the Induced Fit docking 

method was applied with extended sampling, without constraints. Default parameters were used 

except for increasing the residue refinement region around the ligand to 8 Å. Out of docked 

poses that placed the 5-methoxy substituent of the benzoquinone ring in close proximity of the 

S/T modification sites two favorable docked poses were selected: one with the methoxy group 

near S77 and one near T111. No suitable pose could be obtained for IQ in the region of S44. 

Both selected poses originated from docking based on the same X-ray structure (PDB 2IYY). 

Side chain conformations of the following residues close to the covalent modification sites were 

adjusted: S77 and T111 side chains conformers were selected from the side chain rotamer 

library. In the complex structure with the IQ pose suitable for linking with T111, side chain 

conformations of R117 and T115 were also adjusted. IQ was then covalently linked to T111/S77 

using modeling tools, followed by restrained energy minimization of the two complexes using 

Protein Preparation Wizard suite of tools with default parameters. The protein in the obtained 

structures was discarded and the ligand merged with the original prepared crystal structure (PDB 

code 2IYY), followed by the same side chain conformational adjustments described above. The 

ligand pose was covalently linked to either S77 or T111 and the two structures relaxed through 

restrained energy minimization. This cycle of extracting the ligand poses, merging with the 

MtSK structure prior to energy minimization, and restrained energy minimization of the 
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complexes was repeated until the energy minimized IQ poses were readily accommodated 

through covalent linking to S77/T111. Structural refinement of the obtained two complexes was 

achieved through Prime Protein-Ligand Complex Refinement of the region within 8 Å of the 

covalently linked IQ using default parameters. The root-mean-square deviation of the final 

structures with covalently bound IQ compared to the MtSK crystal structure used (PDB 2IYY) is 

0.39 in case of IQ linked to S77 and 0.45 in case of IQ linked to T111. 

3.5 Results and Discussion 

Preincubation of IQ with MtSK revealed an exponential decrease in MtSK activity with 

time, and the pseudo-first order rate of inactivation (kobs) increased linearly with IQ 

concentration (Figure 3.2). From the slope of kobs dependence on IQ concentration, an apparent 

second-order rate constant for inactivation was estimated to be 80 ± 10 M
-1

s
-1

. In an alternative 

approach, we observed that inclusion of IQ in assays of MtSK activity produced an exponential 

decrease in the rates of S3P formation following the initiation of reactions with MtSK (Figure 

3.3). There was a linear increase in kobs with IQ concentration. From the slope of the line, an 

apparent second-order rate constant was estimated as 45 ± 10 M
-1

s
-1

 which is in reasonable 

agreement with preincubation studies.  
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Figure 3.2: Effect of IQ preincubation on MtSK activity. The loss of MtSK activity as a function 

of incubation time with IQ (A) was evaluated for 0 (), 5 (), 10 (), 25 (), 50 (), 100 (), 

and 150 () µM IQ. The observed pseudo-first order rate constants (kobs) are shown as a 

function of IQ concentration (B). The slope (kobs vs [IQ]) represents the second-order rate of 

inactivation kinact.  

 

 
Figure 3.3:  Time-dependent loss of MtSK activity in the presence of IQ. Production of 

shikimate-3-phosphate (S3P) was initiated by adding MtSK (0.01 µM) to solutions containing 

5.0 mM shikimate, 1.2 mM ATP, as well as 0 (), 10 (), 25 (), 50 (), 100 (), and 150 

() µM IQ (inset).   
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 The time-dependent component of MtSK inhibition by IQ is consistent with either a 

slowly reversible or irreversible inhibition mechanism. To differentiate between these two 

possibilities, we preincubated 20 M MtSK with 250 M IQ and then monitored S3P production 

following dilution of MtSK-IQ into an enzyme assay cocktail. A low level of activity (10%) was 

observed following dilution of IQ-treated MtSK compared to the untreated MtSK control (Figure 

3.4). This was a far greater extent of inhibition than could be accounted for by the post-dilution 

concentration of IQ present in the assay (2.5 M). In addition, little if any acceleration of S3P 

production was observed following dilution (Figure 3.4), indicating that the inhibition achieved 

by IQ during preincubation was irreversible. Taken together, these data suggest a slow, one-step 

irreversible inactivation of MtSK by IQ governed by a second-order rate constant (kinact) of about 

60 M
-1

s
-1

 as depicted in the following scheme: 

E + I                        E-I 

 

Figure 3.4. Recovery of activity following dilution of IQ-inhibited MtSK. MtSK (20 µM) was 

preincubated for 1 hour in the presence () and absence () of 250 µM IQ.  

kinact 
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One of the most common mechanisms by which irreversible inhibition is achieved is 

through covalent enzyme modification by the inhibitor. We explored IQ-dependent covalent 

alteration of MtSK by LC-MS. LC-MS total ion chromatograms showed an elution time of 5.3 

min for intact MtSK, and the deconvoluted ESI-MS spectra for our MtSK preparations revealed 

two species with average molecular masses of 19648.74 and 19517.57 Da. As described 

previously, the difference, 131.2 Da, is consistent with the post-translational removal of the N-

terminal methionine [22]. Incubation of MtSK with IQ produced a time-dependent decrease in 

the intensity of the chromatographic peak at 5.3 min concomitant with the appearance of a 

shoulder at 5.5 min and a new peak eluting later in the chromatogram at 6.0 minutes (Figure 

3.5). For MtSK incubated with IQ for 30 h, deconvoluted mass spectra collected across the 

chromatographic range (5.164 – 6.615 min.) showed three pairs of peaks.  In each pair, the 

lighter and heavier masses were separated by 131 Da, and the intensity of the peak corresponding 

to the heavier mass was ~60% of the intensity of the peak corresponding to the lighter mass.  

Further, the lighter of each pair was separated from one another by increments of 326 Da, 

starting at 19517.73, the mass of MtSK lacking its N-terminal methionine. The same pattern was 

observed for the heavier mass of each pair, starting at 19648.97, the mass of intact, full-length 

MtSK (Figure 3.6A). These data suggested that MtSK (with or without its N-terminal Met) was 

covalently modified by IQ, and this could occur at more than one site on the MtSK intact protein. 
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Figure 3.5:  Intensities of deconvoluted MtSK MS spectra vs. preincubation time with IQ. MtSK 

(1.0 µM) was incubated with 100 µM IQ at 4C for 30 hours. At the times indicated, a sample 

was withdrawn and evaluated by LC-MS. MS signals corresponding to unmodified MtSK (*, 

retention time = 5.3 min) diminish over time.  MS signals corresponding to IQ-derivatized MtSK 

(#, retention times = 5.5 and 6.0 min) result from incubation of MtSK with IQ.  

 

No IQ-MtSK adducts were observed at 5.25 min (5.164 – 5.438 min range) (Figure 

3.6B). Deconvolution of the MS spectrum of the peak shoulder observed at 5.5 min (5.438 – 

5.841 min.) (Figure 3.6C) showed nearly equal contributions of underivatized MtSK and MtSK 

derivatized once by IQ. Finally, the deconvoluted MS spectrum of the peak eluting at 6.0 min 

(5.841 – 6.615 min.) was dominated by MtSK derivatized twice by IQ (Figure 3.6D). The mass 

shifts, in each case 326.4 Da, precisely match the molecular mass of one IQ with an average loss 

of 32.2 Da, which corresponds to the loss of H-OCH3 from IQ upon each reaction with MtSK.   



 

113 

 

Intensities of the deconvoluted MS spectra of MtSK preincubated with IQ for 30 hrs, 

showed a gradual loss of the mass of free enzyme - with or without its N-terminal Met (Figure 

3.7A). Concomitantly, there was a transient increase in the intensity of the mass of singly 

modified MtSK derivative (MtSK-IQ), reaching a maximum at around 15 hours. Its intensity was 

constant over a five hour range, after which it slowly declined (Figure 3.7B). As shown in 

Figure 3.7C, the appearance of the doubly modified IQ-MtSK adduct (MtSK-IQ2) was relatively 

slow, marked by a slow increase in intensities for both forms of MtSK. It reached a maximum at 

around 20 hrs, after which there was slow decline in peak intensities.   

Reaction of MtSK with 10-fold lower concentrations of IQ (i.e., 10 M), resulted in the 

loss of unmodified MtSK (5.25 min retention peak) and an increase in derivatized species 

(retention time > 5.4 min). However, in both cases these were observed to a lesser extent than in 

reactions using 100 M IQ.  In addition, only once-derivatized MtSK-IQ species were observed 

in deconvoluted mass spectra (Figure 3.8). As would be expected from IQ-dependent 

inactivation kinetics (see Figure 3.2), reaction of MtSK with equimolar IQ (i.e., 1 M) produced 

minimal though detectable modification of MtSK (Figure 3.9). 
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Figure 3.6: Deconvoluted ESI-MS spectra for MtSK incubated with IQ. The deconvoluted mass 

spectrum corresponding to the entire elution envelop (5.16 – 6.62 min) (A) is compared to that of 

the first (5.16 – 5.44 min) (B), second (5.44 – 5.84 min) (C), and third (5.84 – 6.62 min) (D) 

elution features of the chromatogram.  
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Figure 3.7: Intensities of deconvoluted MtSK MS spectra vs. preincubation time with IQ. With 

increasing preincubation time, a decrease in the intensities free MtSK (19648.68 and 19517.73 

Da) was observed suggesting the formation of IQ-adducts (A). Increase of both forms of singly 

modified (MtSK-IQ) was observed reaching a maximum intensity at around 15 hours (B). 

Increase of doubly modified (MtSK-IQ2) enzyme was observed reaching a maximum intensity at 

around 20 hours (C). 
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Figure 3.8: Deconvoluted ESI-MS spectra for MtSK incubated with 10 µM IQ.  The 

deconvoluted mass spectrum corresponding to the entire elution envelop (5.16 – 6.62 min) (A) is 

compared to that of the first (5.16 – 5.44 min) (B), second (5.44 – 5.84 min) (C), and third (5.84 

– 6.62 min) (D) elution features of the chromatogram.  
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Figure 3.9: Deconvoluted ESI-MS spectra for MtSK incubated with 10 µM IQ. The 

deconvoluted mass spectrum corresponding to the entire elution envelop (5.16 – 6.62 min) (A) is 

compared to that of the first (5.16 – 5.44 min) (B), second (5.44 – 5.84 min) (C), and third (5.84 

– 6.62 min) (D) elution features of the chromatogram.  
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To evaluate the specificity of IQ for covalent alteration of MtSK, we investigated three 

other enzymes, MtKatG, PK, and LDH. Incubation of MtKatG and PK with 100 M IQ for 1 

hour produced no discernable loss of enzyme activity relative to controls lacking IQ, but LDH 

lost nearly 90% of its activity under the same conditions (Figure 3.10). We evaluated each intact 

protein by LC-MS in a manner similar to MtSK. No change in the total ion current LC retention 

profile was observed for MtKatG and PK. Likewise, mass spectra collected across the LC range 

showed no evidence of covalent derivatization of these enzymes by IQ (Figures 3.11 and 3.12). 

However, in a manner very similar to MtSK, the total ion current LC retention profile for LDH 

showed a transition to species with longer retention times that became more pronounced with 

longer times of LDH preincubation with IQ. As shown in Fgure 3.13 mass spectral analyses 

revealed the appearance of LDH-IQ adducted proteins, with a mass difference of 326 Da as 

observed with MtSK. As an aside, issues such as these reveal the problems inherent in coupled 

assays for evaluation of inhibition kinetics and mechanism. The coupling enzymes themselves 

(LDH is commonly used for this purpose) can be  subject to the action of candidate inhibitors. 
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Figure 3.10: Spectrophotometric evaluation of IQ inhibition on LDH, PK, HRP and MtKatG. 

LDH (A), PK (B) and MtKatG (C) were preincubated with 100 µM IQ for 1 hr at 25 C.  
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Figure 3.11: Deconvoluted ESI-MS spectra for MtKatG incubated with 100 µM IQ.  The entire 

deconvoluted mass spectrum (A) of the control and sample from 6 – 6.8 min shows unmodified 

MtKatG with molecular weight of 82020 Da. No mass shifts were observed post incubation.  
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Figure 3.12: Deconvoluted ESI-MS spectra for PK incubated with 100 µM IQ.  The entire 

deconvoluted mass spectrum (A) of the control and sample from 6 – 6.8 min shows unmodified 

PK with molecular weight of 58020 Da. No mass shifts were observed post incubation.  
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Figure 3.13: Deconvoluted ESI-MS spectra for LDH incubated with 100 µM IQ. The 

deconvoluted mass spectra corresponding to the entire elution envelop (6.21 – 7.51 min) of the 

control and sample (A) is compared to that of first (6.21 – 6.53 min) (B) and last (6.53 – 7.51 

min) (C) elution features of the chromatogram. The 36461 Da peak represents the unmodified 

protein. Comparing panels B and C, the mass shift of 326 Da in panel C corresponds to IQ-

modified LDH. 
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MS/MS spectra of tryptic peptides from MtSK reacted with IQ were searched with 

Sequest-HT for automated detection of modified residues. Peptides that were identified through 

Sequest-HT with a XCorr values above 2.0 were considered positive hits for covalent adduction. 

Examples of MS/MS spectra used to confirm the modification of these residues are shown in 

Figure 3.14. 

Tandem MS/MS analyses showed evidence for the modification of several amino acid 

residues (Figure 3.15). Serines and threonines, and to a lesser extent, lysines and tyrosines were 

the most susceptible to modification by IQ. Several IQ-modified sites were remote from the 

enzyme‟s substrate binding pockets, active site, and conformationally dynamic lid domain 

(Figure 3.15A). It is possible that derivitization of one or more of these sites may account in part 

for IQ-dependent inactivation of MtSK, but one would anticipate that such would arise from a 

generic impact on protein structural stability.  

Modification of any of these sites could easily account for the loss of MtSK activity 

caused by IQ. In order to explore this possibility further, we evaluated the effect of the ATP 

substrate on IQ-dependent inactivation of MtSK. Inclusion of a saturating concentration of ATP 

limited both the rate and extent of enzyme inactivation. Inclusion of ATP in time-dependent 

inhibition and inhibitor dilution experiments (Figure 3.16A and B, respectively) confirmed that 

the presence of ATP prevented (or at least delayed) a substantial proportion of MtSK 

inactivation; however, it was also clear that, as before, what IQ-inactivated MtSK was formed 

during the incubation period was irreversibly inactivated. Interestingly, trypsinization and 

MS/MS analyses of MtSK reacted with IQ in the presence of ATP indicated that ATP partially 

limited Lys 15 and Ser 16 derivatization, particularly when IQ concentrations were low (i.e., 1 
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and 10 M).  Conversely, clear protective effect of ATP could not be discerned with respect to 

derivatization of Ser 44, Ser 77 or Thr 111. These data suggest that modification of P-loop amino 

acids accounts for some but not all IQ-dependent inactivation of MtSK, and inactivation due to 

modification of these residues is prevented to some extent when ATP is also present. 
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Figure 3.14: Identification of Ser44, Thr111, and Ser77 IQ-adducted peptides by nano-LC-ESI 

MS/MS analysis. MS/MS spectra of the peptide SIADIFATDGEQEFR [M + 2H]
+2

 m/z 1012.99 

(A). MS/MS spectra of the peptide TGGNTVRPLLAGPDR [M + 2H]
+2

 m/z 925.56 (B). MS/MS 

spectra of peptide AALADHDGVLSLGGGAVTSPGVR [M + 3H]
+3

 m/z 816.10 Ser77 as the 

residued modified by IQ (C). 
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Figure 3.15: Sites of MtSK adduction by ilimaquinone. MtSK residues for which LC-ESI-

MS/MS evidence for IQ-based modification was observed are highlighted in green or red, with 

those in close proximity to the active site highlighted in red (A). The conformational positions of 

IQ-derivatized active site residues K15, S16, and T17 (Walker A motif), T111 (lid domain), S77 

(Walker B motif), and S44 (extended substrate binding domain) are shown in substrate-free 

MtSK (PDB 2IYT) (B), the MtSK-ATP complex (PDB 2IYW) (C), and the MtSK-ADP-

shikimate ternary complex (PDB 2IYQ (D) (96).  Images were produced using PyMol (version 

1.3). 
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Figure 3.16: Effect of IQ on preincubated MtSK-ATP complex. (A) Preincubating MtSK (0.2 

µM) with IQ () and with1.2 mM ATP (), less inhibition was observed in the preformed 

MtSK-ATP complex. (B) MtSK (20 µM) was preincubated for 1 hour in the absence () and 

presence () of  IQ (250 µM) and 1.2 mM ATP ().  Reaction time ranged from 3 – 3600s. With 

two injections per sample, samples were withdrawn and S3P prodcution evaluated. Inset shows 

reaction at early time points.  

 

Based on the nature of the residues modified by IQ and the consistent neutral loss of 32 

Da, we propose a mechanism of IQ-dependent inactivation of MtSK which proceeds by Michael 

addition (Figure 3.17). Here, MtSK Ser and Thr (and to a lesser extent, Lys and Tyr) side chains 

act as nucleophiles and attack the benzoquinone C5 position, generating a methoxy leaving 

group. Together with the intact protein analyses and time-dependent inhibition kinetics, our 

results suggest that IQ inhibits the MtSK activity irreversibly as a protein modification reagent. 
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Figure 3.17: Proposed mechanism for MtSK modification by ilimaquinone. Ser and Thr-based 

nucleophiles attack the quinoid ring (C5) of ilimaquinone, resulting in the formation of an 

enolate ion. Due to charge stabilization, the methoxy group is eliminated. The result of this is 

ilimaquinone bound to protein via Ser/Thr residue, with a corresponding loss of HOCH3 from the 

inhibitor, as observed by MS. 

 

For residues where it was not as clear that ATP might interfere with derivatization by IQ 

(i.e., Ser 44, Ser 77, and Thr 111), we explored possible binding modes of IQ covalently linked 

to MtSK at these residues. These were predicted through docking, restrained energy 

minimization and complex structural refinement, as described under Materials and Methods. For 

generating binding mode hypotheses we utilized two MtSK crystal structures: an apo structure 

with open lid domain (PDB 2IYT) and a closed lid structure, co-crystallized with shikimate 

phosphate (PDB 2IYY) (96). The latter structure resulted in more favorable non-polar contacts 

with IQ in the shikimate binding site region compared to the apo structure. Therefore, our best 

binding models are based on the closed lid MtSK structure (PDB 2IYY), describing IQ 

covalently bound to S77 and to T111. No favourable fit could be obtained for the IQ structure in 

proximity of S44. The two IQ bound complexes developed based on the structure (PDB 2IYY) 
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were superimposed onto MtSK with co-crystallized ATP and Mg ion (PDB 2IYW) to compare 

the position of ATP to that of the predicted IQ poses (Figure 3.18). 

 

 

 

Figure 3.18:  IQ models bonded to S77/T111 superimposed onto the MtSK crystal structure with 

ATP and Mg
2+

 (PDB 2IYW). The secondary structure of MtSK with co-crystallized ATP is 

colored purple, while MtSK with IQ models are colored light blue. Full structures are shown the 

the left; a close-up view of the ATP/IQ binding sites is shown to the right. The Mg ion is 

coordinated by S16, ATP phosphate groups and three crystal waters (PDB 2IYW).    

 

IQ covalently bound to S77 binds to a site adjacent to the ATP binding pocket. This pose 

would displace two crystal waters coordinating Mg
2+

 (marked with red arrows in Figure 3.18). 

However, in this pose IQ may contribute to metal coordination through a hydroxyl group that 

closely overlaps with one of the crystal waters. In this pose IQ does not penetrate into the ATP 

binding site and shows no interference with bound ATP. In the IQ pose covalently linked to 
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T111, the ligand partially penetrates the ATP binding pocket resulting in severe steric clashes 

with an ATP phosphate group restrained by Mg
2+

 coordination. As discussed below, the 

benzoquinone ring of IQ is sandwiched between R117 and P11 while covalently bound to T111, 

which interactions would prevent re-orientation of the benzoquinone ring away from the 

phosphate group. Therefore, this IQ binding model is not compatible with ATP binding.  A 

close-up view of the binding site of covalently bound IQ in the two models is illustrated in 

Figure 3.19. 

 

 

Figure 3.19: IQ binding models based on MtSK (PDB 2IYY) with IQ covalently linked to A. 

S77 and B. T111. Residues shown form the binding site of IQ. Carbon atoms of MtSK are 

colored dark green, while ligand carbons are colored pink or light brown. All other atoms are 

colored by atom type (as in Figure 3.18). Polar interactions discussed in text are indicated by 

dashed lines. 

 

In both IQ binding models the hydrophobic part of the ligand is accommodated in a mainly non-

polar region, partially overlapping with the shikimate binding site, where lid domain residues 
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form part of the IQ binding pocket. In the IQ model covalently bound to S77 the hydrophobic 

part of the ligand forms favourable non-polar contacts with P11, I45, F49, F57, P118, the 

aliphatic chain of R117 and CB atom of the D34 side chain. Its benzoquinone forms a hydrogen 

bond with R20. The side chain conformation of R20 is restrained through hydrogen bonding /salt 

bridging interactions, as shown in Figure 3.19A.  In the IQ model covalently linked to T111 the 

following residues participate in non-polar contacts with the ligand: P11, I45, F49, F57, P118, 

L119, L120 and the aliphatic part of the R117 side chain. In this pose the benzoquinone moiety 

of IQ is sandwiched between P11 and R117, forming aromatic – cation interactions with the 

guanidinium group of R117, and a weak hydrogen bond with G12 (Figure 3.19B). Both IQ 

binding modes show excellent shape complementarity with their binding sites, as illustrated by 

the electrostatic potential surface of MtSK displayed in Figure 3.20.  

 

 

Figure 3.20: Surface representation of MtSK in the developed models with IQ covalently linked 

to A. S77 and B. T111. The electrostatic potential surfaces are displayed for both IQ binding 

models. ATP and the Mg ion shown are from the crystal structure with PDB code 2IYW 

following superposition of MtSK between the structures, as in Figure 3.19. 
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Although our data suggest that IQ inactivates MtSK by derivatizing residues in or near 

the active site, IQ has a clear capacity toward collateral modification of MtSK amino acids well 

removed from the enzyme‟s active site. Similarly, we observed IQ cross reaction with other 

proteins/enzymes. Out of three other enzymes evaluated, LDH activity showed a similar 

sensitivity to IQ, and it was derivatized by IQ. Notably, IQ neither inhibited nor derivatized two 

other enzymes, KatG and pyruvate kinase. This indicates that though IQ may be promiscuous in 

its reactivity, it is not indiscriminant as a protein modification reagent; across the four enzymes 

evaluated there are numerous solvent-exposed Ser, Thr, Lys and/or Tyr residues. A substantial 

proportion of these do not appear to be reactive with IQ. All things considered, in its present 

form, IQ does not exhibit stellar specificity for MtSK, and there is a clear capacity to cross react 

with unintended targets. As such, the potential of IQ as a lead in the development of 

antitubercular agents directed against MtSK or other targets is questionable.  

 

3.6 Conclusion 

IQ-based irreversible inactivation of MtSK is via covalent adduct formation. Covalent inhibitors 

have proven to be more potent than typical reversible inhibitors and highly profitable (381). 

Acetylsalicylic acid [aspirin], esomeprazole [Nexium], and clopidogrel [Plavix] are a few 

examples among many. Covalent inhibitors possess several advantages over non-covalent 

inhibitors including increased biochemical efficiency of target disruption, longer duration of 

action that outlasts the pharmacokinetics of the compound, and the potential to prevent the 

emergence of acquired resistance conferred by mutations (24). However, off-target modification 

is a major concern for drugs acting through covalent mechanisms. By virtue of its tendency to 

covalently derivatize Ser and Thr as well as Lys and Tyr residues and its ability to inactivate two 
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targets across a limited set of four enzymes, IQ has all the appearances of a non-specific or 

PAINS-type inhibitor. Certainly, caution is warranted in the use of IQ in drug-discovery 

applications. On the positive side, IQ is not indiscriminant. Across the four enzymes evaluated, a 

large proportion of available residues (i.e., solvent exposed Ser, Thr, Lys, and Tyr) were not 

modified, and two enzymes, KatG and PK, were entirely unaffected by IQ. Molecular docking 

studies indicate that there may be potential paths forward for modification of the IQ scaffold to 

increase its specificity and suitability as an MtSK active site-directed agent. 
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Chapter 4 

 Probing conformational dynamics and mechanistic evaluation of tuberculosis shikimate 

kinase inhibitors using strategic intrinsic fluorescence 

4.1 Abstract 

The primary function of the shikimate pathway is to produce precursors for aromatic 

compounds, most prominently, the aromatic amino acids. Shikimate kinase (SK) and other 

enzymes of the pathway are essential for viability of pathogens like M. tuberculosis. The absence 

of a mammalian counterpart makes SK and the other enzymes of the pathway attractive targets 

for the development of new antitubercular agents. Our aim is to develop tools to rapidly evaluate 

critical aspects of the mechanisms of SK catalysis and inhibition. Shikimate kinase from M. 

tuberculosis (MtSK) has no tryptophan residues, even though homologs from several other SKs 

do. Alignments of SK amino acid sequences along with evaluations of known MtSK structures 

were used to guide Trp substitution at strategic sites in the enzyme. Three viable MtSK variants 

were generated by site-directed mutagenesis. One, N151W, targeted the nucleotide binding 

domain, a second, E54W, targeted the shikimate-binding domain, and a third, V116W, targeted 

the conformationally dynamic lid domain. For all three variants, kinetic parameters with respect 

to ATP and shikimate were similar to the wild-type enzyme. With Compound 1, traditional 

enzyme inhibition suggests a noncompetitive type inhibitory mechanism. ESI-LC-MS data 

suggest this inhibitor forms no covalent adducts with the enzyme and dilution experiments also 

suggest a slow reversible mechanism is operating. KDs for Compound 1 ranged from 16 to 33 
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µM depending on the variant evaluated. Displacement experiments indicated a preferential 

binding of Compound 1 at or near the shikimate binding arm. Resonance energy transfer data 

show differential yet unique spectral signatures in the presence and absence of Compound 1. 

Together, our data show that these variants can be used as tools for mechanistic investigation of 

inhibitors, as in the case of Compound 1 and can screen off ATP competitive inhibitors. 

4.2 Introduction 

The shikimate pathway is an essential route for the synthesis of aromatic cellular 

metabolites (382). Though present in bacteria, algae, fungi, plants, yeasts and certain 

apicomplexans, it has no mammalian analogue (383–385). This makes it a potential target for the 

development of potent antimicrobials, antiparasitics and herbicides (106,386,387). 

Tuberculosis is the leading cause of death from a single infectious agent. The aroK gene 

encodes for tuberculosis shikimate kinase (MtSK), which is essential for the survival of the 

pathogen (319). Shikimate kinase (SK; EC 2.7.1.71) catalyzes the phosphorylation of shikimate 

using ATP as co-substrate. MtSK is a nucleoside monophosphate kinase with a five-stranded 

parallel -sheet core (388). Structurally similar to NMPKs, it has a lid domain and a nucleotide-

binding domain. The shikimate binding domain is responsible for shikimate binding (388). The 

P-loop (also known as the Walker A-motif) (90) forms a part of the nucleotide binding domain 

(94,388) while the Walker B-motif is situated between the shikimate and ATP-binding sites (90).  

The random-sequential substrate binding mechanism of MtSK (389) is accompanied by 

large protein conformational changes; these are observed with both binary complexes, E-ATP 

and E-shikimate, as well as the ternary complex.  The lid domain is essential for catalysis as it 

interacts with the substrates and also stabilizes the changes in charge distribution during catalysis 
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using the conserved basic residues Lys 15 and Arg 117 (92). Asp 32 of the Walker B-motif 

coordinates with the divalent magnesium cation. The Asp-Mg
2+

 interaction occurs across two 

water molecules. The Mg
2+

 in MtSK is hexacoordinated (92). When ATP is bound, the adenine 

moiety is positioned between Pro 155 and Arg 110.  It hydrogen bonds with Arg 153 and, via a 

bridging water molecule contacts Ser 13. The shikimate binding pocket is made of conserved 

residues Asp 34, Arg 58, Gly 80 and Arg 136 (93). Arg 58 forms a hydrogen bond with Glu 54 

which helps to position the guanidinum group of Arg 58 for shikimate binding.  

A modified lactate dehydrogenase/pyruvate kinase coupled assay was used to obtain the 

steady-state kinetic parameters for MtSK. The reactions were monitored at 340 nm 

corresponding to the oxidation of NADH (390). Though this assay has wide applications, its time 

consuming and cumbersome nature poses many challenges due to cross reactivity of assay 

analytes, making it cumbersome (at best) or unworkable (at worst) for mechanistic evaluation of 

MtSK catalysis and inhibition. Though mass spectrometry offers a direct measurement of 

enzyme activity it is however time consuming, material and labor intensive. Several of these 

drawbacks may be averted by the use of intrinsic fluorophores (e.g. tryptophan) to obtain 

detailed information regarding protein-substrate and even protein-protein interactions. The use of 

intrinsic fluorescence addresses this problem as inhibitor is in direct interaction with the target 

enzyme, reporting on the direct interaction between enzyme and inhibitor. This approach offers a 

mechanistic advantage as „on‟ and „off‟ rate constants could be determined using rapid reaction 

techniques like stopped-flow fluorimetry.  In addition, the strategic insertion of a fluorophore on 

key regions of the enzyme can report on binding events occurring at each region. This offers 

mechanistic information on ligand interaction with the protein and can serve as a potential 

mechanistic tool. For example, targeted intrinsic fluorescence can be applied in screening out 
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ATP competitive inhibitors, thereby reducing the amount of time invested in evaluating this class 

of inhibitors which may not make it to subsequent stages of the drug discovery pipeline.  

Fluorescence titration can be applied to evaluate binding mechanisms and interactions 

between enzymes and substrates (299,300,344,391–394). This encompasses the use of steady-

state, transient-state techniques to evaluate enzyme mechanisms and also interactions with 

substrates and inhibitors. Being sensitive to environment, most fluorophores serve as molecular 

probes, elucidating key mechanistic events occurring during catalysis. 

This chapter explores targeted incorporation of intrinsic protein fluorescence as an 

alternate strategy to probe interactions between key regions of the MtSK enzyme and its 

substrates (ATP and shikimate) and inhibitors. We have generated three tryptophan-bearing 

MtSK variants to give each one intrinsic fluorescence associated with a different domain of the 

enzyme. Each variant also has activity similar to the wild-type enzyme. The data presented here 

show that fluorescence quenching can be used to monitor ATP binding. Further, although 

shikimate binding does not result in fluorescence quenching, changes in fluorescence anisotropy 

upon shikimate binding are detectable with the variant (V116W) which targets the 

conformationally dynamic lid domain. Also, we demonstrate here that these variants can be used 

to investigate inhibition mechanism as we have shown using the inhibitor known as Compound 

1. They can also serve as a panel for screening out ATP-competitive inhibitors. In the case of 

MtSK this is highly advantageous because ATP-competitive inhibitors would potentially cross 

react with host kinases (off-target toxicity) rather than shikimate kinase. The ability of this panel 

of variants to screen out these kinds of inhibitors would minimize the cost of preliminary drug 

screens, preventing pursuit of dead ends.   
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4.3 Materials 

Imidazole, ampicillin (AMP), chloramphenicol (CAM), and phenylmethylsulfonyl 

fluoride (PMSF) were purchased from Sigma (St. Louis, MO). Compound 1 [3-methoxy-4-{ [2-

({2-methoxy-4-[(4-oxo-2-thioxo-1,3-thiazolidin-5-ylidene) methylphenoxy} methyl) benzyl] 

oxy} benzaldehyde] was obtained from SPECS. MantATP (2'/3'-O-(N-Methyl-anthraniloyl)-

adenosine-5'-triphosphate) was purchased from Jena Biosciences. Isopropyl-β-d-

thiogalactopyranoside (IPTG) was obtained from Fisher (Pittsburgh, PA). Benzonase nuclease 

was purchased from Novagen (Madison, WI). All restriction enzymes were purchased from New 

England Biolabs (Beverly, MA). All oligonucleotide primers were purchased from Invitrogen 

(Carlsbad, CA). The E. coli strains (BL-21-Gold [DE3] pLysS and XL-1 Blue), Pfu polymerase, 

and T4 DNA ligase were purchased from Agilent (La Jolla, CA). All restriction enzymes were 

purchased from New England Biolabs (Beverly, MA) and all oligonucleotide primers were 

purchased from Invitrogen (Carlsbad, CA). Nickel-nitrilotriacetic acid (Ni-NTA) resin was 

purchased from Qiagen (Valencia, CA). Desalting 10DG chromatography columns were 

purchased from Bio-Rad (Hercules, CA). The substrates adenosine-5′-triphosphate (ATP), 

shikimate, reduced nicotinamide adenine dinucleotide (NADH), phosphoenol-pyruvate (PEP) 

and the enzymes pyruvate kinase (PK) and lactate dehydrogenase (LDH) used in the coupled 

assay were purchased from Sigma-Aldrich (St. Louis, MO). Black round-bottom 96-well 

microtitre plates from Corning® (Corning, NY). All organic solvents were HPLC or LC-MS 

grade and were purchased from Thermo Fisher (Hanover Park, IL). All buffers and media were 

prepared using water purified by a Barnstead EasyPure II system (18.2 MΩ/cm resistivity). 
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4.4 Methods 

4.4.1 Mutagenesis  

Site-directed mutagenesis was carried out by „Round-the-horn‟ approach (395) to the 

construct used for the expression of wild-type MtSK in pET21b vector bearing M. tuberculosis 

shikimate kinase gene. The forward primers designed for substitution N151W, (5‟ 

GTGGACACCTGGCGCCGCAAC 3‟); E54W, (5‟TGGCAGGAATTCCGACGTATCGAGG-

AGGAC 3‟); V116W (5‟ ACGTGGCGCCCACTGCTGGCCGGC 3‟) included in bold, a site 

for codon replacement and underlined are silent mutations. Because of this approach, the reverse 

primers carried no substitutions - N151W (5‟ TCGCATGGTCGCGACGCGCCGGTA 3‟); 

E54W (5‟ CCGTCGGTGGCGAAGATGTCGGCGAT 3‟); V116 (5‟ GTTGCCGCCGGTGC-

GGCGCACTCCCT 3‟). All primers were modified by a 5‟-phosphorylation, allowing for blunt-

end ligation of PCR products. PCR reactions for the generation of these variants were carried out 

using Pfu polymerase and dNTPs (deoxynucleotide triphosphates). PCR products were Dpn 1 

digested to eliminate parent template and ligated using quick T4 DNA ligase. The ligation 

products were used to transform XL-1 Blue E. coli cells. Transformants were selected on the 

basis of ampicillin resistance. Selected N151W, E54W, and V116W plasmids were screened 

with BsaHI, EcoR1, and AflIII restriction endonucleases, respectively. Successful clones were 

sent for full DNA sequence analysis (Davis Sequencing, Davis CA) to verify that intended 

mutations were present. 
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4.4.2 MtSK Expression and Purification 

MtSK expression was carried out in E. coli (BL-21-Gold [DE3] pLysS) using lysogenic 

broth supplemented with ampicillin (100 μg/mL) and chloramphenicol (0.034 mg/mL). Cells 

were grown at 37 °C with constant agitation (250 rpm) to mid-log phase (OD600 = 0.4) and 

induced by IPTG (1 mM). The cells were then grown for an additional 4 h post induction, 

harvested by centrifugation at 5,000 rpm for 15 min at 4 °C and stored at −80 °C until 

purification. Expression analysis was carried out using a trichloroacetic acid (TCA) precipitation 

protocol as described by Varnado et al. except that 11% acrylamide SDS-PAGE gels were used 

(396). A solubility test protocol was followed to determine the proper method of purification. 

Expression analyses revealed the presence of a protein with the anticipated molecular weight in 

the soluble and insoluble fractions. Consequently, protocols were developed to purify the protein 

from its soluble and insoluble (i.e., inclusion body) states. 

For protein purification, cell pellets were resuspended in buffer A (50 mM Tris-HCl, pH 

7.4; 0.5 M NaCl) in the presence of PMSF (0.1 mM). The mixture was homogenized with a 

dounce homogenizer and lysed by sonication using a Branson Sonifier 250 (Branson Ultrasonics 

Corp., Danbury, CT, USA). Sonication was carried out with an output control of 3.5 and a 30% 

duty cycle for 8 intervals of 42 s each with cooling on ice between each sonication. Following 

sonication, benzonase nuclease (250 U) was added, and the mixture was incubated for 2 h at 4 °C 

with gentle stirring. The cell lysate was centrifuged at 10 000 rpm for 15 min at 4 °C, the 

supernatant was collected and the pellets were stored at −80 °C for further purification under 

denaturing conditions. The supernatant was loaded onto a column with Ni-NTA resin by 

recirculating the solution through the column at 1 mL/min overnight. After loading, the column 
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was washed in succession with 50 mM Tris, pH 8.0, followed by buffer A supplemented with 2 

mM, 20 mM, 50 mM, 0.1 M, 0.5 M, and 1 M imidazole. The eluted fractions were collected and 

analyzed by SDS-PAGE. The fraction containing the protein (0.1 M imidazole) was concentrated 

by ultrafiltration with a 3 kDa molecular cutoff filter (Amicon, Billerica, MA) and subjected to 

buffer exchange using a 10 DG size exclusion column (BioRad, Hercules, CA) equilibrated with 

buffer A. 

The concentration of MtSK was measured using the Pierce BCA Protein Assay (Pierce, 

Rockford, IL) according to manufacturer‟s instructions using bovine serum albumin as a 

standard. Enzyme purified by denaturing conditions was employed for the results presented in 

this report. 

4.4.3 ESI-LC-MS Analysis of Intact MtSK 

Analyses of intact MtSK were performed on an Agilent (Little Falls, DE) 6520 Accurate-

Mass Q-TOF mass spectrometer coupled to an Agilent 1200 RRLC system. ESI was conducted 

using a capillary voltage of 4000 V. Nitrogen was used as the nebulizing gas (25 psig) and 

drying gas (10 L/h; 350 °C). The TOF fragmentor and skimmer were set to 180 and 65 V, 

respectively. Samples were injected onto a 2.1 × 100 mm; 3.5-μm Zorbax 300SB-C18 column 

(Agilent Technologies, Inc.) using a flow rate of 0.4 mL/min. The mobile phase consisted of 

water with 0.1% (v/v) formic acid (A) and acetonitrile with 0.1% (v/v) formic acid (B) with a 

gradient elution as follows: 30% B at 0 min, 80% B at 3 min, and 30% B at 5 min. Each run was 

followed by a 1 min post run with 30% B. The total run-time analysis was 6 min and the column 

temperature was 27 °C. Spectra were acquired in the positive (ES+) ion mode, and full scan mass 

spectra (m/z 300–3200) were collected at a rate of 1 spectrum/sec. Mass data obtained from LC-
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MS was analyzed using Agilent MassHunter Qualitative Analysis software and Agilent 

MassHunter BioConfirm software version B.02.00. 

4.4.4 Evaluation of  MtSK Activity  

The enzymatic activity of MtSK was also assayed by a modified pyruvate kinase/ lactate 

dehydrogenase coupled-assay following procedures described by Rosado et al (344).  In this 

assay, the generation of ADP by the MtSK-catalyzed reaction leads to the oxidation of NADH to 

NAD
+
; the decrease in NADH concentration is monitored at 340 nm (ε = 6220 M

–1
 cm

–1
). Assay 

mixtures (1 mL final volume) consisted of 0.1 M Tris pH 7.6, 50 mM KCl, 5 mM MgCl2, 5 mM 

shikimate, 1.2 mM ATP, 1.5 mM PEP, 0.2 mM NADH, 3 U/mL pyruvate kinase and 2.5 U/mL 

lactate dehydrogenase. Reactions were initiated by the addition of MtSK (20 nM), and the 

change of absorption was monitored for 3 min at 340 nm. In this reaction, the oxidation of 

NADH is stoichiometrically equivalent to the production of ADP and S3P by MtSK because 

MtSK is the rate-limiting factor of the coupled reaction. 

Steady-state kinetic parameters were determined from initial velocity measurements 

varying the concentrations of one substrate while keeping the other substrate concentration fixed 

as described above. Data were collected in triplicate, and the data were fitted to the Michaelis-

Menten equation (eq.1) using GraphPad Prism 5.02 software (Mountain View, CA). 

   
    [ ]
    
   

 [ ]
 ……………………………………………….. Eq. 1 

All reactions, (ATP- and shikimate-dependent) were performed at room temperature on a 

Shimadzu UV-1601 spectrophotometer (Columbia, MD) with a cell path length of 1.0 cm. 
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4.4.5 Fluorimetric measurements 

Fluorescence experiments were carried out on a Varioskan® fluorimeter (Thermo Fisher 

Scientific, Hanover Park, IL). Samples were excited at 290 nm and emission spectra collected 

from 300 – 400 nm, with a 5 nm bandwidth. All samples contained 10 M MtSK and reactions 

were carried out using 100 mM Tris, pH 7.6, 50 mM KCl, 5 mM MgCl2. Samples were loaded in 

a black 96-well microtitre plate (Corning Inc., Corning, NY) to a total volume of 200 L. The 

concentration range for ligands used in these experiments were; 0 – 1.5 mM, 0 – 2.5 mM, 0 – 0.2 

mM, 0 – 0.2 mM, for ATP, shikimate, Compound 1 and mantATP, respectively. Collected 

spectra were corrected by subtracting baseline signals (buffer and substrate) from that of the 

reaction.  

Resonance energy transfer efficiencies (E, from titrations with mantATP) by the using 

equation 2, where FD is the fluorescence intensity of the donor and FA is the fluorescence 

intensity in the presence of the donor and acceptor. 

E    
  

  
   …………………………………………………………….. Eq. 2 

Data were normalized (except RET efficiencies) to a scale of 0 - 1 and fitted to a 

quadratic function for ligand binding (Eq. 3) to obtain corresponding KDs. 

In the ATP/shikimate vs Compound 1 and mantATP vs Compound 1 competitive binding 

experiments, proteins were preincubated for 20 min with 10 M inhibitor. After which 

increasing concentrations of shikimate (0 – 5 mM), ATP (0 – 1.2 mM) and mantATP (0 – 0.18 

mM) were added to the samples before excitation at 290 nm.  
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Fluorescence anisotropy experiments were performed on a Cary Eclipse Fluorescence 

spectrometer (Agilent, Santa Clara, CA) using ultra-microsized cuvettes. Excitation (290 nm) 

and emission (340 nm) slits were set at 5 nm. All samples contained 10 M MtSK and reactions 

were carried out using 100 mM Tris, pH 7.6, 50 mM KCl, 5 mM MgCl2 in a 100 L total 

volume. For titrations evaluating shikimate binding, shikimate concentrations ranged from 0.1 – 

2.5 mM. For titrations evaluating ATP binding, concentrations ranged from 0.01 - 1.2 mM. All 

measurements were carried out in triplicate and fitted to a quadratic function for ligand binding 

(Eq. 3) to obtain corresponding KDs. 

            
√                  

 
  ……………………….. Eq. 3   

4.5 Results 

Wild-type MtSK has no tryptophanyl residues. This allows for the strategic or targeted 

incorporation of the residue into the protein by site-directed mutagenesis to impart intrinsic 

fluorescent properties. Amino acid sequence alignments along with the known structural features 

of MtSK were used to identify sites that would be more likely to accommodate the inclusion of 

the indole-bearing side chain of Trp. Within key domain structures of the enzyme, sites that 

showed little, if any, sequence conservation were preferred. The appearance of non-polar 

residues (and especially Trp) in orthologs at sites of poor conservation was also desirable as it 

indicated that Trp would be better accommodated at the corresponding site in MtSK. Target sites 

were identified that covered key components of the MtSK structure (Figure 4.1): L10 and N151 

from the ATP-binding domain, E54 from the shikimate-binding domain, as well as V116, L119, 

and L120 from the lid domain. In the shikimate binding domain, though some level of sequence 
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conservation (Appendix Figure 4.1) is observed at position 54, some orthologs do possess a 

tryptophanyl residue at this position, suggesting that this position can accommodate this large 

aromatic amino acid and maintain catalytic output. Positions 10, 116 and 151 (MtSK numbering) 

showed very weak sequence conservation, with a mix of aromatic, charged, polar and non-polar 

amino acids. In addition, positions 119 and 120 also showed weak sequence conservation with 

polar uncharged, non-polar aliphatic and positively charged amino acid residues. In each of these 

cases, it seemed a reasonable possibility that replacement of the existing amino acid with a 

tryptophanyl residue would impart fluorescent properties while preserving substantial catalytic 

activity.  

Site-directed mutagenesis procedures yielded plasmids for the expression of L10W, 

E54W, V116W, L119W, L120W, and N151W MtSK. Following mutagenesis, plasmids were 

sequenced and the presence of correct substitution, as well as the absence of other unintended 

mutations, were verified. All six variants were overexpressed in E. coli (BL-21-Gold [DE3] 

pLysS) and were subsequently evaluated for purity using ESI-LC-MS (Figure 4.2. Due to the 

poor activity of LI01W, L119W and L120W they were not evaluated further. As described 

previously (377), deconvoluted spectra of purified wild-type MtSK show two species differing in 

mass by 131 amu.  The heavier of the two species is MtSK bearing its N-terminal methionine, 

and the lighter is MtSK in which this residue has been cleaved. All the MtSK variants showed 

proteins with and without the N-terminal methionine with differences in masses compared to the 

wild-type corresponding to the replacement of the target wild-type residue with Trp (Table 4.1). 

This confirmed the results of DNA sequencing.  
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Figure 4.1: Sequence alignment of shikimate kinases from M. tuberculosis, Helicobacter pylori, 

Campylobacter jejuni, E. coli, Dickeya dadantii (formerly known as Erwinia chrysanthemi), 

Yersinia pestis. Regions highlighted represent the shikimate binding domain (green), the lid 

domain (yellow) and the nucleotide-binding domain (red). Underlined in red are the Walker A 

and B motifs. Arrows show positions of Trp insertion based on sequence conservation, polarity 

and likely interaction(s) with the substrate(s). Variants with very little, if any, activity and those 

with activity similar to wild-type MtSK are shown by blue and black arrows, respectively. 
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Figure 4.2: Deconvoluted ESI-LC-MS spectra of purified MtSK proteins. Peaks corresponding 

to 19590.40, 19574.56, 19604.79, 19517.55, 1959.70, 1959.69, 1959.66 Da represent protein 

without N-terminal methionine while species with 19721.50, 19705.78, 19735.92, 19721.73, 

19721.73, 19721.70 Da possess an N-terminal methionine. Protein masses with and without N-

terminal methionine are in good agreement with theoretical mass calculations for all four 

proteins. Samples were stored at 4
o
C prior to injection. 
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Table 4.1 Theoretical and experimental masses (Da) for wild-type MtSK and variants 

  MtSK Protein 

  Wild-type E54W N151W V116W 

ESI-LC-MS + N-met 19468.81 19705.78 19721.50 19735.92 

 No N-met 19517.55 19574.56 19590.40 19604.79 

Theoretical + N-met 19648.59 19705.69 19720.70 19735.68 

 No N-met 19517.40 19574.49 19589.51 19604.47 
 

E54W, V116W, and N151W MtSK all showed activity similar to the wild-type enzyme (e.g., 

wild-type vs V116W in Figure 4.3). Indeed, with respect to kcat, all three variants showed values 

between 35 and 50% of unmodified MtSK, and with respect to kon corresponding to either 

substrate, values were between 25 and 60% of the wild-type enzyme. These data suggested that 

E54W, V116W, and N151W would be suitable surrogates for wild-type MtSK in subsequent 

fluorometric analyses. Significantly, each variant represented a key aspect of MtSK structure and 

catalytic mechanism. The E54W substitution targeting the shikimate-binding domain, the 

N151W substitution targeting the ATP-binding domain, and the V116W variant targeting the 

conformationally dynamic lid domain. 
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Figure 4.3: Evaluating enzyme activity using coupled-assay. Reactions were initiated by the 

addition of MtSK. Panels A and C show traces for reactions using shikimate concentrations 

ranging from 0.1 – 5 mM and 1.2 mM ATP for wild-type and V116W, respectively. Panels B 

and D show traces for reactions using ATP concentrations ranging from 0.05 – 1.2 mM and 5 

mM shikimate for wild-type and V116W, respectively. All reactions were carried out at room 

temperature with 20 nM enzyme in 100 mM Tris, pH 7.6, 50 mM KCl, 5 mM MgCl2. NADH 

oxidation resulting from the coupled activities of pyruvate kinase and lactate dehydrogenase was 

monitored as described in Materials and Methods.  

 

Table 4.2. Kinetic parameters with respect to shikimate* 

MtSK Kinetic parameters 

 kcat (s
-1

) KM (mM) kon (x 10
4 
M

-1
s

-1
) 

Wild-type 63 ± 1 0.51 ± 0.04 12 ± 3 

E54W 24 ± 2 0.3 ± 0.2 7 ± 1 

N151W 33 ± 2 0.5 ± 0.3 6.3 ± 0.2 

V116W 24 ± 1 0.8 ± 0.2 3 ± 1 
*All reactions contained 1.2 mM ATP 
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Table 4.3. Kinetic parameters with respect to ATP
#
 

MtSK Kinetic parameters 

 kcat (s
-1

) KM (mM) kon (x 10
4
 M

-1
s

-1
) 

Wild-type 64 ± 2 0.17 ± 0.04 38 ± 1 

E54W 24 ± 2 0.22 ± 0.02 11 ± 1 

N151W 35 ± 1 0.33 ± 0.30 11 ± 3 

V116W 32 ± 1 0.40 ± 0.04 9 ± 1 
#
All reactions contained 5 mM shikimate 

 

As anticipated, each MtSK variant showed a UV absorption spectrum (max = 281 nm) 

consistent with the presence of a Trp residue in contrast to the lack thereof in wild-type MtSK.   

Likewise, fluorescence emission spectra consistent with the presence of Trp were also observed 

in all three cases.  Titration of each variant with increasing concentrations of ATP produced a 

hyperbolic decrease in fluorescence emission intensity (Figure 4.4). The apparent KDs obtained 

for ATP binding to E54W (0.47 ± 0.08 mM), N151W (0.1 ± 0.03 mM), and V116W (0.32 ± 0.04 

mM) were similar to the apparent KM‟s with respect to ATP (Table 4.2).  

In contrast to ATP binding, the formation of enzyme-shikimate complexes for E54W and 

N151W showed no change in fluorescence emission spectra (Figure 4.5). Only modest decreases 

in emission intensity were observed for the lid domain variant V116W. On their own, the 

structural and electronic properties of shikimate seem unlikely to produce substantial 

fluorescence quenching. However, should shikimate binding produce conformational shifts in 

MtSK structure that would alter the environment of a Trp residue, shifts in Trp-dependent 

fluorescence emission would be anticipated. It is well known that the lid domain of MtSK (which 

includes V116) occupies a wide range of conformational states depending on the presence or 

absence of its substrates (89–91,93). In light of these facts, the modest changes in V116W 

fluorescence in response to shikimate raised the possibility these may be indicative of shikimate-
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dependent conformational changes in the MtSK lid domain. To investigate this hypothesis, 

changes in fluorescence anisotropy on titration of V116W MtSK with shikimate were monitored. 

Figure 4.4: ATP-dependent fluorimetric titrations with 10 M E54W (A), N151W (B), and 

V116W (C). Insets show Trp emission spectra for the three proteins in response to increasing 

concentrations of ATP. All reactions were run in 100 mM Tris, pH 7.6, 50 mM KCl, 5 mM 

MgCl2 at room temperature on black 96-well microtitreplates (Corning®). Intensities were 

normalized on a scale of 0 - 1. Data points represent the average of triplicate measurements, and 

the error bars represent the standard deviation. 
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Figure 4.5: Shikimate-dependent fluorimetric titrations of 10 M E54W (A), N151W (B), and 

V116W (C). Insets show Trp emission spectra for the three proteins in response to increasing 

concentrations of shikimate. All reactions were run in 100 mM Tris, pH 7.6, 50 mM KCl, 5 mM 

MgCl2 at room temperature on black 96-well microtitre plates (Corning®). Data points represent 

the average of triplicate measurements, and the error bars represent the standard deviation. 
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For V116W MtSK small but significant changes in steady-state fluorescence anisotropy 

were observed in response to increasing concentrations of either substrate, shikimate (Figure 

4.6A) or ATP (Figure 4.6B). Neither E54W nor N151W showed any change in fluorescence 

anisotropy in response to shikimate (Figure 4.6A); N151W but not E54W showed an increase 

(albeit sporadic) in fluorescence anisotropy in response to ATP (Figure 4.6 B). The increases 

anisotropy of V116W in response to ATP would be consistent with the reduced mobility of the 

indole ring of W116 upon formation of an ES  complex (397,398). Indeed, shikimate kinases (as 

well as other NMP kinases) are well known to undergo substantial conformational changes 

associated with substrate binding (Figure 4.7). The most dramatic of these is the closing of the 

enzyme‟s lid domain (which includes residue 116) over the substrates bound in the enzyme 

active site. Indeed, all indications from NMP kinase structures solved to date are that the lid 

domain is highly dynamic and conformationally variable in the absence of substrates, but 

collapses into a highly organized and closed conformation upon substrate binding.  
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Figure 4.6: Changes in fluorescence anisotropy of Trp-bearing MtSK variants in response to 

shikimate and ATP. Titrations were carried out using 10 M enzyme in 100 mM Tris, pH 7.6, 50 

mM KCl, and 5 mM MgCl2 at room temperature. Only V116W showed consistent changes in 

anisotropy. Hence, only one KD value was determined in both data sets. Error bars represent 

standard deviations of the mean. 
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Figure 4.7: Overlay of shikimate kinase structures of the free enzyme (PDB: 2D1K, cyan)(388) 

and a ternary complex with ADP and shikimate (PDB: 1WE2, grey) (90). The overlay shows 

domain movements in both free and substrate-bound enzyme.  

 

Having used Trp-bearing MtSK variants to evaluate ATP and shikimate binding by the 

enzyme, we sought to evaluate the interaction of MtSK with inhibitors, particularly the 

pyrazolone-based SK inhibitor known as Compound 1 (Figure 4.8). However, it was first 

necessary to evaluate inhibition by Compound 1 using the standard coupled assay for MtSK 

activity. This assay relies on the activities of, first, PK to convert SK-generated ADP to ATP, in 

the process converting phosphoenolpyruvate to pyruvate, and second, LDH to convert pyruvate 

to lactate with the concomitant oxidation of NADH to NAD
+
. Ultimately, SK activity is inferred 

from the decrease in concentration of NADH monitored at 340 nm.   
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To determine the extent to which the coupled assay could reliably report specific 

inhibition of MtSK as opposed to the collateral inhibition the enzymes of the coupled assay, we 

evaluated the effect of Compound 1 on PK and LDH activities. Oxidation of NADH by LDH in 

reactions containing PK, PEP, and ADP in the presence of Compound 1 (0 - 30 M) was 

examined. Above 10 M, significant inhibition of the coupled enzyme system was observed, 

setting an upper limit for Compound 1 concentration in these studies of 10 M (data not shown). 

 

 

Figure 4.8: Structure of Compound 1 ([3-methoxy-4-{ [2-({2-methoxy-4-[(4-oxo-2-thioxo-1,3-

thiazolidin-5-ylidene) methylphenoxy} methyl) benzyl] oxy} benzaldehyde]) 

 

Increasing concentrations of Compound 1 produced a decrease in the MtSK kcat (Figure 

4.9). Whether shikimate or ATP was the varied substrate, kcat was reduced by about 70% in the 

presence of 10 M Compound 1. Compound 1 also produced a clear decrease in kon with respect 

to shikimate and ATP. The Compound 1-dependent decrease in both kcat and kon suggested a non-

competitive mechanism of inhibition, consistent with previous observations for H. pylori 

shikimate kinase. However, the data were not readily fit to obtain dissociation constants (i.e., KI 

values) for MtSK-Compound 1 complexes. 
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Figure 4.9: MtSK inhibition by Compound 1. The effect of Compound 1 on MtSK activity in 

response to shikimate (A) and ATP (C) concentration. The effects of Compound 1 on the 

apparent kcat (●) and kcat/KS (▲) with respect to shikimate (B) and ATP (D) are also shown. All 

reactions contained 20 nM MtSK and were carried out in 100 mM Tris, pH 7.6, 50 mM KCl, 5 

mM MgCl2 at room temperature. Points represent the average of triplicate measurements, and the 

error bars represent the standard deviation from the mean. 

 

 

 

Jump dilution experiments performed to evaluate reversibility of Compound 1 inhibition 

at final concentrations of 1 and 5 M showed a slow but complete oxidation of NADH, when 
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compared to the control (Figure 4.10). This indicates that diluting the equilibrated EI complex in 

the reaction mixture results in slow, yet subsequent gain of enzymatic activity; the inhibitor may 

not be tightly or covalently bound to the enzyme. Upon incubation and hourly injection (for 24 

hr) of the EI complex, the resulting deconvoluted chromatogram and mass spectra (Figure 4.11) 

indicate that the inhibitor is not covalently bound to the enzyme. Hence, no change in enzymes 

molecular weight or appearance of modified enzyme in the mass spectra or additional peaks in 

the chromatogram. These set precedence from which we utilized the tryptophan-bearing variants 

to elucidate the mechanism of action of Compound 1. Albeit to develop a high throughput 

screening approach for rapid mechanistic evaluate of shikimate kinase inhibitors. 

 

Figure 4.10: Jump dilution experiments with Compound 1. MtSK (5 M) was preincubated with 

0.01 % DMSO, 100 and 500 M Compound 1 for 1 hr at room temperature in a 50 L total 

volume. The enzyme-inhibitor complex was then diluted 100-fold (50 nM final concentration) 

into a PK/LDH coupled reaction cocktail containing 5 mM shikimate and 1.2 mM ATP. 

Preincubations and activity assays were carried out in 100 mM Tris, pH 7.6, 50 mM KCl, and 5 

mM MgCl2. Representative traces from triplicate measurements are shown. 
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Figure 4.11: Investigating covalent adducts formation between MtSK and Compound 1. 1 M 

MtSK was preincubated with 100 M Compound 1 for 24 hr at 4
o
C. Samples were injected 

hourly into the mass analyzer. Chromatogram of samples shows no evidence of multiple peaks.  

 

The MtSK Trp-bearing variants previously described, N151W (nucleotide-binding 

domain), E54W (shikimate-binding domain) and V116W (Lid domain) were used to evaluate 

binding of Compound 1 by MtSK. A KI of 10 M was previously reported for Compound 1 on 

Helicobacter pylori shikimate kinase (HpSK) (399). Titrating these variants with Compound 1 
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produced hyperbolic decreases in fluorescence emission across all three proteins (Figure 4.13 A, 

C, and E). Across the three variants KD values for association with Compound 1 were similar, 

ranging by a factor of two from E54W (16 ± 2 M) to N151W (33 ± 6 M) with V116W falling 

in between (26 ± 2 M). 

To further investigate the nature of Compound 1 binding, pre-formed complexes of 

Compound 1 with MtSK variants were titrated with increasing concentrations of shikimate. 

Differential behavior was observed with each Trp-bearing variant. The enzyme inhibitor 

complex for N151W showed no shift in emission spectrum max and a relatively small decrease 

in emission intensity (Figure 4.14B). Similarly, V116W showed no shift in emission max, but a 

more substantial loss of emission intensity was detected (Figure 4.14C). In contrast, the 

Compound 1-E54W binary complex showed a 15-nm red shift in emission maximum relative to 

the free enzyme, suggesting that the inhibitor may be altering the environment at or near W54 in 

the shikimate binding domain (Figure 4.14A). The inclusion of increasing concentrations of 

shikimate up to 5 mM to each E-I complex produced little if any change in fluorescence for 

E54W or N151W, indicating that the substrate was unable to displace Compound 1. 

Interestingly, the formation of the ternary complex with V116W resulted in an additional 

quenching of intrinsic fluorescence. Given the placement of this tryptophan in the MtSK lid 

domain and the known conformational change in this domain upon shikimate binding, it is 

possible that inclusion of shikimate has altered the position of W116 relative to pre-bound 

Compound 1. 
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Figure 4.13: Effect of Compound 1 on Trp fluorescence. All reactions were run with 10 M 

enzyme at 25
o
C, with Compound 1 concentrations from 0 – 200 M.  Reactions were performed 

in 100 mM Tris, pH 7.6, 50 mM KCl, 5 mM MgCl2. Error bars represent standard deviations 

from the mean. 
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Titration of the MtSK variant-Compound 1 binary complexes with ATP produced substantial 

decreases in emission intensities, indicative of the formation of a ternary complex (Figure 4.15). 

However, quenching in E54W is comparatively very weak. Still, a similar, yet unique behavior is 

observed in E54W; red shifting when Compound 1-bound (Figure 4.15 A). N151W (Figure 

4.15 B) and V116W (Figure 4.15 C) showed no shifts in their emission spectra. The 

preformation of the V116-Compound 1 complex increases the apparent KD for ATP by at least 

two fold (data not shown). Though no gain in fluorescence emission was observed in all proteins, 

this unique behavior in E54W suggests that the inhibitor is in close proximity to W54.  
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Figure 4.14: Compound 1 vs shikimate competitive assays with 10 M E54W (panel A), 

N151W (panel B), and V116W (panel C). 10 M Compound 1 was preincubated with proteins 

for 20 min after which shikimate (1.25 – 5 mM) was added to the binary complex. All reactions 

we performed at room temperature in 100 mM Tris, pH 7.6, 50 mM KCl, 5 mM MgCl2. Spectra 

are representative of triplicate experiments. 
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Figure 4.15: Compound 1 vs ATP competitive assays with 10 M E54W (panel A), N151W 

(panel B), and V116W (panel C). 10 M Compound 1 was preincubated with proteins for 20 min 

after which ATP (0.3 – 1.2 mM) was added to the binary complex. All reactions were run at 

room temperature in 100 mM Tris, pH 7.6, 50 mM KCl, 5 mM MgCl2. Spectra are representative 

of triplicate experiments. 
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The impartation of intrinsic fluorescence also allows for the evaluation of fluorescent 

ligands. This is possible if the protein/donor and fluorescent ligand form a RET pair. An example 

of such a pair is Trp and mantATP (2'-/3'-O-(N'-Methylanthraniloyl) adenosine-5'-O-

triphosphate) (Figure 4.16). RET-based interactions can be utilized to monitor the binding of 

other ligands. This donor-acceptor pair (Trp and mantATP), being chemically different, 

constitutes a hetero transfer pair (300). Here, the tryptophans (W54, W151, or W116) serve as 

donors and mantATP as the acceptor. 

 

Figure 4.16: Structure of mantATP 
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Figure 4.17: MantATP-dependent resonance energy transfer with 10 M W54 (A), W151 (B), 

and W116 (C) in 100 mM Tris-HCl 50 mM KCl, 5 mM MgCl2, pH 7.6 in a black round bottom 

96 well microtitre plates. MantATP concentrations used were 0 – 0.2 mM. Samples were excited 

at 290 nm. Spectra are representative of triplicate experiments.  
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All three variants showed differential responses to mantATP binding (Figure 4.17). Across the 

variants, the quenching of tryptophan fluorescence is accompanied by a subsequent fluorescence 

emission from the acceptor, with emission maxima around 425 nm. The line-shape of Trp 

emission spectra in all three proteins was different, indicative of different molecular transitions 

occurring in the different fluorophores as a result of the location and interaction with mantATP. 

 In addition to the differential Trp emission spectra, each variant also possessed a unique 

mantATP emission signature. It is also noteworthy that the resulting resonance energy transfer 

efficiencies across all variants showed similar responses to mantATP (Figure 4.18). However, 

E54W asymptotically approaches an upper limit in transfer efficiency of about 0.7. In contrast, 

RET efficiency remains essentially linear for N151W and V116W across the range of mantATP 

concentrations evaluated.  

 

Figure 4.18: Resonance energy transfer efficiencies between mantATP and E54W (●), N151W 

(●) and V116W (●). 
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In order to determine possible interactions or the possibility of a competition between 

mantATP and Compound 1, we evaluated the effect of Compound 1 on the RET response of 

mantATP. Enzyme-Compound 1 complexes were preformed by incubating each variant with 10 

M Compound 1. The titration of the equilibrated binary (EI) complex with mantATP produced 

additional quenching after the formation of the ternary complex (Figure 4.19). Only E54W 

showed a red shift to the free enzyme. No shifts were observed with N151W and V116W. There 

was no change in apparent KDs for mantATP with and without Compound 1 across all three 

variants (data not shown). Suggesting mantATP and Compound 1 do not compete. 
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Figure 4.19: Compound 1 vs mantATP competitive assays with 10 M E54W (panel A), 

N151W (panel B), and V116W (panel C). Samples were preincubated with 10 M Compound 1 

for 20 min after which mantATP was added to the EI complex, before excitation at 290 nm. All 

reactions were run at room temperature in 100 mM Tris, pH 7.6, 50 mM KCl, 5 mM MgCl2. 

Spectra are representative of triplicate experiments. 
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4.6 Discussion and Conclusions 

We report here an application of targeted intrinsic fluorescence approach on MtSK. Wild-

type MtSK is devoid of tryptophan. Intrinsic fluorescence was imparted via site-directed 

mutagenesis on key regions of the protein, substituting nonconserved residues or residues in 

positions which bear a Trp in shikimate kinases from other organisms. These factors were to 

increase the chances of a larger, aromatic group to be accommodated by MtSK. The target sites 

for substitution include E54 on the shikimate binding domain, N151 on the adenine binding 

domain and V116 on the lid domain. The substitution at these positions has the potential to 

report on binding events on the respective domains in which the fluorophores are located. 

 Together with the wild-type MtSK, all variants upon expression showed N-terminal 

methionine modification (400–403), a common post-translational modification in E. coli and in 

specifically in proteins with a small amino acid in the subsequent position (403), in the case of 

MtSK, an alanine. This results in two protein populations; one with and one without the N-

terminal methionine. All three variants possessed comparable catalytic efficiency to the wild-

type, making them suitable candidates for evaluating and reporting binding events on MtSK. In 

contrast to the wild-type which bears no Trp, all variants show characteristic emission spectra, 

though with differing emission maxima to that of free Trp. Again, indicating that these can report 

differentially on ligand binding to the enzymes. 

Large conformational changes as a result of ATP binding (84,91,93) to the enzyme 

increase the proximity between the different domains thus increasing the potential of energy 

transfer. The closure of the lid domain and the inward movement of the adenine and shikimate 

binding domains decreases the distance between quencher and fluorophore resulting in 
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fluorescence from regions of the enzyme typically further away for the adenine binding domain. 

This, however, could make potential applications in ATP sensing systems and also serve as the 

basis of the development of resonance energy transfer pairs to monitor interdomain interactions 

and interactions with other ligands. 

The structural and electronic predisposition of shikimate may account for its inability to 

act as an effective quencher. But, the occurrence of conformational shifts in kinases cannot be 

overstated. The moderate change in V116W fluorescence suggests a possible substrate-induced 

conformational change. Previous reports (70,98,404–409) implicate the lid domain in 

interactions with ligands and also how lid closure is essential for catalysis. The conformational 

flexibility and sensitivity of V116W support previously stated applications as a sensor.  

Comparing overall or „global‟ rotational (motion of shikimate kinase) and „local‟ probe 

(tryptophan) motion, the latter comprises any mobility of the tryptophanyl residue far exceeding 

rotational movements of the entire enzyme. „Local‟ motions in shikimate kinase would include 

domain motions or movements in shikimate (W54), nucleotide (W151) or lid (W116) domains.  

A stark contrast to other systems using noncovalent probes like NADH and porphyrins is the 

reduction in probe mobility resulting from higher binding energies and multiple interactions. 

Contradistinctively, movement in covalent probes like tyrosines and tryptophans are typically 

limited by the enzymes‟ structure (410). Consistent with higher anisotropy values observed in 

proteins with flexible tags (411), the changes in anisotropy in V116W variant support evidence 

from crystallography that the lid domain is conformationally flexible (93,318,388). This is 

supported by the lack of assignable electron density to the residues of the lid domain of the free 

enzyme (388). Further, it supports our initial hypothesis that moderate changes in V116W 
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fluorescence when shikimate is titrated against the variant is as a result of substrate-induced 

conformational changes.  

These variants could serve as potential mechanistic tools in evaluating the „on‟ and „off‟ 

rate constants of ligands and also probe binding event using kinetic techniques like stopped-flow 

fluorimetry or transient anisotropy. In shikimate kinase, the lid closure and substrate binding 

occur as separate events (93). Our data show that in the binary complexes of shikimate kinase, 

there exist conformational changes in the shikimate/ATP and lid domains. Substantial 

conformational changes occur in the lid domain beit in the binary or ternary complex. The 

unique properties of these variants make them suitable for investigating inhibitor mechanism of 

action.  

 As previously stated, intrinsic fluorescence can be applied or used in developing RET-

based systems to investigate interactions between ligands. All three variants showed different 

fluorescent spectral characteristics with the mantATP. Each protein had a unique spectral 

signature indicative of the environment of the fluorophore. This may seem counter-intuitive to 

the Franck-Codon principle stating that molecular transitions from equilibrium excited state to 

Franck-Codon ground state is not a unique transition but a combination of substates of vibrations 

and rotations of the electronic ground state. This implies fluorescence spectrum will show some 

general features (similar to absorbance) like peak broadening, asymmetry and possibly reveal 

vibrational information via the appearance of peaks and shoulders (300). However, though this 

holds true, these three variants show unique spectral features, representative of the environment 

or location of the fluorophore. They do not conform or obey the Franck-Codon principle even 

though it is essentially the same fluorophore. N151W and E54W show more peak broadening in 
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the tryptophanyl emission spectra in contrast to a rather narrow peak observed in V116W. This 

difference hints on the differences in their vibrational relaxation mechanisms, with a broad 

spectrum suggestion a transfer of vibrational energy to W151 and W54 vibrational modes while 

the narrow spectrum of W116 might be as a result of intramolecular energy distribution (412). 

the asymmetric distribution (413) or small development of shoulders in E54W and N151W 

spectra could be an indication of a likely similar orientation of the fluorophores to the mant 

group or an unresolved vibronic structure (414). It could also be suggested that N151W spectrum 

follows a Lorentzian distribution, indicating an uncertainty broadening resulting from short 

emission lifetimes (414). 

The development of tools to accelerate initial screening processes and to replace more 

cumbersome and time-consuming tradition methods is quintessential. Thus, this panel of variants 

developed shows that intrinsic fluorescence can serve as a promising tool to probe and evaluate 

enzyme and inhibitor mechanism of action in fewer steps in contrast to traditional screening 

procedures. Together with traditional and fluorimetric methods, Compound 1 has shown 

preferential binding at or near the shikimate binding arm of MtSK with little or no interference 

with ATP binding. This panel of variants could also be used for screening ATP competitive 

inhibitors in the initial stages of drug screening, curbing valuable time spent on evaluating rather 

toxic compounds to host metabolism. Together, these variants show potential towards the 

development of high throughput based assays for drug development and screening. 
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Chapter 5 

Summary 

Tb is not a relic of the 19
th

 century. It is still a persistent public health problem, and 

strikingly, it is one of the top ten causes of death, alongside diabetes and cardiovascular diseases 

(120). This bacterium has evolved in many ways to evade the immune system and antibiotics, 

resulting in resistance to first-line (i.e., MDR strains) and second-line (i.e., XDR strains) 

antitubercular agents. Unfortunately, the number of FDA-approved drugs against this prolific 

pathogen has been at a near stand-still with only one approved in the last five decades 

(12,316,317,325). The emergence and expanding prevalence of MDR and XDR strains coupled 

with lack of novel treatment options have created a profound need for new antitubercular agents. 

Due to the absence of a mammalian analogue, the shikimate pathway and its enzymes 

represent a promising and target-rich setting for the discovery of the antitubercular drugs that are 

so desperately needed. Shikimate kinase (MtSK in M. tuberculosis) catalyzes the fifth step of this 

pathway. Based on its structural similarity to enzymes like adenylate kinase, it is classified as a 

nucleoside monophosphate kinase. It follows a random sequential mechanism (389) with ATP 

and shikimate as substrates. Substrate binding results in large conformational changes in the 

ATP-binding, shikimate-binding, and lid domains (93). 

Targeting enzymes in pathways with no mammalian counterparts offers a greater 

advantage in the identification of drug candidates with minimal cross-reactivity with host 
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systems. MtSK fits in this category and is an excellent target for the development of new 

antibacterials. Still, simply targeting MtSK without elucidating the mechanisms of action of 

identified inhibitors and potential drug candidates overlooks a likely route to the unintended 

development of cross-reacting agents. With MtSK and most other enzymes of the shikimate 

pathway, one substrate is entirely absent from human metabolism (e.g., shikimate, 

dehydroquinate, etc.), but the other is nothing short of ubiquitous (e.g., ATP, NADH, etc.). Thus, 

to minimize the potential for cross-reactivity, it is essential that inhibition mechanisms avoid 

targeting the aspects of catalysis that depend on the ubiquitous substrate. Specifically, successful 

drug development is far more likely to emerge from leads that address shikimate- rather than 

ATP-dependent aspects of MtSK catalysis; inhibitors that mimic ATP interaction with MtSK are 

more likely to collaterally interfere with host kinases instead of mainly targeting the pathogen. 

This is critical since, as previously discussed, the nucleotide binding arm of kinases possesses 

high structural similarity. Inhibitors that compete with ATP binding would potentially have 

severe adverse effects, cross-reacting with closely related host kinases like adenylate kinase, 

gluconate kinase or pantothenate kinase and may even extend to more distantly related protein 

kinases. Thus, inhibitors targeting the shikimate-binding arm would be most effective due to the 

non-ubiquitous nature of this substrate. This, together with the urgent need for new anti-

tubercular agents requires new methods of rapid screening of inhibitors against MtSK and 

evaluating their mode of action. 

The data presented in this dissertation highlights the essentiality of detailed mechanistic 

investigation of MtSK inhibitors and couples it with the need for new approaches that would 

accelerate preliminary drug discovery stages and screen out ATP-based inhibition mechanisms. 

A substantial benefit is realized in minimizing the time, labor, and cost that accrue with the 
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pursuit of dead ends. We present here the first report on mass spectrometric characterization of 

marine sponge metabolites (manzamine alkaloids and ilimaquinone). This report elucidates the 

detailed mechanism of action of these classes of compounds. It showed that the manzamines 

followed a mixed-type, slow onset inhibition with 6-cyclohexamidemaznamine being the only 

tight binder with superior inhibitory properties. We also present a detailed kinetic profile of the 

non-specific, irreversible inhibitor, ilimaquinone. This report highlights and cautions on the 

subsequent use of ilimaquinone as a drug candidate. Presented here is an intrinsic fluorescence 

approach for both screening and mechanistic investigation of inhibitors. This approach is not 

only limited to evaluating inhibitors but can be used to investigate enzyme mechanisms. 

Strategic fluorescence impartation offers the advantage of time, material and cost over traditional 

mechanistic methods.  

Research findings 

The manzamine alkaloids (manzamine A, 8-hydroxymanzamine A, manzamine E, 

manzamine F, 6-deoxymanzamine X, and 6-cyclohexamidomanzamine A) were all identified as 

inhibitors of MtSK. All were reversible, but in each case, slow-onset or time-dependent 

inhibition was observed. These compounds were discovered to conform to a two-step mechanism 

with initial formation of an EI complex followed by slow isomerization to a higher affinity EI* 

complex. Steady-state kinetic evaluation by LC-MS revealed initial EI complex formation 

conformed to mixed-noncompetitive model of inhibition with respect to both MtSK substrates, 

shikimate, and ATP. With all six manzamines, slow binding inhibition was observed, but only 6-

cycloheamidomanzamine formed a tightly bound EI* complex was also observed. 6-

cyclohexamidomanzamine A stood out as a superior inhibitor with inhibition constants for all 
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enzyme forms around 4 – 60 fold lower than those of the other manzamines. Taking into account 

the rate constants for the transition of EI to EI* and back, a KI* value of 60 nM was estimated for 

6-cyclohexamidomanzamine A.  

Docking studies performed with 6-cycloehexamidomanzamine A showed two poses that 

differed in the positioning of the pyridoindole-cyclohexamide moiety within the MtSK structure. 

Pose 1 was most favorable, and showed the 6-cyclohexamide ring extending deep into the 

shikimate binding pocket and stabilized through a series of non-polar interactions with 

surrounding residues.  In pose 2 the pyridoindole-hexamido moiety was bound close to the 

surface with the cyclohexamide group overlapping with ADP. Together with steady-state kinetic 

data, this provides one possible explanation for the observed two-step binding mechanism,  and 

how the inhibitor changes conformation to achieve a more effective pose (pose 1) which 

represents the EI*. This potency and uniqueness of 6-cyclohexamidemanzamine are attributed to 

pose 1, as it overlays with the unique shikimate-binding site, competing with shikimate. This 

property offers a remarkable advantage of this inhibitor over the others and would potentially 

minimize cross-reactivity with host systems as it forms a tightly-bound pose when competing 

with shikimate. The change in orientation of the pyridoindole-cyclohexamide moiety from a 

region closer to the surface to a deeper site may induce conformational changes in MtSK 

structure over time. The cyclohexamide group of 6-cyclohemaidemanzamine provides a possible 

explanation for its superior inhibitor activity, as it extends into the shikimate binding arm of 

MtSK, inhibiting the binding of shikimate. Its ability to switch conformations to a tightly bound 

complex with the cyclohexamide group buried in the unique shikimate-binding arm makes it an 

ideal candidate for the development of novel anti MtSK agents with minimal cross-reactivity to 
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host systems. The structure and mechanism of this class of compounds indicate that they may be 

used as scaffolds for the development of novel anti tubercular agents. 

The research described in this dissertation also elucidates the mechanism of MtSK 

inhibition by ilimaquinone (IQ), a marine-based sponge metabolite. IQ-dependent inhibition 

contrasts starkly with the manzamines, first, in that it inhibits MtSK through covalent 

modification and is, therefore, irreversible. More importantly, IQ targets several residues of the 

enzyme‟s P-loop. Not only is this structure part of the ATP binding cleft, it is also a nearly 

universal structure among kinases, particularly among MtSK‟s closest relatives, the NMP kinases 

which are widely distributed in human metabolism. IQ-dependent MtSK inactivation followed an 

apparent second-order rate constant of about 60 M
-1

s
-1

. Together with time-dependent and jump 

dilution experiments, intact protein mass spectrometry also showed an increase in protein 

molecular mass corresponding to the addition of 1 and 2 equivalents of IQ. Tandem MS-MS 

analyses showed several modifications, primarily serines and threonines with evidence of lysine 

and tyrosine modifications as well. Prominent modification sites were, as mentioned above, P-

loop residues (Lys15, Ser 16, and Thr 17) along with Ser 44, Ser 77, Thr 111.  Given the 

substantial number of MtSK residues modified following incubation with IQ, the PAINS 

behavior of IQ was evaluated by reacting the inhibitor with other enzymes PK, LDH, and 

MtKatG. Interestingly, LDH was also modified by IQ, showing a mass difference of 326 Da 

corresponding to the addition of +1 IQ. Also, at 10 and 100-fold lower IQ concentrations, 

modifications were also observed, though less prominent as at 100 M IQ. MtKatG and PK were 

unaffected by the inhibitor.  
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The striking differences in the mechanisms of inhibition by 6-cyclohexamidemanzamine 

and ilimaquinone clearly illustrate the importance of elucidating inhibitor mechanism of action 

as opposed to a simple screening for inhibition by IC50 analysis. Its promiscuity and propensity 

for modifying structures universal among kinases (e.g., P-loop residues) ultimately makes 

ilimaquinone an undesirable candidate for drug development. In contrast, 6-cyclohexamido 

manzamine A appears to exploit the shikimate binding pocket, and this interaction points to 

strategies whereby the molecule may be modified to more effectively capitalize on this binding 

mode. The downside to these extensive characterizations of MtSK inhibition mechanism is their 

time- and resource-intensive nature. Drug discovery and development using promising targets 

like MtSK would be greatly aided by rapid procedures to make these same kinds of mechanistic 

determinations.  

A rapid approach to drug screening and mechanistic evaluation of inhibitors was 

designed by imparting intrinsic fluorescence on key regions MtSK, to increase throughput for 

identifying inhibition mechanisms likely to be advantageous for further drug development and 

excluding those likely to result in dead ends. All the variants generated (E54W, L119W, L120W, 

V116W, N151W, L10W) showed masses (LC-MS analyses) consistent with the intended 

substitution and each showed characteristic tryptophan emission spectra absent from the wild-

type enzyme. Of the variants generated, three (E54W, V116W, and N151W) were catalytically 

active and showed kinetic parameters similar to the wild-type enzyme. Importantly, each variant 

covered an important region of the protein in the context of catalytic events. Accordingly, these 

variants showed differential sensitivities to substrate binding and were able to probe 

conformational changes within the protein upon substrate binding.  
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This panel of Trp-bearing MtSK variants was used to evaluate so-called Compound 1, a 

molecule previously characterized as a noncompetitive inhibitor of shikimate kinase. All three 

variants showed a hyperbolic decrease in fluorescence intensity, with KDs around [E]T. E54W 

was most sensitive to the inhibitor. Supporting traditional inhibition studies, fluorescence studies 

indicated that the inhibitor binds in the vicinity of W54. This was also corroborated by 

competition experiments and the occurrence of a 15 nm red shift only in E54W. 

It is essential for this panel of variants to discriminate ATP-competitive inhibitors and 

also evaluate the mechanism of fluorescent inhibitors. We utilized a fluorescent ATP analogue, 

mantATP as a competitive inhibitor to ATP and to also represent a fluorescent natural product. 

Competition experiments of mantATP vs Compound 1 showed no displacement of the inhibitor 

from the enzyme. This was evident from lack of gain of fluorescence in the ternary complex (E-

I-mantATP). However, consistent with previous observations, only the E54W-I, and the E54W-

I-mantATP complex showed red shifts. These, indicate that mantATP and Compound 1 do not 

compete for the same binding site and support previous observations that Compound 1 binds 

near W54. 

This panel of variants has shown great potential towards applications on improving 

throughput in drug screening and mechanistic investigation. It is now possible to use these 

variants to investigate binding events with no naturally occurring tryptophanyl fluorophore using 

techniques like stopped-flow fluorimetry. We determined a similar mode of action of Compound 

1, as previously determined (399) using these variants within a short time period and fewer 

materials than regular traditional techniques. These variants can also be used to screen against 

ATP competitive inhibitors which pose a greater risk for cross-reactivity and often lead to dead 
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ends. This transition from traditional methods of evaluating inhibition would enhance throughput 

and ultimately improve the drug discovery timeline. This is the first report of this approach on 

MtSK inhibitor screens and could be applied to other kinases; all with the potential of not only 

screening but also provide a cost-effective mechanistic evaluation of natural, synthetic or 

semisynthetic products. 

Future studies and perspectives 

Moving forward, fluorescently active variants could be used to determine the rate 

constants of substrates and inhibitors using stopped-flow fluorimetry. This would provide more 

mechanistic information, be it the occurrence of single or multiple binding steps or the 

preferential binding of substrates or inhibitors to the free enzyme or to one or more 

conformational states. Stopped-flow fluorimetry could also be applied to evaluate competition 

between substrates and inhibitors using a double mixing approach. Again, this is not only limited 

to MtSK but has potential applications to all kinases and enzymes out of the kinase fold.  

Also, though intrinsic fluorescence reported here makes use of natural occurring 

tryptophan, the lifetime and quantum yield of Trp are very low. These could be enhanced by the 

use of unnatural amino acids or their derivatives thereof like coumarin-cysteine, 

acridonylalanine, cyano-tryptophan (288,415–417) etc. In addition, site-directed spin labeling 

studies can be performed using methanethiosulfonate, N-(1-oxyl-2,2,6,6-tetramethyl-4-

piperidinyl) maleimide, iodoacetamide (418–423) etc., to observe changes in radical signals and 

possibly trapping one or more conformational states of the enzyme at different time points.   

In a broader scheme, the impartation of intrinsic fluorescence on MtSK could also be 

applied to the different enzymes of the shikimate pathway, which are all potential targets for 
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antibacterials and most are bisubstrate enzymes e.g. shikimate dehydrogenase, dehydroquinate 

synthase. Impartation of intrinsic fluorescence could be used to evaluate potential protein-protein 

interactions of enzymes in the shikimate pathway. The unique fluorescence signal generated 

from the interaction of two proteins would provide more information on the uniqueness of the 

pathway and its enzymes and its possible role in evolution. With the high structural similarity 

and ubiquity of kinases, this technique can be used to evaluate the effect of different anticancer 

agents targeting kinases. The nucleotide binding domain of most kinases is very similar. This 

would accelerate screening against nucleotide competitive inhibitors and reduce off-target 

toxicity. 
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Appendix 1 

 

Figure 2.1. Non-linear least-squares analyses of rapid reversible inhibition by 8-

hydroxymanzamine A (2). Data acquired varying [ATP] at fixed [SA] (and vice versa) were 

either fit to a global mixed-noncompetitive mechanism of inhibition or as individual Michaelis-

Menten curves. Concentrations of 2 evaluated were 0 (), 12.5 (), 25 ()/50 (), 100 (), 

and 200 () M.  
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Figure 2.2. Non-linear least-squares analyses of rapid reversible inhibition by manzamine E (3). 

Data acquired varying [ATP] at fixed [SA] (and vice versa) were either fit to a global mixed-

noncompetitive mechanism of inhibition or as individual Michaelis-Menten curves. 

Concentrations of 3 evaluated were 0 (), 25 (), 50 (), 100 (), 150 (), and 200 () M. 
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Figure 2.3. Non-linear least-squares analyses of rapid reversible inhibition by manzamine F (4). 

Data acquired varying [ATP] at fixed [SA] (and vice versa) were either fit to a global mixed-

noncompetitive mechanism of inhibition or as individual Michaelis-Menten curves. 

Concentrations of 4 evaluated were 0 (), 100 (), 150 (), 200 (), and 250 () M. 
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Figure 2.4: Non-linear least-squares analyses of rapid reversible inhibition by deoxymanzamine 

X (5). Data acquired varying [ATP] at fixed [SA] (and vice versa) were either fit to a global 

mixed-noncompetitive mechanism of inhibition or as individual Michaelis-Menten curves. 

Concentrations of 5 evaluated were 0 (), 25 (), 50 (), 100 (), and 200 () M. 
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Figure 4.1: Sequence alignment for some shikimate kinases. Regions highlighted represent the 

shikimate-binding domain (green), the lid domain (yellow) and the nucleotide binding domain 

(red). 
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