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Abstract 

Abstract 
Mycobacterium tuberculosis , the causative organism for tuberculosis, is responsible for the 

highest mortality rate among bacterial pathogens. Persistent M tuberculosis infections depend on 

the glyoxylate shunt, a carbon-conserving bypass in the tricarboxylate cycle consisting of isocitrate 

lyase (ICL) and malate synthase. ICL which is involved in the first committed step of the 

glyoxylate cycle have been extensively characterized, both biochemically and structurally. The 

importance of such knowledge for the development ofnew inhibitors against M tuberculosis ICL 

has been the inspiration for this thesis. 

ICL catalyzes the reversible retro-aldol cleavage of isocitrate into succinate and glyoxylate. 

Previous studies provided evidence for the involvement of two proton transfer steps. Current study 

aims to reveal the essential residues responsible for the acid-base catalysis by MtICL via 

mutagenic and kinetic isotope effect (KIE) experiments. Cys191 and His193 were mutated to 

probe the impact of these residues on formation of the purported enolate intermediate, while 

Lys 189, His 180 and Tyr89 were mutated to evaluate their possible role as acid residues for proton 

transfer to the oxygen that becomes the alcohol in isocitrate. Cys 191 and His 193 was found to be 

critical for the catalytic activity as its mutation reduced the kcat by almost 50,000 times than that of 

the wild type enzyme. Moreover, mutation of these residues resulted in an intrinsic succinate KIEs 

that is attributed to its role in stabilizing the enolate-like transition state. 3-Bromopyruvate, an 

inhibitor that forms a covalent bond with Cys191 displayed an inverse solvent isotope effect of0.7 

± 0.4 on kinacJKr . These results support the hypothesis of an unfavorable pre binding isomerization 

of the active site Cys191-His193 pair to the thiolate- imidazolium form, a process that is favored 

in D20. Mutation of His180 and Try89 showed relatively less hindrance to catalysis as compared 

Xll 



Abstract 

to Lys189 which reduced the catalytic activity >2500 fold as compared to the wild type enzyme. 

A noticeable increase in primary KIEs measured for deuterated succinate from 2.1 (kcat) and 2.7 

(kcaJKm) to 4.5 and 3.3 respectively, upon mutation of Lys189, prompted us to propose a new 

concerted retro-aldol mechanism for MtICL. This investigation broadens our understanding of the 

role of active site residues in enzymatic mechanism. Insights gained on the enzyme's reaction 

mechanism can aid in design of transition state analogues for the inhibition of MtICL 

3-Nitropropionate (3-NP) is an analog of succinate that demonstrates slow-onset inhibition 

of the enzyme, presumably via its conjugate base form, propionate-3-nitronate (P3N). P3N, 

prepared from 3-NP at pH 13, was found to inhibit the enzyme 100 times faster than 3-NP at pH 

7.5. Through jump-dilution kinetics, we revealed that P3N is an irreversible inhibitor. 13C-NMR, 

mass spectrometric analysis and X-ray crystallographic characterization confirms the formation of 

an unprecedented thiohydroximate adduct preferably through a nitronate intermediate. An inverse 

solvent isotope effect (SIE) of 0.55 ± 0.05 , relatively large KIE of 3.5 ± 0.5 on deuterated 3-NP 

and a buffer dependency seen on kinactfKr for 3-NP led us to believe that the deprotonation of 3-

NP is the slow rate limiting step catalyzed by the buffer in the process of formation of the P3N 

intermediate. The transition from an inverse SIE for 3-NP to normal SIE for P3N indicates the 

presence of another solvent dependent step during the formation of the covalent adduct. These 

mechanistic knowledge of inactivation of MtICL with 3-NP may spur new innovative designs to 

develop covalent inhibitors for this enzyme. 

Xlll 
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1.1 Tuberculosis 

1.1.1 Epidemiology 

Mycobacterium tuberculosis (Mt) , the etiological agent of human tuberculosis (TB), is the 

most important mycobacterial pathogen in terms ofuniversal patient numbers and enormity of the 

disease. TB, an infectious disease with a relatively fatal prognosis, has had a major impact on 

global health. It grasped the international attention with an increase in the number of cases 

worldwide, critically including both developed and developing countries. 1 The World Health 

Organization (WHO) has estimated that one-third of the world's population is infected with Mt, 

an aerobic pathogenic bacillus which establishes infection in the lungs. 2-
5 The introduction and 

establishment of anti-TB treatment and TB control programs reduced the burden of this disease in 

the early 20th century in Europe and United States of America. 6 In the middle of the 20th century, 

the evident decrease in infection and mortality cases caused by TB led to the abandonment of TB 

control programs in industrialized countries. Around 1985, this deadly disease resurfaced in the 

developed countries. 7 One major cause for the global resurgence of TB alongside its control 

program was the higher rate ofcoinfection with human immunodeficiency virus (HIV). 6-
9 The two 

pathogens, Mt and HIV, often exist synergistically in a host, exacerbating the immunological 

functions. 10
-
11 HIV coinfection is the most important risk factor for developing active TB, which 

increases the susceptibility to primary infection or reinfection and also the risk of TB reactivation 

for patients with latent TB (vide infra). 11
-
12 In 2017, WHO reported that out of approximately 10 

million people infected with TB, 1.6 million died, and among these, 0.3 million people suffered 

from HIV coinfection. 13 

Despite extensive research, Mt still holds several secrets of its successful strategy for 

circumventing host defenses, persisting in the host, and developing drug resistance, which makes 
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anti-TB treatment regimens extremely lengthy and often incompetent. Therefore, it is imperative 

to discover novel scientific concepts to better understand this disease and to improve existing 

treatments. 
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Figure 1.1: Estimated TB incidence rates in 2017 .14 

1.1.2 Disease progression andpersistence 

Mt bacilli existing in the respiratory tract of the source host can survive the severities of 

aerosolization and desiccation in the outside environment during exhalation and sneezing before 

being inhaled by a new potential host (Fig 1.2). 15 The bacilli that enter the alveoli are phagocytized 

by alveolar macrophages and resident dendritic cells. The bacilli in the dendritic cells travel the 

distal airways to the draining mediastinal lymph nodes, where they initiate T cell responses. The 

bacteria replicate within the macrophage and induce release of cytokines, which initiate an 
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inflammatory response in the lungs. Lymphocytes and macrophages then move to the primary site 

of infection to form a granuloma. 16 This granuloma concentrates the immune response directly at 

the site of infection and prevents the spread ofthe bacteria to other parts ofthe lung. The granuloma 

is preserved in a persistently infected host to form the basis of a tuberculous lesion. 17 The bacteria 

can persist in this granulomatous lesion for decades, resulting in a latent phase. Live bacilli have 

been isolated from granulomas or tubercles in the lungs of persons with clinically inactive 

11 tuberculosis.9
• -

18 In this latent phase, several microbial regulatory and metabolic pathways have 

been implicated in controlling the bacterial growth and its antibiotic tolerance under different 

physiological conditions. 17 Sporadically, the immune response may fail, resulting in reactivation 

of the infection by proceeding to the active, or replicating phase (Fig 1.2). The risk of reactivation 

increases in people with HIV or those receiving immunosuppressive treatment, such as cancer 

chemotherapy, systemic steroids, and anti-TNF agents, and those with chronic systemic diseases, 

such as end-stage renal disease, rheumatic disorders, and diabetes mellitus. 19 

Thus latent phase acts as the reservoir for the infectious bacteria and this can progress into 

active phase due to the failure of immune system. Although treatment of infected patients is of 

primary concern, efforts must also focus on identification of persons with asymptomatic or latent 

tuberculosis infection. Recent analysis in 2014 estimated approximately 1.7 billion individuals 

(quarter of World's population) were infected with asymptomatic latent phase Mt bacilli. Hence, 

it is necessary to develop drugs for the latent tuberculosis infection, which will allow for treatment 

of individuals at high risk for progressing to active disease so that the overall burden oftuberculosis 

disease is reduced. 20 
-
21 

4 
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95 % TRANSMISSION 

Mycobacterium 0% LATENT 
tuberculosis -···································· INFECTION 

(arerosol) 

Figure 1.2: Phases ofMt infection. Mt transmitted through air progresses to infectious TB 
(active) disease or non-infectious (latent) disease. About 50% oflatently infected people 
may relapse into active TB, years after their first exposure to the bacteria commonly by 

immune suppression, as in the case ofHIV.22 

1.1.3 Novel therapeutic strategies 

The four most successful drugs discovered in the mid-20th century to combat against drug-

susceptible TB, which are still in use, are isoniazid, rifampicin, pyrazinamide, and ethambutol. 

Prevalent treatment involves these four drugs used in combination for two months followed by 

isoniazid and rifampicin in combination for next four months. 23 Rifampin inhibits the beta subunit 

of RNA polymerase, blocking transcription.24 Isoniazid, a prodrug, is stimulated by the 

catalase/peroxidase KatG and likely has several mechanisms of action, including the blocking of 

mycolic acid synthesis, a key component of the cell wall. 25
-
26 Ethambutol also targets cell-wall 
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biosynthesis by impeding arabinogalactan and lipoarabinomannan biosynthesis. 27 Pyrazinamide is 

metabolized to pyrazinoic acid, which has a complex mode of action with multiple effects on the 

cell.28 All of these drugs show maximal activity against actively growing cultures. Despite the 

abundance of these drugs, the efficacy of preventive therapy is limited due to the high cost and 

prolonged drug regimen, which often results in several adverse side effects like hepatotoxicity and 

peripheral neuropathy. 29
-
30 In addition to these inadequacies, the synergy between HIV and TB has 

led to further challenges for antitubercular drug development. 10
, 

31 Newer antitubercular agents 

like oxazolidinone (Linezolid and Sutezolid), currently in clinical trials, have also revealed cases 

with peripheral neuropathy as a major side effect. 32
-
33 Fluoroquinolones like ciprofloxacin, 

ofloxacin, levofloxacin, moxifloxacin and gatifloxacin are the most recent and commonly used 

agents offering hope in the fight against this disease. Though this class of drug provides some 

promising results in the treatment of clinical TB, it cannot be considered as an equal replacement 

for isoniazid or rifampicin. Fluoroquinolones are good inhibitors of DNA gyrases, but they can 

cause clinical effects like malabsorption interactions (low absorption capability of small intestine) 

associated with multivalent cations, cytochrome P450 interactions and increased risk of central 

nervous system effects with concomitant cycloserine. 34 
-
35 All these antimicrobial drugs primarily 

kill the bacillus in its fast replicative active phase and are incapable of inhibiting it in its latent 

persistent form. 

1.1.4 Resistance to anti-TB drugs 

Drug-resistant TB is the man-made result of interrupted, erratic, or inadequate therapy. 

WHO defined multidrug-resistant TB (MDR-TB) as a form of TB infection caused by Mt strains 

resistant to two of the most powerful anti-TB first-line drugs, isoniazid, and rifampicin. 13 

Extensively drug-resistant TB (XDR-TB) refers to Mt strains that present resistance not only to 
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the first-line drugs but also to any fluoroquinolone and at least one of the three injectable second

line drugs, kanamycin, amikacin, and capreomycin.36 WHO has estimated that 6.1 million people 

are infected with Mt strains resistant to anti-TB drugs, with 480,000 new cases ofMDR-TB each 

year. 13 

Treatment of drug-resistant TB is complex, taking up to two years or longer and involving 

daily injections of the second-line drugs (kanamycin, amikacin, and capreomycin) for six 

months.37 Many of these second-line drugs are toxic and have severe side effects. Moreover, the 

exorbitant cost of these drugs poses a significant challenge to governments, health systems, and 

consequently the affected populace. MDR-TB and XDR-TB develop when the long TB drug 

regimen is inappropriately administered or when people with TB stop taking their medicines before 

the disease is fully cleared from their bodies. This complicated and expensive treatment is usually 

only available to a small portion of the world's TB patients. 37 Hence, it is important to develop a 

significantly simpler, faster, cheaper treatment for these drug-resistant TB so that developing 

countries can serve their infected populations. Mt tolerance to antibiotics has been traditionally 

attributed to its unusually thick and hydrophobic envelope. 38 More recent evidence suggests 

mutations that reduces intracellular drug concentrations, drug-modifying enzymes or multidrug 

efflux pumps neutralize the toxicity of antibiotics in the cytoplasm in synergy with the 

permeability barrier to provide intrinsic resistance. 39
-4° 

A vast (~2 billion) population in the world are infected with Mt in its persistent latent 

phase, which serves as an enormous reservoir of potential reactivation TB. Reactivation leads the 

latent phase bacilli to the active or replicating phase that can develop into a contagious infection. 

Some of these cases of active phase Mt can progress to form a drug-resistant TB.41 In 2017, around 

558,000 new rifampicin resistance cases were reported among which 85% cases had MDR-TB. 
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An estimated 8.5% of the MDR-TB cases were XDR-TB. 13 Hence one way to control and 

eliminate TB is the identification and treatment of latent TB, preventing infected individuals from 

developing active TB and thus eradicating the subsequent spread of the disease. 

Table 1.1: WHO recommendations on the treatment of drug resistant TB 42 

First-line Drug Second-line Drug 

Fluoroquinolones Injectable drugs Other core drugs 

Isoniazid Levoflaxacin Amikacin Ethionamide/Prothionamide 

Rifampicin Moxifloxacin Capreomycin Cycloserine/T erizidone 

Ethambutol Gatifloxacin Kanamycin Linezolid 

Pyrazinamide Streptomycin Clofazimine 

1.2 Targeting the metabolic pathway 

In the past decade, there have been some major advances in TB drug discovery, unravelling 

novel mechanisms to target the pathogen. The tricarboxylic acid cycle (TCA cycle, also known as 

the Krebs cycle or citric acid cycle) is the central metabolic pathway to generate energy in all 

aerobic organisms (Fig 1.3). In aerobic conditions, acetyl-CoA, derived from glycolysis, initiates 

the TCA cycle. The 2-carbon acetyl moiety of acetyl-CoA is transferred to oxaloacetate to yield a 

6-carbon product known as isocitrate. Isocitrate then undergoes a series of chemical reaction to 

generate carbon dioxide and NADH for the use in the oxidative phosphorylation and other 

metabolic processes. In anaerobic conditions, acetyl-CoA is derived from ~-oxidation offatty acids 
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and certain amino acids that enters the glyoxylate cycle. Acetyl-CoA condenses with oxaloacetate 

to form citrate that is followed by the formation of isocitrate similar to that of the TCA cycle. 

Isocitrate then switches to the glyoxylate shunt where it is cleaved to glyoxylate and succinate. 

Glyoxylate then condenses with a second molecule of acetyl-CoA to yield malate, which is 

subsequently oxidized to oxaloacetate to be used in gluconeogenesis or in condensation with 

acetyl-CoA in another tum of the cycle.43 

p-oxidation 

Proplonyl CoA 
CoA 

--o, ~ ~ 7 c:::,_,.
0 ~ 00-"0rro- JlXJloxaloacetate 

~ 010·~ =10 H CoA~•--"0~0- 1) \-:... 

methylcitrate Acetyl CoA \ 

o o ~o,--o·~ 
::;:::: -o~ o- ~o- -o~o-

( o OH . . 
fumarate ISOQlrate 

?i ol o·?i \ J:C--
-o~ o-~- ---- / ':7::-
~ 0 0 

methyllsocltrate -0~ ---- Jl -.. Jl 
lsocltrate A 0- -or ...., I -o-
Lyase (ICL) succinate alpha ketoglutarate 

lletoglutMal9 
dtcalllol<)'lase .--------. 

_,,ri,,,:,ge_--~ O~ OH COz TCAcycle 
Glyoxylate shunt 

Methylcltrate cycle 
succinic semiakfehyde 

pyruvate 

Figure 1.3: Biochemical cycles in Mt. The tricarboxylic acid (TCA) cycle (marked in blue), 
glyoxylate shunt (marked in red), and methylcitrate cycle (marked in green) in Mt. 
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1.3 Enzymes as drug targets 

Drug discovery focuses on six major biochemical drug targets: enzymes, cell surface 

receptors, nuclear hormone receptors, ion channels, transporters, and DNA. Of these, enzymes are 

the target ofnearly half ofall drugs in clinical use (Fig 1.4).44 Enzymes represent excellent targets 

for pharmacological intervention due to their essential roles in life processes and pathophysiology. 

Enzymatic reactions are governed by binding events, conformational changes, one or more 

transition states, or reaction intermediates, and product-release steps. All these events provide 

multiple distinct opportunities for drug design that can interact with the target molecule in a 

manner leading to purging of biological function. 45 Enzymes by its nature are highly pliable to 

inhibition by small molecular weight, drug-like molecules. This amenable characteristics of 

enzyme to inhibition by small molecule drugs, makes them the target of new drug discovery and 

design at major pharmaceutical and biotechnology companies today. Statistical analyses of 2002 

have indicated that enzymes make up for almost 47% of all marketed drugs (Fig 1.4).46 
-
47 
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DNA: 1.0% ~ 

lntegrins : 1.0% ---... 

Miscellaneous: 2.0% 

Other receptors: 4 .0% 

Nuclear hormone receptors: 4 .0°/...------:: 

Transporters: 4 .0% 

Ion channels: 7 .0% Enzymes: 4 7 .0% 

GPCRs: 30 .0% 

• Enzymes • GPCRs • Ion channels Transporters 

Nuclear hormone receptors Other receptors • Miscellaneous • lntegrins 

. DNA 

Figure 1.4: Classes of biochemical drug targets.47 

1.4 Isocitrate lyase (ICL) in Mycobacterium 
tuberculosis 

The two steps in the glyoxylate cycle that bypass the decarboxylating steps involved in the 

TCA cycle are collectively termed the glyoxylate shunt. This alternative route helps the organism 

to conserve carbons required for anabolic (i.e. , building molecules that are more complex) and 

anaplerotic (i.e. , replenishing intermediates) processes_43
,
4s-49 Growing evidence also suggests that 

the glyoxylate shunt plays an important role in disease progression and causing virulence. 50
-
54 The 

glyoxylate shunt involves the sequential activities of isocitrate lyase (ICL) and malate synthase 

(Fig 1.3). Consistent with a significant role for the glyoxylate shunt in the long-term survival of 

Mt in host tissues, an id-deficient mutant was unable to survive during the chronic phase of 

infection in the lungs of immunocompetent mice without affecting the bacterial growth during the 
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acute phase of infection. 55 The role of ICL as the first committed step of the glyoxylate shunt and 

its absence in mammals makes this enzyme a potential drug target for combating TB. 49
, 

56 

1.4.1 Role ofICL in glyoxylate shunt and methylcitrate cycles 

ICL is a metal-dependent enzyme that reversibly cleaves isocitrate to glyoxylate and 

succinate. Evolution of the genus Mt has involved extensive duplication of fatty acid metabolism 

genes, including two isoforms, icll and aceA (also known as ic/2), encoding prokaryotic- (ICLl) 

and eukaryotic- (ICL2) like isoforms of ICL, respectively. 57 
-
5s Deletion of icll or icl2 had little 

impact on bacterial replication in macrophages and mice, but the deletion of both genes revoked 

intracellular growth, and resulted in rapid bacterial clearance from the lungs. 50 Mt grown in 

hypoxic conditions exhibited elevated expression levels of ilcland ic/2.59 Similar results were 

observed in growth-arrested bacilli in mice, 60 providing evidence for the importance ofICL in the 

survival of the organism in the latent phase of the infection. Consistent with these observations, 

ICL is also essential for the survival of nutrient-starved and non-replicating Mt. 61 All these results 

suggest the importance ofICLl and ICL2 in the survival of Mt in the latent, non-replicating phase 

of the infection. Though ICLl and ICL2 share 27% sequence identity, most studies to date have 

focused on recombinant ICLl due to its greater stability and activity in vitro;62 thus, throughout 

the remainder of this dissertation, unless specified otherwise, the terms ICL and MtICL will refer 

to ICLl. 

MtICL plays a bifunctional role by catalyzing parallel reactions in both the glyoxylate shunt 

and the methylcitrate cycle (Fig 3). Toxic metabolites from the methylcitrate cycle accumulate in 

ICL knockouts in cholesterol- and propionate-containing growth environments. 63 Although the 

genome ofMt does not contain a distinct 2-methylisocitrate lyase, a published crystal structure of 

ICLl shows pyruvate and succinate bound in its active site.64 
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1.4.2 Role ofICL in antibiotic tolerance 

M tuberculosis is a persistent intracellular pathogen, which has developed tolerance to 

most antibiotics. The underlying molecular mechanisms for this profound drug resistance are 

obscure. Recent metabolomics and gene expression analysis revealed the importance of ICL in 

developing antibiotic resistance in the pathogenic bacteria. The three main tuberculosis drugs 

isoniazid, rifampicin and streptomycin were found to activate ICL, and in the absence of this 

enzyme, the bacteria exhibited 100-times greater sensitivity to these drugs.65 More recent studies 

also analyzed the post-translational modification of ICL and showed its importance in 

pathogenicity of the bacteria. In this study, a mutation of a conserved lysine residue was found to 

keep the enzyme in its open conformation even after binding with glyoxylate, which diminished 

the catalytic activity and increased the sensitivity towards rifampicin and streptomycin. 66 

All these studies emphasize the significance of ICL as a drug target. The bifunctional role 

of ICL in the glyoxylate shunt and methylisocitrate cycle, the absence of ICL orthologs in 

mammals, and its role in the metabolic defense against antibiotic-induced stress make this enzyme 

an attractive target for drug development. 

1.4.3 Structure ofICL 

ICL crystal structures from 8 different microorganisms have been solved till date: 

Aspergillus nidulans [PDB ID: lDQU] ,67 M tuberculosis [PDB ID: 1F61 , 1F8I, 1F8M, SDQL] ,68 
-

69 Escherichia coli [PDB ID:1IGW]7°, Burkholderia pseudomallei [PDB ID : 3I4E (paper 

unpublished)] , Bruce/la melitensis [PDB ID: 3EOL, 3P0X, 3OQ8, and 3E5B (paper unpublished)] , 

Magnaporthe oryzae [PDB ID: 5E9F, 5E9G],71 Fusarium graminearum [PDB ID: 5E9H],71 

Pseudomonas aeruginosa [PDB ID : 6G10] 72 and Yersinia pestis [PDB ID: 3LG3 (paper 
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unpublished)]. Most of the structures solved were crystallized in the presence of only magnesium 

[PDB ID: lDQU, 314E, 5E9F] , calcium and glyoxylate [PDB ID: 6G10] , magnesium and 

glyoxylate [PDB ID : 5E9G] or magnesium and isocitrate [PDB ID : 3POX]. Some of these crystal 

structures were also obtained in the presence of a product mimic such as malonic acid [PDB ID : 

3OQ8, 5E9H]. 

The four crystal structures ofMtICL reported consist of the native enzyme with only Mg2+ 

bound [PDB ID : 1F61]; the C191S mutant in complex with Mg2+, glyoxylate, and 3-

nitropropionate [PDB ID: 1F8I]; and the Mg2+-bound native enzyme following covalent 

modification by 3-bromopyruvate [PDB ID : 1F8M]. MtICL is a tetrameric protein with identical 

subunits of 428 amino acids.68 The core of the protein consists of eight a-helices and eight ~

strands, which form a modified a/~-barrel. The active site is located at the carboxy ends of the 

barrel ' s ~-strands. One striking feature reported for this enzyme upon binding of ligands is a large 

conformational change triggering the ICL active site to shift into a "closed conformation" (Fig 

1.5). These changes implicate an active site loop containing the conserved catalytic motifKKCGH 

(residues 189-193) and the C-terminal end (residues 411-428) of the adjacent subunit. In the 

absence of substrate the enzyme [PDB ID: 1F61] is in an "open conformation" where the catalytic 

cysteine, Cys 191 , is relatively far away from other active site residues. Cys 191 , which serves as a 

nucleophile during reaction with 3-bromopyruvate and purportedly aids as the general acid residue 

during catalysis (vide infra) , sits on a flexible loop that closes over the substrate and seals the 

active site from bulk solvent. The C-terminal end of the adjacent subunit then moves to the space 

that was opened up as a result of the closure of the active site loop, forming a lid.68 Other residues 

(Lys189, Lys190, Glu423 and Glu424) in the active site loop were shown to provide electrostatic 

interactions with the substrates and were found to be essential for catalytic activity. 73 

14 

https://acids.68


Chapter 1 

Figure 1.5: Crystal structures showing conformational changes in MtICL. The fig represents 
the changes before (blue, PDB ID: 1F61) and after binding of the substrates (purple, PDB ID: 

1F8I). The conserved cysteine residue (yellow) is shown in the active site loop.68 

Catalytic mechanism ofICL 

While the detailed atomistic understanding of the mechanism along the catalytic pathway 

remains to be determined, previous work in our lab by Moynihan and Murkin evaluated the kinetic 

75and chemical mechanism of MtICL. 74 
- A steady-state ordered sequential mechanism was 

suggested from the results of inhibition studies. Specifically, oxalate, a glyoxylate analogue, 

showed competitive inhibition with respect to isocitrate and glyoxylate, indicating that these two 

substrates bind to the free enzyme, whereas succinate was found to be a noncompetitive inhibitor 

when isocitrate was the varied substrate, indicating that succinate binds to a different form of the 

enzyme, namely the MtICL•glyoxylate complex, and is therefore the first product released. 74 These 

15 

https://MtICL.74


Chapter 1 

findings are in accordance with the crystal structure that shows that glyoxylate is bound deep in 

the active site, restricting its release in the presence of succinate (Scheme 1.1). 68 

a) ¢ 0MtlCL 0 
0 0 ~ 00 + 

0 o o0 Mg2+ o J 00 
0

OH 
succinate glyoxylateisocitrate 

b) 
lsocitrate (ICA) Succinate (SA) Glyoxylate (GA) 

t t t 
E E-ICA ~ E-GA-SA E-GA E 

Scheme 1.1 

MtICL is activated by divalent metal ions like Mg2
+ and Mn2

+ _ In the absence of Mg2
+ 

negligible enzyme activity is observed.74
• 

76 The metal ion is chelated by D-isocitrate at the Cl 

carboxyl group and C2 hydroxyl group, and is presumed to act in the catalytic reaction as a Lewis 

acid.68 Replacement of Mg2+ by Mn2+ decreased the enzyme activity by 60% and other divalent 

cations were not as efficient as Mg2
+ _ 

76 

The first step of the proposed retro-aldol cleavage reaction catalyzed by MtICL involves 

deprotonation of the isocitrate hydroxyl group followed by C2-C3 bond cleavage to form 

glyoxylate and a succinate carbanion ( aci-carboxylate) intermediate, which then abstracts a proton 

to form the succinate (Scheme 1.2).75 The crystal structure (PDB 1F81) of MtICL by Sharma et al. 
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reveals that Cys191 is in the vicinity of C2 of succinate (the crystal actually contained 3-

nitropropionate, which was modeled as succinate, which is isosteric ), suggesting its role in the 

proton-transfer step.68 Measurement ofa solvent isotope effect in the isocitrate-formation direction 

and the incorporation of a solvent derived proton into succinate during isocitrate cleavage further 

provided evidence that Cys191 can assist as the general acid for the formation of product. 75 
, 

77 

Mutational and kinetic isotope effect (KIE) studies also suggested the importance ofHis 193 in the 

formation of the aci-carboxylate intermediate that purportedly forms upon C2--C3 bond 

cleavage. 74 The residue involved in deprotonation of 02 of isocitrate to form the alkoxide ion is 

experimentally unidentified but through crystal structure (PDB 1F81) and quantum 

mechanical/molecular mechanical studies has been proposed to be Tyr89, His180 or Lys189. 68 
, 

78 

Mutation of His 180 and molecular dynamics studies with Tyr89 and His 180 mutants 

revealed the essentiality of the interaction of these two residues in maintaining the oligomeric 

active form of the enzyme. It was proposed that mutation of these residues changes the orientation 

of the side chains affecting the interaction with other monomer subunits. 73 

Nandakumar et al. showed the role of MtICL in antibiotic resistance, but the mechanism 

by which this is achieved remains ambiguous. Two posttranslational modifications, namely 

acetylation and succinylation oflysine, in MtICL have been proposed to be involved in a potential 

feedback mechanism to activate and deactivate the glyoxylate cycle. 79
-
80 Zhou et al identified three 

succinylated lysine residues, among which one, Lys189, is located in the catalytically essential 

conserved sequence motif (KKCGH).66 Structural and kinetic studies using K189E to mimic the 

succinylated enzyme revealed that replacing the positively charged lysine with the negatively 

charged glutamate kept the enzyme in the open form even after binding with glyoxylate, thereby 
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inhibiting the enzyme activity. 66 Based on these mechanistic investigations, the authors suggested 

the importance of ICL in regulation of the glyoxylate cycle and TCA cycle. 66 
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Scheme 1.2 

1.4.5 Inhibitors ofICL 

Extensive efforts by academia and industry in the drug research and development, have 

made no progress to pass any compound for ICL through the clinical trial stage. The inadequate 

knowledge about the enzyme reaction mechanism, the polar nature of the ICL binding pocket and 

the small size of the natural substrates have been some of the major challenges in targeting ICLs. 81 

The potential of MtICL as a drug target has been demonstrated by numerous studies. 50
• 

56
• 

64
• 

82 Several small molecules, such as itaconate, itaconic anhydride, 3-bromopyruvate, oxalate, 

18 



Chapter 1 

malate and 3-nitropropionate (3-NP), have been shown to have inhibitory action against MtICL. 76 

Most of these inhibitors can be categorized as structural analogues of the reaction products 

succinate (itaconate, 3-nitropropionate and itaconic anhydride) or glyoxylate (oxalate) due to the 

polar nature of the enzyme active site. 76 Though these compounds can reduce the activity of 

MtICL, their structural resemblance to common metabolites render them highly toxic and non

selective. For example, 3-NP also inhibits succinate dehydrogenase, an enzyme of the TCA cycle 

(Fig 1 .4), via highly effective irreversible inactivation. 56 Several reports using high-throughput 

screening (HTS) have been recently published as efforts to discover new ICL inhibitors. 83
-
87 Due 

to the small size of the ICL binding pocket, not many hits were achieved through HTS, which also 

restricted the scope of structure-activity relationships. MtICL inhibitors like salicylanilide, 

benzanilide, 3-nitropropionamide and pthalazinyl derivatives, pyruvate-isoniazid analogs and its 

copper complexes has been synthesized, exhibiting a promising inhibitory action against MtICL 

88 94but none of them has been rationally designed with mechanistic knowledge. 81 
, -

00 0 0 
II 

_O~N~OH H000HHOrrOH BrYoH
0~ 00 0 0 

itaconic acid itaconic anhydride 3-nitropropionic acid 3-bromopyruvic acid oxalic acid 

Figure 1.6: Known inhibitors ofMtICL 

1.5 A rational approach to drug development 

Tuning of binding selectivity is a primary objective in the discovery and optimization of a 

compound to be used as a drug molecule. The in vivo environment for a drug molecule consists of 

several potential interactive partners, such as proteins, DNA, RNA, lipids, sugars, metabolites, and 
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other small molecules. 95 In many cases, unwanted interactions with these molecules can lead to 

severe side effects. Hence, designing a drug with avoidance of undesirable targets is a major 

challenge in the development of a drug molecule. Although this objective is sometimes attained 

through trial-and-error methods, such high-throughput screening, which is expensive and time 

consuming, there are rational approaches that can guide the tuning of selectivity. 

One of the rational approaches to develop a potent and selective inhibitor is to establish the 

inherent mechanistic properties of the enzyme.96 Such mechanistic knowledge has led to the 

discovery of many common drugs, such as captopril, which treats hypertension by inhibiting 

angiotensin-converting enzyme, and atorvastatin, which cures hypercholesterolemia by inhibiting 

3-hydroxy-3-methylglutaryl-CoA reductase.45 Drug design based on a thorough understanding of 

the mechanism has added some promising HIV-1 protease inhibitors and anticancer kinase 

inhibitors to the rational drug discovery armamentarium. 45 

1.6 Rationale and objectives of current work 

The motivation ofthis dissertation is to design novel and potent inhibitors with high affinity 

for MtICL. Accordingly, two strategies based on a thorough understanding of the chemical 

mechanism of the enzyme are explored for accomplishing this goal: mimicry of the enzyme's 

transition state and exploitation of an active-site nucleophile to form a covalent adduct. 97 

This dissertation is based upon the characterization of MtICL-ligand interactions in the 

context of drug discovery, particularly transition state analogues (TS) analogues and covalent 

inhibitors, which can render specificity and selectivity in the drug discovery for MtICL. TS 

analogues are imitators of substrates at their transition states that bind tightly to enzymes to form 

thermodynamically stable complexes. KIEs and computational chemistry are best employed to 
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decipher the enzymatic transition state structure. Moreover, rationally designed compounds that 

engage enzymes through covalent interactions are becoming more widely appreciated, which is 

evident through the current literature and drug approvals. 98 The importance of these covalent 

inhibitors in drug discovery and an understanding of transition state theory for enzymatic reactions 

is reviewed in chapter 2. 

Previous work in our lab has been crucial in deciphering the kinetic properties, pH 

dependency and metal dependency of MtICL, as described in Section 1.4.4.74 The reaction 

catalyzed by MtICL includes two proton-transfer steps. Moynihan and Murkin proposed a stepwise 

mechanism and identified Cys 191 as the general base to deprotonate succinate during isocitrate 

formation, presumably generating an enolate intermediate. 75 The oxygen derived from the 

aldehyde carbonyl of glyoxylate following formation of the new C-C bond is hypothesized to be 

protonated via a general acid residue to form the alcohol (Scheme 2). 75 Accordingly, a detailed 

investigation of the important residues involved in MtICL catalysis has been characterized using 

site-directed mutagenesis and KIEs, described in Chapter 3. Knowledge of the important active

site residues will assist in computational modeling of the TS, which in tum will aid in designing 

TS analogues. 

3-NP was established to be an inhibitor of MtICL by Bentrup et al. , with an inhibition 

constant (Ki) of 3 µM. 76 Though 3-NP reduces the activity of MtICL, it lacks selectivity (vide 

supra), inhibiting succinate dehydrogenase via highly effective suicide inactivation. 99 Another 

disadvantage of 3-NP is its wide-spectrum neurotoxicity and mitochondrial dysfunction. 100 

Despite these drawbacks, understanding the mechanism of its inhibition of MtICL may be 

instructive for the design of improved inhibitors. Herein, a detailed kinetic and mechanistic 

investigation of inhibition ofMtICL with 3-NP is described in Chapter 4. 
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The exploration of the MtICL reaction mechanism, alongside the detailed mechanistic 

interactions of this target with its existing inhibitor can provide a small piece in the puzzle of the 

catalytic mechanism, potentiating the realization of rational drug discovery. 
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Chapter 2 

TRANSITION STATE ANALOGUES AND 

COVALENT INHIBITORS 
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2.1 Transition-state analogues as enzyme targeted 
drug 

Enzymes catalyze reactions effectively by stabilizing the transition state, which is the least 

stable species along the reaction coordinate. In 1948, Linus Pauling proposed that the incredible 

catalytic rate enhancements exhibited by most enzymes are governed by tight binding to the 

unstable transition state.101 As the rate of the reaction is proportional to the fraction of the reactant 

in the transition state complex, it was proposed that the enzyme increases the concentration of 

these reactive species. 101 In 1976, Wolfenden and co-workers further hypothesized that the rate 

increase enforced by the enzyme is proportional to the affinity of the enzyme to the transition state 

relative to the Michaelis complex.102 
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Figure 2.1: Free energy profiles for nonenzymatic and enzyme-catalyzed reactions. In the 
nonenzymatic reaction (black), the substrate forms product via a high-energy transition state [Sf, 

with energetic barrier ~Gnoni. In the enzyme-catalyzed reaction (orange), the transition state 
[ESf is attained from the Michaelis complex [E-S] with energetic barrier ~Genzi , yielding a net 

stabilization of ~~Gt from the free substrate. Adopted from Murkin and Schramm. 103 

A detailed understanding of how an enzyme achieves its enormous rate acceleration 

requires knowledge of the structure of the enzymatic transition state, along with the interactions at 

the enzyme-substrate complex and of the much stronger interactions of the enzyme with the 

transition state. 104 The structure of the transition state may be elucidated by systematic structure

related experiments (e.g. , KIEs, site directed mutagenesis and Brnnsted and Hammett correlations) 

and computational studies. 104 The information gathered from these studies may help in exploring 

the protein's features linked to transition state structure and permit the design of transition state 

analogues as powerful enzymatic inhibitors. 
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Structure-reactivity studies _.,.,_________,,._ Computational studies 

Kinetic isotope effect Quantum mechanical/ 
Site-directed mutagenesis molecular mechanical 
Br0nstead and Hammett correlations transitional state calculations 

Molecular electrostatic potential map of transition state structure 

~ 
Transition state analogues 

i 
New drugs 

Figure 2.2: Steps to design transition state analogues. Experimental and computational studies 
can be used to design molecular electrostatic potential maps of transition state which can serve as 

blueprints to guide the design of high-affinity transition state analogue inhibitors of chosen 
104enzymes. 

The design of transition state analogues involves a series of steps: (1) selection of an 

enzyme suited for KIE measurement, (2) proposal of one or more plausible reaction mechanisms, 

(3) measurement of multiple KIEs, (4) quantum mechanical computation to establish a transition 

state model whose calculated KIEs best match those from experiment, (5) construction of a 

molecular electrostatic potential map of the transition state and ( 6) synthesis of compounds with 

properties approximating this map (Fig 2.2). An example of this approach is illustrated by purine 

nucleoside phosphorylase (PNP), an enzyme involved in purine metabolism. 105 Inhibitors of this 

enzyme have been considered as promising agents for T-cell apoptosis in leukemia and in 

autoimmune diseases. Following measurement ofmultiple KIEs for this reaction, PNP's transition 

state was determined using density functional theory and shown to contain significant 

oxacarbenium ion character. The transition state ' s charge and geometry are mimicked by the 
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analogues Imm-H and DADMe-ImmH (Fig 2.3). 105 These picomolar inhibitors display nearly 

1000-fold higher potency than any of the inhibitors designed through other methods.105 This 

emphasizes the power of rationally designed transition state analogues as inhibitors. 
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with bond making/breaking distance HsPNP Ki. = 56 pM HsPNP Ki. = 11 pM 

Figure 2.3: Proposed transition state of human PNP and transition state analogues with their 
respective inhibition constants. 105 

The goal of transition state analogue design is to generate stable chemical structures with 

van der Waals geometry and molecular electrostatic potential surfaces resembling as much as 

possible that ofthe transition state. Such a strategy, although challenging, is becoming increasingly 

more utilized, as demonstrated by representative studies on Escherichia coli tRNA-specific 

adenosine deaminase, 106 glucoside hydrolases, 107 Trypasnosoma cruzi trans-sialidase, 108 L-dopa 

decarboxylase109 and cis-prenyltransferase. 110 Hence, in the present work a similar approach is 

being undertaken to lay the groundwork for designing a transition state analogue for MtICL. 

2.1.1 Kinetic isotope effects 

Due to the extremely short lifetimes of transition states, no direct spectroscopic techniques 

can be used to determine their structure. Instead, an indirect method based on kinetic differences 
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resulting from isotopic substitution in the substrate is employed. An advantage of isotopic 

substitution is that it causes the least disturbing structural change that can affect the molecule. 

Isotopic substitution does not affect the potential energy surface of the reaction or the energies of 

the electronic states. Substituting a heavier isotope into the substrate in the vicinity where bonds 

are being altered causes a change in the rate of the reaction, a phenomenon known as a KIE. These 

changes in the rate of the reaction are caused by the modified bond vibrational frequencies that 

result from an increase in the reduced mass(µ) of atoms in the bond (eq 2.1), 

(2.1) 

where m1 and m2 are the masses of the atoms in the bond. Together with the force constant (k) for 

the bond of interest, the reduced mass dictates the vibrational frequency ( v) (eq 2.2), which in tum 

determines the energy the molecule possesses in the ground vibrational state, known as the zero-

point energy (ZPE) ( eq 2.3). 

v=~ E (2 .2) 
2rr ✓ µ 

ZPE = hv (2 .3) 
2 

This ZPE forms the basis for the reactivity differences between isotopologues. 

During a chemical reaction, the force constant of the bond is altered, which results in a 

change in the ZPE between the ground state and the transition state. This difference in ZPE is the 

major energetic contributor to the KIE. When the bonds involving the atom of interest are loosely 

held in the transition state (i.e. , k is lower at the transition state), the difference in ZPEs of the 

bonds to the light and heavy isotope becomes smaller resulting in a KIE > 1, often called a normal 

KIE (Fig 2.4). Conversely, when the bonds involving the atom ofinterest are stiffer in the transition 

state (i.e. , k is greater at the transition state) the difference in ZPEs of the bonds to the light and 
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heavy isotope becomes larger resulting in a KIE < 1, often called an inverse KIE (Fig 2.4). KIEs 

provide information about which bonds are broken or formed and recognize changes in 

hybridization or hyperconjugation that occur during the rate-limiting step. Finally, through 

computational chemistry the energy minima (substrate, intermediate and product geometries) and 

saddle points (transition state structure) can be located and characterized. Once the transition state 

model is obtained, it can act as a blueprint to design mimics that serve as potent inhibitors. 

I::,. ZPETS < I::,. ZPEGS I::,. ZPETS > I::,. ZPEGS 
KIE= kJkH > 1 ( Normal KIE) KI E= kJkH< 1 ( Inverse KI E) 
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REACTI ON COORDINATE REACTION COORDINATE 

Figure 2.4: Origin of normal and inverse kinetic isotope effect. The change in the rate constants 
kL and kH results from the change in the zero-point energies (ZPEs) of bonds to light (L) and 

heavy (H) isotopes in the ground state (GS) and in the transition state (TS). 

2.2 Irreversible inhibitors as enzyme targeted drug 

Highlighted by the recent FDA approval of covalent drugs like afatinib (2013), ibrutinib 

(2013), osimertinib (2015), and neratinib (2017), covalent modification of enzymes has advanced 

as a validated approach to drug design. 98
• 

111
-
114 Irreversible covalent inhibitors can increase the 
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biochemical efficacy by binding to the target in a non-equilibrium mechanism as compared to the 

equilibrium mechanism of reversible inhibitors. Most covalent inhibitors first bind to a protein 

through traditional reversible interactions before forming a covalent bond to produce a robust 

drug-protein adduct. If this covalent engagement is irreversible within the lifetime of the target 

protein, it results in non-equilibrium kinetics (Fig 2.5). The potency of the first binding step is 

defined by the binding constant Ki which is similar to the dissociation constant Kd. In the second 

step, the rate of covalent engagement depends on the nucleophilicity of the targeted residue on the 

protein and the type of electrophile in the small molecule which is described as kinact, the first-order 

rate constant describing the rate of covalent bond formation. 115 The second-order rate constant 

kinactlKr defines the overall rate of covalent bond formation from free, unbound protein to the 

covalent protein inhibitor complex (Fig 2.5).The term Kr describes the concentration of inhibitor 

required for half of the potential rate of covalent bond formation. 

Non-covalentEnzyme Inhibitor complex 

a) kon kott 
+ ------ K1=--C • ---- €kott kon 

E [El] 

Non-covalent Covalent
Enzyme Inhibitor 

complex complex 

b) kon kinact 
+ ►------ € CC • ----kon 

E [El] [El *] 

Figure 2.5: Kinetic and thermodynamic parameters describing covalent and non-covalent 
inhibition. Representation of an inhibitor (I) binding with enzyme (E) to form a non-covalent (a) 

and covalent complex (b).116 
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Non-equilibrium binding of these inhibitors also restricts the binding of the substrate, 

allowing the desired pharmacological effect to be achieved at lower drug concentrations. 11 7 These 

covalent inhibitors have a longer duration of action, as the activity of the target is ultimately 

dependent on the rate of synthesis of new enzyme. 11 8 Less frequent dosing of covalent drugs 

provides better efficacy and decreases the likelihood of off-target toxicities and drug-drug 

interactions. 11 9 Moreover, irreversible drugs have the potential to avoid resistance mechanisms due 

to continuous target suppression. 120
-
121 

Designing selective covalent inhibitors has become one of the most attractive topics in drug 

discovery. Designing inhibitors based on the two strategy of covalent irreversible inhibitors and 

transition state analogue can help us to regulate the intrinsic reactivity and reduce the likelihood 

of toxicity issues. Hence, through this study we will have established a better understanding of the 

active site of the MtICL, which can in future contribute to the design of either covalent inhibitors 

or TS inhibitors that will contribute to develop a more selective and specific inhibitors for MtICL. 
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Chapter 3 

INSIGHTS INTO THE CATALYTIC 

MECHANISM OF MTICL 
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The catalytic prowess of enzymes is a result of several physical processes that contribute 

to stabilize the transition state of the reaction or, equivalently, lowering the thermodynamic barrier. 

The transition state is formed by fast, non-equilibrium dynamic motions of active-site residues. A 

productive three-dimensional alignment involving the orbitals of the incoming reactive atoms of 

the substrate with the aiding active-site enzymatic residues must be achieved. 122 This arrangement 

helps the substrate attain the electronic transition leading to bond formation or breakage. These 

active-site residues can function as nucleophiles or assist other residues or water molecules which 

is directly involved in the catalytic mechanism to assist catalysis. 122 Thorough understanding of 

the properties and catalytic functions of enzymatic residues is vital for identifying potential 

interactions with inhibitors, which may have implications for effective transition state analog 

design. 

Crystallographic studies provide a static view of the enzyme's three-dimensional structure 

and hint at the chemical reaction it performs. As proteins are dynamic, it is challenging to 

extrapolate the enzyme's catalytic mechanism from its structure alone. Detailed biochemical 

information obtained from site-directed mutagenesis, kinetic analyses and extrapolation from 

homologues, for example, can help identify likely catalytic residues and therefore allow for the 

proposal of a chemical mechanism. 123 

In order to better understand the contribution of specific active-site residues to substrate 

recognition and catalysis, this chapter discusses the mutational analysis ofseveral conserved active 

site key residues in MtICL. 
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3.1 Structural and biochemical studies of MtICL 

As mentioned, MtICL catalyzes the reversible retro-aldol cleavage of isocitrate into 

succinate and glyoxylate. Previously in our lab, a stepwise mechanism involving two proton

transfer steps was proposed for the reverse reaction. 75 When viewing the reaction in this direction, 

one of the C-2 protons of succinate must be removed, presumably generating an enolate 

intermediate, and the oxygen derived from the aldehyde carbonyl of glyoxylate must become 

protonated to form the alcohol (Scheme 3.1).75 As mentioned earlier all known ICLs contain a 

strictly conserved active-site motif KKCGH, residues 189-193 in MtICL.68 Consistent with 

iodoacetate labeling studies, 124 the crystallographic structure resulting from incubation of MtICL 

with 3-bromopyruvate68 as well as with 2-C-vinyl-D-isocitrate69 revealed covalent attachment 

between the respective inhibitor and Cys 191 , emphasizing the reactive nature of this residue, 

presumably via its thiolate form. Moynihan and Murkin 's observation of a large inverse SIE on 

k catl K succinate additionally implicated the thiolate form ofCys191 as the acceptor of the proton from 

succinate during the formation of isocitrate. 75 Moreover, in the structure of the mutant bound with 

glyoxylate and 3-nitropropionate (Fig 3.1), Ser191 ' s hydroxyl oxygen, equivalent to the sulfur of 

Cys191 , is 2.9 A from one of the inhibitor's methylene groups, suggestive of a conformation that 

is poised for proton transfer.68 Additionally, in this structure, NIi of His193 is 5.1 A from the 

hydroxyl of Ser191 and 2.9 A from one of the inhibitor's oxygens (Fig 3.1). Thus, His193 may 

assist in formation of the Cys191 thiolate and/or stabilize succinate at the transition state for 

enolate formation and/or subsequent addition to glyoxylate. 75 
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Figure 3.1: X-ray crystal structure ofmutantMtICL with glyoxylate (GA) and 3-NP, 
representing the succinate active-site pocket. The distance of C191 S and His 193 is indicated in 

angstroms. Protein Data Bank entry 18FI. 68 
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As discussed above, the source of the proton transferred to the alkoxide of isocitrate is still 

unknown. The crystal structure of MtICL indicates three likely candidates-Tyr89, His180 and 

Lys189-in the glyoxylate pocket that could act as a general acid in protonating the alkoxide. 

Tyr89 and His180 are at 3.6 and 3.9 A, respectively, from glyoxylate 's carbonyl oxygen, whereas 

Lys 189 is present on the flexible loop that sequesters the active site from the bulk solvent and is 

in indirect contact with the glyoxylate ' s carbonyl oxygen through a metal-bound water molecule 

(Fig 3.2).68 The essentiality ofthese three residues in MtICL catalysis has been revealed in previous 

studies.66
, 

73 Using mutational analysis and molecular dynamics studies, Shukla et al. concluded 

that the interactions with His180 and Tyr89 are necessary in maintaining the tetrameric assembly 

Figure 3.2: X-ray crystal structure of mutant MtICL with glyoxylate (GA) and 3-NP, 
representing the glyoxylate active-site pocket. The distance ofLys189, His 180, and Tyr89 is 

indicated in angstroms. Protein Data Bank entry 18FI.68 
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of the enzyme. 73 Recent studies have also proposed a negative feedback regulation ofICL activity 

that is administered by the post translational modification like acetylation and/or succinylation of 

Lys189.66 Though the essentiality of these residues has been studied, their role in the catalytic 

mechanism ofMtICL still remains undetermined. 

In this chapter, we perform pH dependence, mutagenic, SIE and KIE experiments to 

identify the essential residues responsible for acid-base catalysis by MtICL. Cys191 and His 193 

are mutated to probe the impact of these residues on formation of the purported enolate 

intermediate, while Lys 189, His 180, and Tyr89 are mutated to evaluate their possible role as acid 

residues for proton transfer to the oxygen that becomes the alcohol in isocitrate. By attempting to 

identify the key catalytic residues, our results provide a more complete mechanism that may prove 

beneficial in the rational design of inhibitors for MtICL. 

3.2 Cloning, expression and purification of site
directed MtICL variants 

To gain a detailed understanding of the MtICL catalytic mechanism and specific roles 

played by conserved residues in catalysis, we constructed a series of five site-specific amino acid 

substitutions in the wild type MtICL sequence. Previously in our lab Dr. M. M. Moynihan mutated 

His 193 and His 180 to alanine and Tyr89 to phenylalanine. Plasmids with Cys 191 mutated to serine 

and Lys189 mutated to glutamine were gifted by Dr. T. D. Meek (Texas A&M University). All 

these plasmids were transformed into BL21 (DE3) E. coli cells, and expression testing was done 

at various temperatures and with different IPTG concentrations to optimize the yield of each 

mutant. All mutants behaved similarly to wild-type MtICL throughout the purification process and 

were purified to >95% homogeneity as deduced by SDS-PAGE (not shown). 
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3.3 C191S and H193A steady-state kinetics and KIEs 

The measurement of steady-state kinetics for isocitrate synthesis catalyzed by wild-type 

MtICL is routinely accomplished by UV detection of NADPH formed by coupling with IDH. 

However, in the case of C191S and H193A, this method was problematic due to the greatly 

diminished activity of these mutants . A fluorimetric assay, on the other hand, was successful in 

providing sufficient sensitivity while requiring smaller assay volumes, permitting conservation of 

protein. Steady-state kinetics for C191 S and H191A were determined only in the isocitrate

condensation direction with saturating glyoxylate at pH 7.5 and 37 °C. The kinetic analysis 

revealed large changes in kcat and kca1/Km for both of these mutants (Table 3.1). Consistent with the 

previously proposed essential role of Cys191 in catalysis, kcat was dramatically reduced by over 4 

orders of magnitude from 8.3 s-1 to 1.49 x 10-4 s-1 for C191S. Interestingly, the catalytic activity 

ofH193A was similarly severely impacted, having been decreased by approximately 55 ,000 times 

compared to the value for the wild-type enzyme. kcatlKm for succinate with H193A and C191S was 

determined to be almost 106
- and 104-fold lower, respectively, than that with the wild-type enzyme. 

While the greatly hindered steady-state kinetic properties ofH 193A and C 191 S emphasize 

the essentiality of the two residues to catalysis, we probed their role further by measuring the 

primary deuterium KIE on proton/deuteron abstraction from C-2 of succinate (Table 3.2). Modest 

primary KIEs of 0 kcat = 2.11 ± 0.07 and 0 (kc a✓Km) = 2.7 ± 0.2 were observed when (2 ,2,3,3-

2H4)succinate was incubated with the wild-type MtICL (Table 3.2), indicating that succinate 

deprotonation is partially rate limiting with the native enzyme. Mutation of Cys191 raised these 

KIEs to 5.3 and 7.2, respectively, and mutation ofHis189 similarly increased 0 kca1and 0 (kca1/Km) 
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to 6.0 and 6.9, respectively. The large magnitude of these KIEs indicates that proton transfer from 

succinate is fully rate limiting in the absence of either the thiol or imidazole groups of these 

residues. These results therefore implicate the essentiality of Cys 191 and His 193 in stabilizing the 

enolate-like transition state. While Cys191 appears to serve as the acceptor for the C-2 proton of 

succinate, as supported by X-ray structural data68 and solvent isotope effects,75 the role ofHis193 

during catalysis is not apparent. No of His193 is approximately 4.4 A from C-2 of succinate and 

2.7 A from one of the C-4 carboxylate oxygens. Unless there is some conformational change, 

His193 appears to be too far to directly stabilize the developing negative charge distributed 

between C-2 and the C-1 carboxyl group. While ionic or hydrogen bonding between these atoms 

would serve to relieve some of the negative charge of the purported trianionic intermediate, this 

carboxylate is electronically disconnected from the developing enolate at C-1 and C-2. Thus, it 

seems more likely that His 193 serves an indirect role in transition-state formation, functioning in 

concert with Cys191 to abstract succinate ' s proton. This cooperative mechanism is akin to that 

involved in cysteine proteases (e.g. , papain), which feature a strictly conserved cysteine-histidine 

dyad. 125 As with MtICL, mutation ofeither residue in this class ofproteases has been characterized 

by loss of function explained by the absence of the pre-binding equilibrium (Kiso in Scheme 3.1) 

in the active site of the enzyme. With this step eliminated, an alternative base would be required 

either to accept succinate ' s proton directly or to serve in a proton relay via Cys 191. Either of these 

possibilities could be expected to be slow, as there are no obvious candidates in the active site. As 

a result, an intrinsic KIE is unmasked by the Cys 191 and His 193 mutants in MtICL. 
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Table 3.1: Steady-state kinetic analysis ofMtICL mutants 

MtICL Substrate kcat (s-1) Km(µM) kcat l Km Fold Fold kcat Kia (µM) e 
variant (µM-1 s-1) kcatlKm decreased 

decreased 

Isocitrate" 13.2 ± 0.4 68 ± 8 0.19 ± 0.02 NIA 
Wild 

Succinateb type 
520 ± 60 0.0159 ± 0.0019 NIA NIA NIA 

8.3 ± 0.3 
Glyoxylateb 

330 ± 40 0.025 ± 0.003 30 ± 11 

Cl91S Succinate (1.49 ± 0.06) X 

10-4 (3.9 ± 0.6) X 103 (3.8 ± 0.6) X 10-s - 4 X 105 - 6 X 104 NIA 

Hl93A Succinateb (1.57 ± 0.07) X 

10-4 (3.1 ± 0.3) X 104 (5.1 ± 0.5) X 10-9 - 3 X 106 - 5.5 X 104 NIA 

Kl89Q Isocitratec 1.0 X 10-3 2.2 X 103 4.0 X 10-7 - 2 X 106 - 1.3 X 104 

(4.17±0.16) x (1.33 ± 0.13) X 
Succinate (3.1 ± 0.3) X 10-7 - 5 X 104 - 2.5 X 103 NIA 10-3 104 

0.0120 ± 
Isocitrate" 420 ± 10 b (2.8 ± 0.1) X 10-5 - 4 X 103 - 1.1 X 103 NIA 

0.0002 
Hl80A 

Succinateb 
(5.0 ± 1.3) X 104 (6.40 ± 0.10) X 10-6 - 2 X 103 NIA 

0.32 ± 0.05 
Glyoxylateb - 26 (2.1 ±

(9 ± 2) X 103 (3.5 ± .0.9) X 10-5 - 7 X 102 
0.9) X 103 

Isocitrate" 0.132 ± 0.019 (1.4 ± 0.4) X 104 b (9 ± 3) X 10-6 - 2.1 X 104 - 100 NIA 
Y89F 

Succinateb (4.3 ± 0.8) X 103 
(7.4 ± 1.8) X 10-5 - 200 NIA 

0.081 ± 0.007 
Glyoxylateb - 100 

(1.3 ± 0.3) X 103 (1.3 ±
(2.4 ± 0.6) X 10-4 - 100 

0.4) X 103 

a Km for isocitrate reflects only the reactive D enantiomer present in the racemate. b Kinetic analysis conducted by 
Dr.M.M.Moynihan. 126 cKinetic analysis conducted by Dr. T. V. Pham. d Numbers reflect decrease in kcatlKm and kcat parameters 
relative to wild type. eKia is the dissociation constant for A (glyoxylate) from the EA complex. 
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Table 3.2: Succinate deuterium KIEs on MtICL 

MtICL 0 kcat a 

Wild-type 2.11 ± 0.07 2.7 ± 0.2 

Cl91S 5.5 ± 0.4 7.31±0.17 

6.0 ± 1 6.9 ± 0.9 

Kl89Q 4.5 ± 0.4 3.28±0.10 

1.29 ± 0.10 2.3 ± 0.2 

1.92±0.15 3.8 ± 0.4 

acalculated as the KIE on the apparent k cat determined at fixed saturating glyoxylate and Mg2+ 

concentrations. bKinetic analysis conducted by Dr.M.M.Moynihan. 126 

3.4 Solvent kinetic isotope effect 

3.4.1 Fractionation factors 

An equilibrium isotope effect is observed when there is a ground-state ZPE difference for 

the products and reactants. A special equilibrium isotope effect occurs between a protogenic 

functional group and deuterated water known as solvent isotope effect (SIE). 

Solvent isotope effect (SIE) is defined as the ratio of rate ( eq 3 .1) or equilibrium constant 

( eq 3 .2) of reactions performed in H20 or D20. Kinetic solvent isotope effects ( 0 20 k) could be 

defined by, 

(3.1) 
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where kH ,o and k D,o are the kinetic constants measured in H20 and D20 respectively. Similarly, 

equilibrium solvent isotope effect ( D zo K eq ) could be defined by, 

(3 .2) 

where KH,o and KD,o are the equilibrium constants measured in H20 and D20 respectively. The 
eq eq 

origin of equilibrium SIE is governed by isotopic fractionation factors . Enzymatic reactions 

contains a large number of isotopically exchangeable protons in the enzyme reaction assembly (i.e. 

enzyme and substrate) that can contribute to the equilibrium SIE. The fractionation factor ( </J) is 

defined by the amount of deuterium present at an exchangeable position as a function of the 

concentration of deuterium present in the solvent. In the case of amino acid side chains, it can be 

expressed as the equilibrium ratio between the exchangeable residue and the solvent (eq 3.3), 127 

(3 .3) 
[R-D] [H20] 

</J = [R-H] [D
2 
0] 

where [R-H] and [R-D] represent the relative population of the exchangeable amino acid residues 

bound with protium or deuterium, respectively. Table 3.3 lists fractionation factors for some of the 

functional groups found in amino acid residues. 128 Most of the exchangeable species have 

fractionation factors around 1 and thereby have a non-sizeable impact on the SIE. More substantial 

effects are seen with species that have a larger preference for deuterium, where <p > 1, or with 

species that have a strong preference for protium, where <p < 1. 
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Table 3.3: Fractionation factors of amino acid residues frequently involved in enzymatic 
reactions128 

Species a Fractionation 
factor ( </J) 

RSL 0.4-0.6 

RCOOL 0.92 

RNL 1.12 

RNL2+ 1.08 

ROL 1.04 

a L represents either H or D 

These fractionation factors can reveal the nature ofcatalytic residues involved in an enzyme active 

site, including solvent-accessible general acids and bases. For example, as seen from the table 3.3 , 

thiols have particularly characteristic inverse fractionation factors , in the range 0.4--0.65. SIEs 

along with substrate KIEs can be used to gain insights into the nature oftransition states and ground 

states of the enzyme reaction assembly. 

3.4.2 Proto nation states ofthe catalytic dyad 

Cysteine proteases and hydrolases exhibit a cooperative behavior between their conserved 

Cys and His residues, in which the catalytic cysteine serves as a nucleophile to effect acyl transfer, 

while the histidine assists the deprotonation of the thiol and protonation of the amine of the leaving 

group to yield the acyl intermediate. Studies of the Cys-His dyads in cathepsin C and papain have 

revealed inverse SIEs on kcaJKm that are attributed to the enrichment of the thiolate species in D20 

resulting from thiol 's characteristic fractionation factor (table 3.3). 129 Similarly, SIE studies of 
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MtICL by Dr. M. M. Moynihan revealed a 0 20 (kcaJKm) of 0.56, leading to the hypothesis that the 

thiolate-imidazolium species of the free enzyme predominates in catalysis (Scheme 3 .1 ). 75 

0 0 0 
~ + H ~ CO2 Mg2

® 

enolase 2003po H 

D-tartronate semialdehyde 
BH phosphate 
~ 

enolase 

Scheme 3.2 

The multistep nature of enzyme-catalyzed reactions can complicate the observed isotope 

effects. The inherent ambiguities in interpretation of SIEs for catalytic turnover can sometimes be 

significantly decreased if analogous isotope effects can be measured on binding of inhibitors. Most 

inhibitors simply arrest the enzyme in a stable complex, avoiding the potentially confounding 

chemical steps that lead to substrate turnover. Such an approach was used to determine the catalytic 

base of enolase that catalyzes the conversion of 2-phospho-D-glycerate to phosphoenolpyruvate. 

Weiss et al. studied the differential inhibition of enolase using protium- and deuterium-containing 

versions of the substrate mimic D-tartronate semialdehyde phosphate (TSP) (Scheme 3.2).13° 

Through partial chemistry undergone by TSP, an isotope effect on the dissociation constant (°Ki) 

of 0.41 was obtained, representing the equilibrium isotope effect for the two-step process of 

binding and enolization of TSP (Scheme 3.2). The °Ki of 0.41 can also be defined as the ratio of 

fractionation factors of the unknown enzymatic base and the observed fractionation factor for 

TSP 's exchangeable proton (1.19). Based on this, the authors assigned a value of ~0.4 to the 

sulfhydryl group of an assumed cysteine residue and concluded it to be the enzymatic base 
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responsible for the abstraction of the proton in catalysis. 130 However, upon discovering the absence 

of a cysteine residue in the active site of enolase, the authors later reattributed this inverse isotope 

effect to low-barrier hydrogen bonds. 131 Nevertheless, the arguments they presented in their earlier 

analysis are still relevant to systems where a thiolate is a valid candidate for catalysis. 

I 
I 

I 
I 

Figure 3.3: X-ray crystal structure of wild type MtICL following incubation with 3-
bromopyruvate, representing a covalent adduct. Protein Data Bank entry 1 F8M. 68 

In contrast, the crystal structure of MtICL following incubation with 3-bromopyruvate 

(3BrPy), a glyoxylate mimic that inactivates the enzyme, shows a covalent bond between C-2 of 

the inhibitor and Cys191 (Fig 3.3).68 Presumably, cysteine needs to be in its thiolate form to act as 

a nucleophile to become alkylated by 3-bromopyruvate. As mentioned above, previous studies in 

our lab revealed an inverse SIE of 0.56 on kcaJKm and a normal SIE of 1.7 on kcat for isocitrate 

formation from succinate and glyoxylate. 75 These values were interpreted as reflecting two 

solvent-sensitive proton-transfer steps, presumably one from Cys191 (possibly to N 1> of His193) 
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and the other to the alkoxide following C-C bond formation (Scheme 3 .1 ). kcat represents all steps 

from the Michaelis complex to free enzyme, whereas kcaJKm represents all steps from free enzyme 

up to and including the first irreversible step (Scheme 3 .1). The significant difference between 

0 20 (kca1) and 0 20 (kcaJKm) indicates that these two parameters include different steps in the reaction 

mechanism. The substantial inverse SIE on kcatl Km suggests that it is not influenced by the second 

proton-transfer step, which otherwise would have been expected to make a normal contribution to 

the SIE. These results led the authors to propose a catalytic mechanism for MtICL involving a pre

equilibrium isomerization of the Cys-His pair to an unfavorable but reactive thiolate-imidazolium 

form, followed by an effectively irreversible step before forming the alcohol. 75 This irreversible 

step was proposed to involve either a highly committed binding of succinate (for a concerted 

reaction mechanism) or a largely exothermic C-C bond-formation (for a stepwise mechanism). 

Scheme 3 .3 shows the concerted and stepwise mechanisms, where the proposed irreversible step 

is marked in red. 

concerted 

~~G OH0 

0~11-------l JlOG 
0 00 

0 H5 EPr9 o 

Step-wise 

Scheme 3.3 
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To provide further evidence for pre-equilibrium isomerization to the imidazolium-thiolate 

ion pair, we performed SIE studies on the inactivation of MtICL by BrPy. BrPy was previously 

characterized as a quiescent affinity label of the ICL isolated from E. coli, exhibiting saturation 

kinetics and reacting with Cys195 (equivalent to Cys191 in MtICL). 132 This was confirmed in the 

present study with MtICL by conducting a time-dependent inactivation assay and a pH-p(kinac1/Kr) 

profile. MtICL (500 nM) was pre-incubated with 0-15 µM BrPy at different pH over 0-10 min, 

followed by dilution into reaction mixtures containing high concentrations of glyoxylate and 

succinate, along with IDH and NADP+_The residual rates (v) were normalized to the rate at time 

zero (vo) and plotted versus time (t) of pre-incubation (Fig 3.4a). An exponential function was fit 

to the data, and the observed pseudo-first-order rate constants, kobs, were plotted against BrPy 

concentration (Fig 3.4b). Differing from the case with E. coli ICL, saturation by BrPy was not 

observed. Although a linear relationship is required of a one-step inhibition mechanism, it is also 

consistent with the two-step binding and alkylation process attributed to E. coli ICL but with 

MtICL far from saturation over all concentrations of inhibitor tested (i.e. , [BrPy] « Kr) . Fitting the 

plot of kobs vs. inhibitor concentration to eq 3.12 yielded a second-order rate constant (kinac1/Kr) for 

inactivation. The pH dependence of the this second-order rate constant (Fig 3.4c), in agreement 

with the results obtained for E. coli ICL132
, indicated that a single ionizable group in MtICL with 

a pKa of 7.21 ± 0.09 is required in its conjugate base for inactivation. This pKa was assigned to 

Cys191 , in accordance with the published crystal structure (Fig 3.3). 

47 



Chapter 3 

a) 

0.80 

0.60 
:::,.·-
;:o 

0.40 

0.20 

100 200 300 400 500 

time (s) 

b) c) 
1.0x10~ 

0.016 . 
0.014 8.0x10~ 

0.012 

0.01 
_0 

:E 
6.0x10~ 

~ 2: 
11 0.008 ~-.:co 

~ 4.0x10"' 
0.006 .:cs. 

0.004 
2.0x10~ 

0.002 

0.0 
2 4 6 8 10 12 14 16 5 6 7 8 9 10 

Bromopyruvate (µM) pH 

Figure 3.4: Time-dependent inactivation ofMtICL by 3-bromopyruvate. a) Normalized residual 
rates plotted against time at pH 7.48 for different inhibitor concentrations (top to bottom) of 0 
(black), 5 µM (red), 8 µM (orange), 10 µM (yellow), 12 µM (green), and 15 µM (blue) were fit 
to eq 3 .10 . b) Concentration dependence of observed rate constants (kobs) for Br Py inactivation 

ofMtICL in H2O (blue circles) and D2O (red circles). c) pH dependence of the second-order rate 
constant for modification ofMtICL by 3-BrPy fit through eq 3.13. 

To provide further credence to the protonation state of Cys191 during inactivation, we 

repeated the time-dependent BrPy inactivation studies in D2O. In support of our prior proposed 

mechanism (Scheme 3.1), we observed a similar inverse SIE of0.72 ± 0.04 (error from triplicates) 
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on kinacJKr. Br Py inactivation can be described using a simple two-step model that is usually used 

to define slow-binding inhibitors. This model includes formation of an initial, non-covalent 

enzyme-inhibitor complex, followed by a slow conversion to a covalent complex (Scheme 3.4). 

Like catalysis with succinate, inactivation of MtICL with BrPy also requires Cys191 to be in the 

thiolate form, so the same pre-binding isomerization is relevant in deuterated solvent (Scheme 

3.4). Although the value of the SIE for BrPy inactivation (0.72 ± 0.04) is slightly higher than the 

SIE for substrate turnover (0.56 ± 0.07), this outcome reinforces the conclusion from our previous 

studies that Cys 191 exists predominantly in the thiol form prior to succinate or inhibitor binding. 

The small difference in values could be attributed to the different microenvironments, as inhibition 

is performed with enzyme devoid of glyoxylate, while catalysis is performed with enzyme 

saturated with glyoxylate. 

Scheme 3.4 

3.5 Hysteresis of Y89F MtICL in the approach to 
steady state 

Y89F MtICL displayed a hysteretic behavior in kinetics assays, characterized by a lag of 

several minutes during the approach to steady state (Fig 3.5). Interestingly, while the progress 

curve of Y89F in the isocitrate-cleavage direction showed a lag (Fig 3.5a), the condensation 

direction did not at 37 °C (Fig 3.5b) but did when the temperature was lowered to 25 °C (Fig 3.5c, 
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black). 133 Further analysis at 25 °C revealed that prior incubation of Y89F with glyoxylate results 

in a linear rate of isocitrate formation (Fig 3 .Sc, red and green). The existence ofa lag phase in the 

approach to steady state indicates that the initial velocity ( Vi) is less than the steady-state velocity 

(vss), as shown in eq 3.7 (section 3.10.4). 134 This behavior indicates that the enzyme undergoes a 

slow transformation from a less active (E) to a more active form (E') which is temperature 

dependent for Y89F (Scheme 3.5). In this model, most of the resting enzyme exists as the E form, 

which undergoes a slow, hysteretic transition to E' that is enhanced in the presence ofglyoxylate. 134 

E .;;::~EA E' 

A = glyoxylate 
B = succinate 
P = isocitrate 

E'AB E'P 

Scheme 3.5 

One of the mechanisms by which hysteresis is manifested is by association-dissociation of 

protein subunits in the presence ligand. 133 MtICL is a tetramer with 222 (D2) symmetry.68 Mutation 

may cause this tetrameric form to dissociate into a pair of dimers or four monomers, rendering the 

enzyme inactive. Recent molecular dynamics studies and size exclusion chromatography with 

Tyr89 and His 180 mutants ofMtICL revealed the essentiality of these two residues in maintaining 

the tetrameric active form of the enzyme. 73 To verify whether the lag could be a result of a 

compromised oligomeric state, we investigated the effect ofenzyme concentration on the observed 
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rate of the lag phase. The lag period, T, which is expressed as reciprocal of apparent rate constant 

for the transition between the initial and final steady-state velocities (k) , decreased linearly with 

increasing enzyme concentration (Fig 3.5d). 

Kurganov et al. has derived the mathematical expression of the lag time resulting from the 

shift of the enzyme equilibrium: 135
,
184 

(3.4) 

where 

Where subscripts O and f refer to the initial and final states of the enzyme, k is the apparent 

dissociation rate constant of the tetramer into dimers, in the presence of substrate. Ko is the 

equilibrium association constant of the enzyme in the absence of substrate (initial state) and K is 

the apparent association constant of the enzyme in the presence of the substrate (final state). Eq. 

3.4 shows that in this model plots of log T versus log [ Eo] must give a straight line of slope -1 at 

sufficiently high enzyme concentration. 135 Fig 3.5 (d) shows that this is indeed the case. Based on 

these observations, it is reasonable to conclude that the hysteresis in Y89F may be due to the slow 

association of dimers or monomers to form the active tetramer. 
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Figure 3.5: Analysis ofY89F activity. (a) Progress curve of the cleavage of isocitrate by 8 
µM Y89F MtICL (LDH assay) at 37 °C. (b) Progress curve of the formation of isocitrate by 
3 µM Y89F MtICL (IDH assay) at 37 °C fit to a linear equation. (c) Progress curves of the 

formation of isocitrate at 25 °C by 3 µM Y89F MtICL pre-incubated with glyoxylate (1 
mM) for 15 min (red), 30 min (green) and O min (black). (d) The observed lag period i- in 
the time course of Y89F MtICL reaction, plotted versus final enzyme concentration fit to 

linear equation. 
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3.6 H180A, Y89F and K189Q steady-state kinetics 

In order to delineate the residue which serves as the source of the proton transferred to the 

alkoxide of isocitrate, steady-state kinetics were measured on mutants of Lys189, His180 and 

Tyr89 (Fig 3.2). Though structural analysis of the glyoxylate pocket of MtICL reveals the close 

proximity ofN1> ofHis180 (3.9 A) and O ofTyr89 (3.9 A) to the carbonyl oxygen of glyoxylate, 

the catalytic behavior with mutants of these residues was relatively less hindered as compared with 

that of the K189Q (Table 3.1). 

As described by Dr. M. Moynihan, mutation of His180 showed a decrease in kcat relative 

to wild-type MtICL of 26-fold for isocitrate synthesis and 1100-fold for isocitrate cleavage (Table 

3.1).74 Steady-state analysis of Y89F revealed a ~100-fold decrease in kcat for both reaction 

directions. The dissociation constant for glyoxylate, Kia, of both mutants increased to match its 

Michaelis constant, K giyoxylate. This behavior was attributed to alteration of the ordered sequential 

kinetic mechanism followed by the wild-type enzyme (Scheme 1.1). 126 While the kinetic analysis 

of these mutants suggests that His180 and Tyr89 may help in stabilizing the enzyme-substrate 

complex, the exact role of these residues is not apparent. 

Mutation of the conserved Lys189 residue predicted to be bound to metal through a water 

molecule (Fig 3.2) resulted in a large decrease in catalytic efficiency (kcaJKm) , ~106-fold in the 

isocitrate cleavage direction and ~104-fold for condensation of isocitrate, primarily as a result of a 

reduction in kcat. K189Q showed a Km of 1 mM for glyoxylate, which is comparable to that of the 

wild-type enzyme (0.3 mM) (Fig 3.6 a), strongly suggesting a critical role in catalysis. 
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Figure 3.6: Michaelis-Menten plots for K189Q. a) Initial velocities plotted versus succinate 
concentration for 1 mM (black) and 5 mM (green) glyoxylate. b) Initial velocities plotted 

versus succinate concentration for unlabeled succinate (blue) and [2 ,2,3,3-2H4]succinate (red). 

The relatively poorer catalytic properties ofK189Q as compared to H180A and Y89F impelled us 

to consider the involvement of Lys189 in the second proton-transfer step during the formation of 

isocitrate (Scheme 3 .1 ). Lys 189 is a conversed residue and is located in the active-site loop that 

undergoes a large conformational change during catalysis (Fig 1.5). Although Lys189 is not in 

direct contact with glyoxylate, it may interact indirectly through a water molecule that is positioned 

3.2 A from glyoxylate (Fig 3.2). The location of the residue and the results from steady-state 

kinetics encouraged us to propose that Lys189 may serve as the general acid in the isocitrate

condensation direction, donating a proton to the water molecule, which in tum protonates the 

alkoxide intermediate. By microscopic reversibility, Lys189 would act as the general base in the 

physiological isocitrate-cleavage direction, activating the Mg2+-bound water molecule to 

deprotonate isocitrate thereby initiating the retro-aldol reaction. Precedence for such catalytic 

metal-activated hydroxide ions can be found in the paradigmatic metalloenzymes carbonic 
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anhydrase II and arginase. 136 Our hypothesis is also guided by mandelate racemase, an archetype 

of the enolase family that utilizes a metal ion-assisted lysine residue to form an aci-carboxylate 

intermediate. 137 A recent study of isochorismate synthase from Pseudomonas aeruginosa also 

suggests a similar mechanism where a lysine residue serves as a general base that in concert with 

a water molecule catalyzes the production of isochorismate from chorismate. 138 

3.7 Y89F, H180A and K189Q KIEs 

Substrate KIEs were measured to assist in deciphering the role of Lys189, His180 and 

Tyr89 in the catalytic mechanism of MtICL. Recall that the proposed mechanism (Scheme 3.1) 

involves two proton-transfer steps, one from succinate to Cys191 and the other from a general acid 

(possibly Lys189, Tyr89 or His180). It was reported in section 3.4 that the normal solvent KIE on 

kca1of 1.7 ± 0.4 does not contribute to the inverse solvent KIE on kcaJKm of 0.56 ± 0.07, suggesting 

the existence of an irreversible step ( k4 in Scheme 3 .1) prior to the protonation of alkoxide in a 

stepwise mechanism. To appreciate the significance of the irreversibility of this step, it is important 

to note that whereas kca1 describes all steps from formation of the Michaelis complex until the 

generation of free enzyme, kcaJKm represents all steps from free enzyme up to and including the 

first irreversible step. Here, an irreversible step is taken to mean one in which its product partitions 

strongly forward. In isocitrate formation, we previously proposed that carbon-carbon bond 

formation (k3) is effectively irreversible because k_3is expected to be very small compared to '4. 126 

In the current study, the relative magnitude ofthe succinate deuterium KIEs for the mutants 

and wild-type MtICL were compared in order to interrogate the role of each residue in the 

mechanism. If a residue is important in succinate deprotonation, 0 kca1 and 0 (kca✓Km) should 

increase upon mutation since this step would become more rate limiting; alternatively, if a residue 
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is important in a later step, such as protonation of the alkoxide, these KIEs should become smaller. 

Surprisingly, mutation of Lys189 resulted in a substantial increase in both 0 kcat and 0 (kcat1Km) to 

4.5 ± 0.4 and 3.28 ± 0.10, respectively (Table 3.2). This significant increase in KIEs implies that 

the mutation of this residue perturbed the isotope-sensitive step (k2). This outcome indicates that 

either (1) deprotonation of succinate, formation of the C-C bond and protonation of the alkoxide 

occur in a concerted mechanism (Scheme 3.3) or (2) Lys189 plays a different, unknown role in 

succinate ionization. Interestingly, the other two mutants yielded different substrate KIE patterns: 

H180A showed a small decrease in °kcat while keeping 0 (kc a✓Km) unchanged, whereas Y89F 

showed a constant 0 kcat and an increase in °(kca✓Km) compared to the wild-type enzyme. Though 

the KIEs for H180A are consistent with this residue as a general acid in a stepwise mechanism, 

this is considered unlikely in light of the modest impact of the mutation on steady-state kinetics 

together with the conclusions of Shukla et al. 73 who strongly suggested a primary function of 

working with Tyr89 to maintain the tetrameric state of the enzyme. 

3.8 New proposed catalytic mechanism of MtICL 

Aldolase-catalyzed reactions are known to proceed through a stepwise mechanism via a 

carbanion intermediate and retention of configuration in the nucleophile. 139 Though ICL has also 

140 141been assumed to proceed via a stepwise mechanism, 68
, - no supportive experimental evidence 

has been provided to date. Additionally, the cleavage of isocitrate by ICL produces succinate with 

an inverted stereochemistry with respect to C-3 of isocitrate (Scheme 3.3), 142 a configuration which 

could be achieved either by a concerted or a stepwise mechanism. 

Through our mutational and KIE studies, we have presented the first evidence of a 

concerted mechanism for MtICL. Although a stepwise mechanism cannot be excluded, we propose 
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a new mechanism for the condensation of isocitrate, as shown in Scheme 3.6. The large intrinsic 

succinate KIEs observed for mutants of Cys191 and His 193 implicate these residues as a catalytic 

dyad. The inverse SIEs seen on both kc a✓Km for succinate and the kinactlKr for bromopyruvate 

support the existence of a pre-equilibrium isomerization of the Cys-His pair to the unfavorable 

but reactive thiolate-imidazolium form, which is enriched in D 20. The switch from an inverse SIE 

for kcaJKm to a normal SIE for kcat was previously explained by the existence ofan irreversible step 

in the stepwise mechanism; this could occur in the concerted mechanism if succinate is a "sticky 

substrate", which is defined as a substrate having a high binding commitment to catalysis, meaning 

that it reacts through the first irreversible step faster than it dissociates. Finally, the substantial 

decrease in enzyme activity for K189Q along with the increase in °kcat and 0 (kcaJKm) implicates 

this residue in protonation ofthe glyoxylate carbonyl in the same step as deprotonation ofsuccinate 

by Cys 191. Because a concerted mechanism is unprecedented for the enolase superfamily to which 

ICL belongs, further investigation using mixed isotope experiments would be instrumental in 

deciphering the mechanistic ambiguity of MtICL. 
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[SA] 

Scheme 3.6 
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3.9 Conclusion 

In this study, we performed mutagenesis on many of the predicted critical residues of 

MtICL. In the succinate pocket, we recognized Cys 191 and His 193 to be critical for catalytic 

activity, as their mutation reduced kcat by almost 50,000 times compared with that of the wild-type 

enzyme and resulted in intrinsic succinate KIEs. These results along with the inverse SIE on 

inactivation by Br Py support the hypothesis that His 193 plays a role in deprotonation of succinate 

by Cys191. Mutation of His180 and Try89 in the glyoxylate pocket showed relatively less 

hindrance to catalysis as compared with Lys189, which reduced the catalytic activity >2500-fold 

as compared with the wild-type enzyme. Succinate KIEs with K189Q led to the proposal of a 

concerted mechanism for MtICL. 

This initial mutational survey of the active-site amino acid residues in MtICL has answered 

some questions about the residues implicated in substrate binding and catalysis. Additional kinetics 

studies, including pH-pKa analyses, of these mutant enzymes are required before a more refined 

model of the reaction can be proposed. These studies are underway in collaboration with Prof 

Thomas Meek (Texas A&M University) . The insight gained on the mechanism may be instructive 

for the design of inhibitors selective for MtICL. 
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3.10 Experimental procedures 

3.10.1 General materials 

The plasmid encoding wild-type ICLl from M tuberculosis was obtained synthetically as 

a thrombin-cleavable N-terminal His6 fusion (DNA 2.0, now ATUM). 75 The plasmids encoding 

C191S and K189Q were obtained as a gift from Dr. Thomas D. Meek (Texas A&M University). 

The plasmids encoding H193A, H180A and Y89F variants were prepared in our lab by Dr. 

Margaret M. Moynihan using the protocol provided by QuickChange II Site-Directed Mutagenesis 

Kit (Agilent) with appropriate primers. 126 Protein concentrations were determined 

spectrophotometricallyusing e2so = 50.8 mM-1cm-1.75 E.coli isocitrate dehydrogenase (IDH) was 

expressed and purified from pCA24N obtained from the National BioResource Project, Japan 

(NBRP-E. coli at NIG). 143Lactate dehydrogenase (LDH) from porcine heart was purchased from 

Calzyme. Deuterium oxide contained 99.8% D. 3-Bromopyruvate was purchased from Alfa Aesar, 

and [2 ,2,3,3-2H4]succinate with 98% D was purchased from Cambridge Isotope Laboratories, Inc. 

Stock solutions of glyoxylate, D-isocitrate and disodium succinate were prepared and quantified 

as mentioned previously. 75 Steady-state kinetics assays were carried out on a Varian Cary-I 00 Bio

UVNis spectrophotometer or a Varian Cary Eclipse fluorescence spectrophotometer, each 

equipped with a temperature control device. Stopped-flow measurements were performed with an 

Applied Photophysics SX20 stopped-flow spectrophotometer equipped with a 20-µL flow cell 

( dead time of 1 ms) and a xenon arc lamp, using an excitation slit width of 2 mm. 

3.10.2 Expression and purification ofwild-type and mutant enzymes 

The overexpression and purification ofMtICL mutants followed a similar procedure as for 

wild-type MtICL with the following modifications to the expression conditions. K189Q and 
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H193A were induced with 50 µM IPTG for 4 hat 31 °C, yielding 25 mg and 50 mg of purified 

protein per liter of culture, respectively. Y89F and C191S were induced with 500 µM IPTG for 4 

h at 31 °C, yielding 30 and 50 mg of purified protein per liter of culture, respectively. 75 HI 80A 

was induced with 50 µM IPTG for 4 hat 18 °C, yielding 12 mg of purified protein per liter of 

culture. The coupling enzyme IDH was expressed and purified as mentioned in literature, yielding 

155 mg/L of culture at 88 units/mg ofprotein.75 

3.10.3 Measurement ofenzymatic activity 

Unless otherwise stated, all measurements were performed at 37 °C in 100 mM HEPES 

(pH 7.5) containing 5 mM MgSQ4 _ Y89F, H180A and K189Q activity was measured 

spectrophotometrically in the isocitrate-condensation direction by monitoring the oxidation of 

NADH (0.2 mM) at 340 nm (E340 = 6.22 mM-1 cm-1
) in coupled assays, as described in previous 

literature. 126 Succinate and glyoxylate concentrations were varied for Y89F and HI 80A, and the 

reactions were initiated by the addition of 3 µM Y89F or 1.8 µM H180A (monomeric 

concentrations)126 
. K189Q (13.4 µM) was assayed with varied succinate (0-50 mM) at a fixed 

concentration of glyoxylate (5 mM). In the isocitrate-cleavage direction the activities ofY89F and 

H180A126 were monitored by the reduction ofNADP+ (0.2 mM) using 1.4 µM Y89F or 3.14 µM 

H180A with varying isocitrate concentrations. Steady-state velocities for Y89F were measured 

after the lag period. In all assays, the units of coupling enzyme present were at least tenfold over 

the units ofMt I CL ( 1 unit is defined as 1 µmol of reactant consumed or product formed per minute 

under the conditions of the assay) . Initial velocities were fit by nonlinear regression to eq 3.5 and 

eq 3.5a using KaleidaGraph (Synergy Software) for isocitrate cleavage and eq 3.6 for isocitrate 

synthesis, similar to the steady-state analysis of wild-type MtICL but in the absence of the dead

end diglyoxylate complex. 
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-3L._ = kcal [A] 
[E]

1 
Km +[A] (3.5) 

VO _ ( kcal/Km)[A] 
[E] - 1+[A]/Km 

1 (3 .5a) 

(3.6) 

In eq 3.6, Kia and Ka are the dissociation constant and Km , respectively, for the first substrate, 

glyoxylate, and Kb is the Km for the second substrate, succinate. 

Rates of substrate conversion by H193A were measured usmg a stopped-flow 

spectrophotometer operating in the fluorescence mode set at 280 V with an excitation wavelength 

of 340 nm and a cut-off filter of 395 nm.126 A 1 cm path length was used and the reaction chamber 

with a monochrometer excitation slit width of 2 mm and all reagents were thermo stated at 3 7 °C 

with a circulating water bath. The initial velocity was measured by monitoring NADPH 

fluorescence for 20 s with sampling every 0.02 s; the reaction was initiated by 1: 1 mixing. Assay 

mixtures contained 60 nM wild-type MtICL or 50 µM H193A and 0.2 U/mL IDH along with 100 

mM HEPES (pH 7.5), 5 mM MgSO4, 0.2 mM NADP+, and 0.5 mM glyoxylate in one syringe. The 

other syringe contained the same constituents except the enzymes and with varying concentrations 

of succinate. This work was done by Dr. Moynihan previously in our lab. 126 

Characterization of C191S was done using an !DH-coupled fluorometric assay under 

saturating glyoxylate conditions (1 mM) and varying concentrations of succinate (0-50 mM) in 

100 mM HEPES (pH 7.5) containing 5 mM MgSO4, 0.2 mM NADP+ and 0.1 U IDH. Reaction 
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was initiated with 50 µM C191S. The fluorescence was measured using a Varian Cary Eclipse 

fluorescence spectrophotometer with excitation and emission wavelengths of 340 and 450 nm, 

respectively, and excitation and emission bandwidths of 20 nm. 

The observed fluorescence emission was fit to a linear equation, ( eq 3. 7) 

y(t) = kobsl + C (3 .7) 

where y(t) represents fluorescence voltage at time t, and c is the fluorescence offset. All 

fluorometric experiments were repeated in triplicate, and succinate concentrations were 

determined using an MtICL-IDH coupled end-point assay with excess glyoxylate. Standard curves 

used to convert fluorescence emission into concentrations were obtained by plotting observed 

fluorescence units versus NADPH concentration under the same experimental conditions and 

voltage settings as used in kinetics assays. 

3.10.4 Test for Y89 F hysteresis 

Enzyme hysteresis was tested with LDH assays containing various concentrations (0-3 .5 

µM) ofY89F and 20 mM isocitrate at 37 or 25 °C. Similarly, reduction ofNADP+ in IDH assays 

with various enzyme concentrations (0-15 µM) at fixed substrate concentrations (3 mM succinate 

and 1 mM glyoxylate) was monitored at 340 nm. The hysteretic rate constant (k) (i.e. the reciprocal 

ofthe induction time (k=l/r)) corresponding to transient lags before the steady state was calculated 

from the mono-exponential term of the integrated rate equation ( eq 3 .8) that describes the time 

course for release of hydrolysis product P throughout the transient phase and into the steady 

state 134 

' 

(3.8) 
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where Vss is the steady-state velocity and Vi is the initial velocity. 

3.10. 5 Determination ofkinetic isotope effects 

!DH-coupled UV-Vis assays were performed under saturating glyoxylate conditions (10 

mM for Y89F, 50 mM for H180A and 5 mM for K189Q) and varying concentrations of either 

unlabeled succinate or [2,2,3,3-2H4]succinate (0-80 mM) in 100 mM HEPES (pH 7.5) containing 

5 mM MgSO4, 0.2 mM NADP+ and 0.1 units of E. coli IDH. Fluorimetric assays were used to 

determine the KIE for C191S (50 µM) andH193A (50 µM). Reactions were initiated upon addition 

of900 nM H180A, 3 µM Y89F MtICL or 13.4 µM K189Q. 126 

KIEs were determined by fitting the rates to eq 3.9, 

(3.9) 

where Vmax is the apparent maximal velocity at fixed, saturating glyoxylate concentrations, K sA is the 

apparent Km for succinate, [SA] is the concentration of succinate, Fi is the isotopic fraction (0 for 1H 

succinate and 1 for 2H succinate), E v!K is 0 
(kcaJK succinate) minus one, and Ev is 0 

kcat minus one. 

3.10. 6 Solvent isotope effect for bromopyruvate inactivation 

The time-dependent inactivation ofMtICL by BrPy was determined by measuring the residual 

enzyme activity in the isocitrate-formation direction after preincubation at 3 7 °C. A stock solution of 

BrPy (100 mM) was prepared in H2O and then diluted to 100 µM with either H2O or D2O. A stock 

solution of MtICL (10 µM) was prepared in H2O or D2O and was equilibrated on ice from original 

stock of 413 µM. Buffer containing 100 mM HEPES (pH 7.5) and 5 mM MgSQ4 was made in H2O, 

divided into 2 parts, evaporated to dryness and re-dissolved in H2O or D2O. This buffer solution (1 

mL) was used to preincubate 0.5 µM ICL and 0-15 µM BrPy at 37 °C. Activity was monitored using 

64 



Chapter 3 

the IDH assay at varying time points by addition ofa 100 µL aliquot ofthe MtICL-inactivatormixture 

into cuvettes containing 900 µL of a reaction mixture (prepared in H20) equilibrated to 37 °C 

containing final concentration of 100 mM HEPES buffer (pH 7.5), 5 mM MgSQ4, 1 mM glyoxylate, 

3 mM succinate, 200 µM NADP+, and 10 µg IDH. Initial rates were normalized to that of an enzyme 

sample with no inactivator added. The residual rates (v) were normalized to the rate at time zero (vo) 

and plotted versus time (t) ofpre-incubation. 

3.10. 7 pH dependence ofbromopyruvate inactivation 

The pH dependence of the time-dependent inactivation ofMtICL by BrPy was determined by 

measuring the residual enzyme activity in the isocitrate-formation direction after preincubation of the 

enzyme with BrPy at different pH: MES (pH 6.0-6.5), MOPS (pH 6.5-7.5), HEPES (pH 7.5-8.5), 

and CHES (pH 8.5-9.0). Reaction mixtures (1 mL) containing 100 mM buffer (various pH), 5 mM 

MgSQ4, 0.5 µM ICL, and 0-15 µM inactivator were incubated at 37 °C. Activity was monitored using 

IDH assay at varying time points. Initial rates were normalized to that of an enzyme sample with no 

inactivator added. The residual rates (v) were normalized to the rate at time zero (vo) and plotted 

versus time (t) of pre-incubation. 

3.10.8 Kinetic data analysis for 3-bromopyruvate 

Time course for each concentration of inactivator was fit to eq 3.10, and the pseudo-first-order 

rate constant k obs was replotted as a function of BrPy concentration using eq 3 .11 , 

(3 .10) 

k [I]k == mact (3 .11) 
obs KI+ [I] 
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where [I] is the concentration of BrPy, kinact is the maximal rate constant of inactivation and Kr is 

the concentration of the inactivator at which the observed rate constant of inactivation is half 

maximal. Assuming [Br Py] « Kr , eq 3 .11 can be simplified to eq 3 .12, 

k ~ kinact [I] (3.12)
obs K 

I 

which allows for determination of the second-order rate constant for inactivation, kinac1/Kr, from 

the slope of the graph of kobs vs. [I] . 

To determine the pKa for Brpy, second-order rate constant for inactivation, kinacJKr, from the slope 

of the graph of kobs was plotted against various pH and was fit to eq 3 .13. 

k _ k /K1mact (3.13)
obs - l + l o (pK, - pH ) 
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Chapter 4 

COVALENT INHIBITION OF MTICL BY 

3-NITROPROPIONATE* 

* The majority of this work is duplicated in part with permission from Sneha Ray, Dale F. Kreitler, Andrew M. Gulick, 
and Andrew S. Murkin, The Nitro Group as a Masked Electrophile in Covalent Enzyme Inhibition, ACS Chem. Biol. 
2018, 12, 1470-1473. Copyright© 2018 American Chemical Society. 
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4.1 Anomalous behavior of 3-nitropropionate 

3-NP is a highly toxic aliphatic nitro compound found in several leguminous plants and 

fungal species. The toxin was first reported in 1920 and was the first natural organic nitro 

compound to be isolated.144 Like other compounds with a proton a to the nitro group, 3-NP 

undergoes slow ionization at moderate pH to generate its conjugate base, propionate-3-nitronate 

(P3N) (Scheme 4.1). 3-NP has a pKaof 9.1, which is considerably lower than the large pKa values 

(2:25) for protons a to carboxyl groups.145 
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3-nitropropionate (3-NP) propionate-3-nitronate (P3N) 

Scheme 4.1 

The presence of the nitro group in nitroalkanes helps in resonance stabilization of the 

delocalized electrons resulting from the ionization of the a carbon. Though thermodynamically 

favorable, the rate to attain equilibrium is relatively slow (minutes to hours) and depends on the 

concentration and type of base used for deprotonation. 144 This anomalous kinetic behavior of 

nitroalkanes is attributed to the principle ofnon-perfect synchronization. 146
-
147 Chemical reactions 

can consist of several steps, including formation or cleavage of bonds, delocalization or 

localization of charges, salvation or desolvation of reactants, or changes in molecular or atomic 

hybridization. If these processes are not synchronized in the transition state, it can lead to a large 

147 intrinsic barrier for the reaction, thereby decreasing the rate of the reaction. 146
- For most 

nitroalkanes including 3-NP, an asynchronous transition state is observed due to 
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thermodynamically favorable delocalization of electrons onto the nitro group and the unfavorable 

kinetic cleavage of the a C-H bond. Thus, nitroalkyl compounds display a low pKa (5 to 10) and 

slow second-order rate constants in the range of 2 to 6 M-1 s-1 for deprotonation of the nitroalkane 

and 15 to 75 M-1 s-1 for protonation of the nitronate.144 

4.2 3-Nitropropionate - A potent inhibitor of 
isocitrate lyase 

Benthrup et al. established 3-NP, a succinate analogue bearing a nitro group in place ofone 

of the carboxylates, as a potent inhibitor of MtICL. 76 Though 3-NP reduces the activity ofMtICL, 

it lacks selectivity ( vide supra), inhibiting succinate dehydrogenase via highly effective suicide 

inactivation.99 A widely accepted mechanism involves flavin-dependent oxidation of P3N 

(presumably formed nonenzymatically in solution) to form 3-nitroacrylate, which then forms a 

covalent adduct with the cysteine thiol of the enzyme (Scheme 4.2). Another disadvantage of 3-

NP as a potential drug is its wide-spectrum neurotoxicity and mitochondrial dysfunction. 100 

Despite these drawbacks, understanding the mechanism of its inhibition of ICL may be instructive 

for the design of improved inhibitors. 
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The most thorough investigation of 3-NP's inhibition ofICL was reported by Schloss and 

Cleland in 1982 using Pseudomonas indigo/era ICL. 148 As 3-NP involves a slow rate of proton 

transfer to form P3N, the authors reported that the onset of inhibition of Pseudomonas indigo/era 

ICL was accelerated as the inhibitor was converted from the free acid to the fully ionized form by 

increasing the pH in preincubated samples. This prompted the authors to propose that the onset of 

inhibition is the result of the slow formation of a tight binary complex (E *P3N) with an effective 

Ki for the fully ionized inhibitor as :S 1.5 nM (Scheme 4.3). 148 

E E• P3N E-P3N 

Scheme 4.3 

Previous work by Dr. M. M. Moynihan in our lab proposed that 3-NP is a reversible, 

mechanism-based inhibitor, in which MtICL binds 3-NP and then deprotonates it by analogy to its 

function in catalysis with succinate. 75 The pH-pKi profile for 3-NP differs significantly from that 

of itaconate, an analogue of succinate that does not show slow onset of inhibition and lacks an 

acidic a-proton (Figure 4.1). The basic limb of itaconate's profile (black curve) shows two 

titratable groups that need to be protonated for inhibitor binding. In contrast, 3-NP exhibited a bell

shaped pH-pKiprofile (red curve). 75 Comparison of these pH-pKiprofiles with the pH-rate profile 

for the synthesis of isocitrate from succinate and glyoxylate (not shown) revealed similar pKa 
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values in the basic limb, prompting the authors to propose that the same groups in the active site 

ofMtICL were involved in the binding of both species. 

5.0 

4.0 

3.0 

2.0 

5 6 7 8 9 10 

pH 

Figure 4.1: pH dependence of inhibition constants for the succinate analogues 3-NP (red 
squares) and itaconate (black circles). Adapted from Ref [75] with permission. 75 

The pH dependence of3-NP showed a striking contrast as compared to itaconate. The basic 

limb in its pH-pKi profile lacks the two pKa values seen in the pH-pKi profile of itaconate, which 

could be related to the functional group change in the inhibitors (i.e., an anionic carboxylate versus 

a neutral nitro group). The pKa of 9.0 was assigned to the C-3 proton of 3-NP based on the 

similarity to its known solution pKa of 9 .1. As the level of inhibition was assumed to decrease on 

removal of this proton (as seen in pH-pKiprofile Fig 4.1), it was suggested that the nitronate form 

does not bind effectively to the free enzyme and instead is generated while 3-NP is bound to the 

enzyme. This proposal contradicts the earlier idea proposed by Schloss and Cleland, 148 who 

71 



Chapter 4 

assumed that a net charge of -2 (present in succinate, itaconate, and P3N) is necessary for 

binding.75 

In order to address these inconsistencies, we performed a detailed structural and kinetic 

investigation to characterize the mode of inhibition of 3-NP. This chapter starts with the aim to 

provide further evidence to the previous hypothesis that 3-NP undergoes deprotonation at C-3 by 

Cys191 to form a sp2-hybridized carbon. The results obtained from this study prompted us to 

explore an unprecedented mechanism of inhibition of MtICL by 3-NP. This study promises to aid 

in the design ofmore specific (i.e. , bind tightly) and selective (i.e. , do not bind off-target) inhibitors 

that exploit the nitro group. 

4.3 Characterization of MtICL stability 

Enzymes typically have limited stability under in vitro conditions. In aqueous solution, 

they tend to lose their activity within weeks, days or even hours. Unfortunately, neither the 

sequence nor structure gives a direct indication for such instability. As described previously, 3-NP 

was established to be a slow-binding inhibitor for MtICL; thus, for proper characterization of the 

enzyme-inhibitor relationship, it was important to establish the optimal conditions for MtICL 

stability that still permitted kinetic characterization of the inhibition. Hence, we tested the loss of 

enzyme activity at different temperatures, in the presence of different concentrations of 

dithiothreitol (DTT) and at different enzyme concentrations, as outlined below. 

4.3.1 Effect oftemperature 

The rate of the enzyme reaction increases with an increase in temperature, as the number of 

collisions of enzyme and substrate per unit time increases due to the increase in kinetic energy of 

the molecules. As the temperature of the system increases, the internal energy of the system, which 
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consists of the translational energy, vibrational energy and rotational energy of the molecules, the 

energy involved in chemical bonding of the molecules, as well as the energy involved in non

bonding interactions also increase. Some of these energy is transformed into chemical potential 

energy. If this chemical potential energy surpasses a certain limit, it may break some of the weak 

bonds that determine the three-dimensional shape of the enzyme, leading to thermal denaturation 

of the protein and thus inactivating it. Hence, it is important to identify an optimal temperature that 

adequately balances turnover rate with protein stability. We conducted our initial inhibition study 

at 37 °C to remain consistent with our past studies and those of several other researchers. Although 

this temperature is adequate for the relatively brief time required for steady-state kinetics 

experiments, we questioned its appropriateness for the extended incubations necessary for 
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Figure 4.2: Time-dependence loss ofMtICL activity as a function of temperature and DTT 
concentration. a) Red, blue, green and magenta plots correspond to the relative activity at 0, 
25 , 37 and 45 °C, respectively. b) Red, blue, green and black plots correspond to the relative 

activity at 0, 0.1 , 1 and 10 mM DTT, respectively, at 25 °C. 
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measuring MtICL inhibition. Accordingly, we saw that the enzyme loses significant activity 

activity on incubation at elevated temperatures (Fig 4.2a); whereas 50% activity remained after 

only 4 hat 37 °C and 1.5 hat 45 °C, this loss was delayed to 9 hat 25 °C. Therefore, we conducted 

further experiments involving prolonged incubation of MtICL with the inhibitor at 25 °C. 

4.3.2 Effect ofreducing agent 

DTT, also known as Cleland's reagent, is a strong reducing agent. The thiol groups present 

in the cysteine residues of proteins and peptides tend to form disulfide bridges or to oxidize to 

cysteic acid. These modifications, which may lead to decreases in activity, can often be reversed 

or prevented by DTT. Hence, we tested the stability of MtICL against various concentrations of 

DTT in the pre-incubation mixture at 25 °C at various time points. Somewhat surprisingly, 

incubations containing DTT were no better at preventing loss ofactivity than a control lacking any 

reducing agent (Fig 4.2b ); in fact, the control appeared to experience a lower rate of activity loss, 

but we cannot determine this confidently without repeated measurements at each concentration. 

Therefore, for future experiments we pre-incubated the enzyme at 25 °C in absence ofDTT. 

4.3.3 Effect ofdilution 

Loss of enzyme activity upon dilution ofa protein has been shown previously. 149,iso Hence, 

it was important to evaluate the stability of MtICL with increased dilution factors. We incubated 

different concentrations of MtICL (3 , 30 and 300 nM) with MgSQ4 and HEPES at 25 °C and at 

pH 7.0. The rate of the reaction was monitored in the isocitrate-formation direction from succinate 

and glyoxylate. 75 The final concentration of the enzyme in the cuvettes was kept at 2 nM. 

Moreover, to improve the assay's sensitivity at such a low concentration of enzyme, we used a 

fluorimeter. We observed a substantial increase in the rate of loss of MtICL's activity with 

74 



Chapter 4 

increasing dilution (Figure 4.3). There may be various reasons for this loss of activity on dilution. 

A predominant factor discussed in literature and most relevant to MtICL is the dissociation of a 

multisubunit enzyme to a form lacking activity. For example, Gilmour et al. 150 observed such a 

loss in Paracoccus cytochrome C oxidase activity upon dilution and proposed that the enzyme 

exists in a dimer-monomer equilibrium where only the dimer is active. On dilution, the 

equilibrium shifts the enzyme towards the monomer. A similar effect was shown for the tetrameric 

sheep liver pyruvate carboxylase, which on dilution led to the formation of inactive dimer and 

monomer. 149 As mentioned earlier, MtICL is a tetramer with 222 (D2) symmetry. 151 It may be 

possible that this tetrameric form dissociates into a pair of dimers or four monomers on dilution, 

rendering the enzyme inactive. Further investigation, such as size-exclusion chromatography, can 

be used to evaluate this possibility. 
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Figure 4.3: Time-dependence loss of activity of different MtICL concentrations in the pre
incubation mixture at 25 °C. Green, blue and red points correspond to 3, 30 and 300 nM 

MtICL (based on monomers), respectively. 
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4.4 Identification of the intermediate of 3-NP 
inhibition 

As mentioned earlier, our group has proposed that 3-NP inhibits ICL by mimicking 

succinate during isocitrate synthesis, offering one of its C-3 protons to the neighboring Cys191 

residue to generate a nitronate, which resembles the purported enolate intermediate. Moreover, 

crystallographic studies of the C191S mutant of MtICL bound with Mg2+, glyoxylate and 3-NP 

have shown that the hydroxyl group of Ser191 is located at a distance of 3.0 A from one of the 

methylene groups of 3-NP.68 Due to the isosteric nature of the molecule, it was not possible to 

distinguish between the nitro group and the carboxylate group. Though 3-NP is a structural 

analogue of succinate, the pKa values of the two sets ofmethylene protons (C-2 and C-3) in 3-NP 

differ significantly, unlike those of the identical methylene protons of succinate. This difference 

in pKa values prompted us to assume that one of the more acidic protons at C-3 of3-NP (equivalent 

to C-2 of succinate) is abstracted by Cys191 at the active site of MtICL (binding in the opposite 

orientation would not be expected to lead to the nitronate, which is believed to be the inhibitory 

form of 3-NP).75 

We tested this hypothesis by synthesizing 3-NP labeled with 13C at C-3, the putative site 

of deprotonation by Cys191. 3-Nitro[3-13C]propionate was planned to be incubated with MtICL 

and monitored by 13C NMR spectroscopy. We predicted that upon stoichiometric mixing with 

MtICL, the chemical shift of the labeled carbon (marked in red) would move substantially 

downfield because of generation of the nitronate, P3N, as shown in Scheme 4.4. 
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Scheme 4.4 

4.4.1 Synthesis and characterization of3-nitro[3-13Cjpropionate 

153 1543-NP has been previously synthesized from acrolein, 152
, , 3-propiolactone, 155 and 3-

bromopropionic acid. 156 The lack of availability of the desired labeled starting material led us to 

design a pathway for the synthesis of [3-13C]-3-NP using commercially available ethyl 2-bromo[l-

13C]acetate as starting material described (Scheme 4.5a). We conducted all the trial synthetic steps 

using unlabeled starting material. Reduction of the ester using sodium borohydride led to 2-

bromoethanol with 36% isolated yield. Subjecting 2-bromoethanol to an aqueous solution of 

potassium cyanide gave 65% isolated yield of 3-hydroxypropionitrile, which was converted in 42% 

yield to 3-bromopropionic acid using aqueous HBr. An attempt was made to convert 3-

bromopropionic acid into 3-NP, as mentioned in the literature, 156 using silver nitrite and DMF; 

however, the desired product was not produced in greater than trace amounts and was difficult to 

isolate from the solvent. Attempts to perform the reaction in water or ether led to little or no desired 

product. 
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An alternative pathway was developed for the synthesis of 3-NP (Scheme 4.3b ). [3-

13C]Cyanoacetic acid was synthesized using K 13CN according to the literature, 153 which gave a 

good yield of 88%. Without further purification, cyanoacetic acid was subjected to hydrogenation 

in the presence of Adam's catalyst and acetic acid, yielding 87% of the reduced product ~-[3-

13C]alanine (3-amino[3-13C]propionic acid) . The procedure for hydrogenation was followed from 

the reference that used the same catalyst to reduce the nitrile group to nitro group for the synthesis 

of 1-cyanocyclopropane-1-carboxylic acid. 157 The oxidation of the amine group of ~-[3-

13C]alanine to [3-13C]-3-NP was done using ozone by impregnating it in dry silica. This procedure 

was adapted with modification from the work done by Y ehuda Mazur in 1977, where he oxidized 

several alkyl and aryl primary amines with ozone to their corresponding nitroalkanes by 

impregnating them on dry silica.158 During the reaction, it was required to neutralize the carboxylic 

acid of ~-[3-13C]alanine because at acidic pH several byproducts were formed, which resulted in a 

low yield of the desired product. Additionally, it was essential to use approximately 100: 1 mass 

ratio of silica gel to ~-alanine. At lower ratios, we obtained undesired byproducts along with 

decreased yield of the desired product. It was also important to reduce the moisture content of the 

silica gel to avoid byproducts resulting from the reaction of the intermediates with water. Taking 

78 



Chapter 4 

into consideration all of the above factors , 3-nitro[3-13C]propionate was synthesized from ~-[3-

13C]alanine in 44% isolated yield. We characterized each product by 1H- and 13C-NMR 

spectroscopy and mass spectrometry. 

4.4.2 13C-NMR of3-nitro[3-13Cjpropionate with Mt/CL 

A 13C-NMR spectrum was acquired for a sample containing 2 mM [3- 13C]-3-NP and 2 mM 

glyoxylate in the presence of 5 mM MgSQ4 and 1 mM DTT in potassium phosphate buffer, pH 7, 

25 °C, yielding a signal at 74.6 ppm (Fig 4.4a). To this sample, 1 mM (based on monomers) MtICL 

was added. Surprisingly, after one hour of incubation at 25 °C, two new peaks with chemical shifts 

89.4 and 89.7 ppm (49.6 Hz separation) were observed (Fig 4.4b; peaks at 65.3 and 74.7 ppm are 

from glycerol, which was used in the storage buffer for MtICL). These new peaks did not agree 

with the chemical shift of - 148 ppm for a sp2 carbon of P3N (Fig 4.5). To determine if the two 

lines represent distinct species and to eliminate the possibility that they are a doublet resulting 

from incomplete proton decoupling, spectra were acquired with increased decoupling power (39 

to 41 dB), but this had no impact on the spectrum. 

The two peaks seen in the 13C-NMR spectrum led us to speculate that some kind ofcovalent 

adduct(s) may have formed between 3-NP and MtICL. Literature precedence shows that 

nitroalkanes undergo a nitroaldol reaction known as the Henry reaction in the presence of a base 

catalyst and an aldehyde. However, the enzyme active site is deprived of candidate electrophiles 

in the absence of glyoxylate, so we proposed that 3-NP may instead be converted into an 

electrophilic form, which then reacts via C-3 with Cys 191. To verify this hypothesis and to gain a 

deeper understanding of the nature of the interaction between the enzyme and 3-NP, we performed 

further structural and kinetic analyses. The analysis of these peaks are provided in section 4.5. 
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Figure 4.4: 13C-NMR spectrum of a) [3-13C]-3-NP with MgSQ4, DTT 
and phosphate buffer; b) [3-13C]-3-NP with MgS04, DTT, glyoxylate, 

phosphate buffer and MtICL. 
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Figure 4.5: 13C-NMR spectrum of [3-13C]P3N and [3-13C]-3-NP dissolved in 0.1 M NaOH and 
diluted in 10% D20. 

4.5 Confirmation of the covalent nature of inhibition 

Mass spectrometry is a frequently used method to study the interaction of covalent 

inhibitors with enzymes. In this study, we implemented electrospray ionization mass spectrometry 

(ESI-MS) to confirm the covalent nature of inhibition and to provide a mass that would hint at the 

identity of the adduct. Initially, we analyzed MtICL in the absence of 3-NP. The deconvoluted 

mass spectrum showed a single signal with mass of48,783 ± 1 Da (Fig 4.7a). The theoretical mass 

of native MtICL is 48,787 Da, slightly higher than the experimentally determined mass. The 

difference between the deconvoluted mass and theoretical mass can be attributed to one of several 

factors: (1) inclusion of a subset of charge states for deconvolution (2) the number of decimals 

included for the atomic masses when calculating the theoretical mass, or (3) locating the center of 

the deconvoluted peak (i.e. , representing the isotopic average mass). Consequently, it is not clear 
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which factor(s) is responsible for the difference in the masses. However, because a difference 

between inhibited and uninhibited masses was ultimately desired, the mass accuracy was less 

important than the mass precision, which was found from repeated determinations to be ±1 Da. 

In a second experiment, samples of MtICL were incubated either alone or with an excess 

of 3-NP for 8 min at 25 °C. After passing the samples through a reversed-phase C4-column and 

subjecting the protein to ESI-MS, we observed a mass increase from 48,783 ± 1 to 48,884 ± 1 Da 

in the presence of 3-NP (Fig 4.6). Although extended incubation periods led to complete 

modification, we observed an accelerated mass increase when 3-NP was coincubated with 

glyoxylate (Fig 4. 7), indicative of synergistic binding of the inhibitor. This net increase of 101 ± 

1 Dais 18 less than the molecular weight of3-NP, suggesting that covalent modification of MtICL 

may be accompanied by loss of a molecule of water. 
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Figure 4.6: Time-dependent covalent complex formation between MtICL and 3-NP in the 
absence of glyoxylate. MtICL (300 µM) was incubated with 500 µM 3-NP in 25 mM 

phosphate buffer at 25 °C. Aliquots of the sample were removed at (a) 1 min, (b) 8 min, (c) 16 
min, and (d) 55 min and were then passed twice through a HiTrap desalting column to remove 
excess inhibitor. The final sample was diluted with 25 mM NH4HCO3 buffer and 0.1 % formic 
acid before analyzing by positive ion ESI-MS. Protein mass spectra were deconvoluted using 

ProMass for Xcalibur (version 2.8). 
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Figure 4.7: Time-dependent covalent complex formation between MtICL and 3-NP in the 
presence of glyoxylate. MtICL (300 µM) was incubated with 500 µM 3-NP in 25 mM 

phosphate buffer at 25 °C. Aliquots of the sample were removed at (a) 1 min, (b) 8 min, and 
(c) 60 min, and were then passed twice through a Hi Trap desalting column to remove excess 
inhibitor. The final sample was diluted with 25 mM NH4HCQ3 buffer and 0.1 % formic acid 

before analyzing by positive ion ESI-MS. Protein mass spectra were deconvoluted using 
ProMass for Xcalibur (version 2.8). 
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Interestingly, Sharma et al. published the structure of the C 191 S mutant of MtICL bound 

with Mg2 
+, glyoxylate and 3-NP, in which no covalent modification was observed (Fig 4.9a, PDB 

1F8I).68 While no explanation for mutation of the active-site residue was provided, it is possible 

that the covalent modification of the wild-type enzyme interfered with crystallographic analysis 

under their conditions. As noted earlier, the hydroxyl group of Ser191 and C-3 of the inhibitor are 

separated by 3.0 A. Additionally, Arg228 and Glu285 make contacts with the oxygen atoms of the 

nitro group. Glu285 is believed to exist in the acid form in order to serve as a hydrogen-bond donor 

and to avoid electrostatic repulsion, especially when succinate is bound in place of 3-NP. 

To further verify the formation of a covalent complex and gain insights into the identity of 

the adduct, we attempted to optimize the crystallization conditions and solve the crystal structure 

of MtICL (with and without its N-terminal His6 purification tag) complexed with 3-NP. In 

collaboration with Dr. Andrew Gulick and Dr. Dale Kreitler (Jacobs School of Medicine and 

Biomedical Sciences), we optimized the previously reported crystallization conditions. 68 

Additional optimization included using various concentrations of tagged and non-tagged protein 

along with different concentrations of3-NP, various additive screens (Hampton Research), various 

concentrations of Mg2 
+, different pH (5.0 to 9.0), and different temperatures. Initial attempts to 

obtain crystals with non-tagged protein and 3-NP were unsuccessful, but desired cubical crystals 

were obtained with tagged MtICL in the presence of 3-NP and Mg2+ (Fig 4.8). These crystals were 

sent to the Argonne National Laboratory for X-ray diffraction. The acquired data were processed 

and structures refined by Dr. Andrew Gulick and Dr. Dale Kreitler. The summary ofdata collection 

and refinement statistics for the structure is given in Table 4.1. 
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Figure 4.8: Crystals ofMtICL-3-NP·Mg2+ obtained by the hanging drop method. 

The structure obtained in the presence of Mg2+ and 3-NP definitively confirmed the 

existence ofa covalently bound adduct with Cys191 (PDB 6C4A) (Fig 4.9b). The electron density 

map (Fig. 4.9c) unequivocally shows the absence of one of the oxygen atoms of the nitro group. 

Pyruvate, present endogenously during protein expression, was found coordinated to Mg2+ in place 

ofglyoxylate, as it has been shown to do previously. 64 Soaking the crystals with glyoxylate resulted 

in displacement of the bound pyruvate at three of the eight crystallographically independent active 

sites and a nearly identical structure (PDB 6C4C). The structure revealed a trigonal planar 

geometry at C-3 , which is consistent with a thiohydroximate with Z stereochemistry (Fig 4.9d) 

and is inconsistent with a nitroso tautomer. This adduct agrees with the observed increase in mass 

(Fig 4.6 and 4. 7). Though this thiohydroximate adduct formed in the crystalline state is inconsistent 

with our 13C NMR results (Fig 4.4), we speculate that in solution the thiohydroximate adduct may 

preferentially exist as a diastereomeric mixture of nitroso tautomers. Such species would possess 

sp3 hybridization at C-3 and 13C-NMR chemical shifts slightly downfield relative to 3-NP due to 

the electronegative sulfur. While we are unaware of any 13C-NMR spectra for a-thionitroso 
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compounds in literature, the 13C chemical shifts for the C-N=O moiety m 2-methyl-2-

nitrosopropane (95.9 ppm) 159 and chloronitroso compounds such as 1-chloro-1-

nitrosocyclohexane (118 ppm) 160 
-
161 do support our hypothesis. 

Although rare, precedence for such a reaction where thiols can act as nucleophiles with 

nitro-containing compounds can be found in biological systems, including as intermediates in the 

biosynthesis ofphophonate natural products162 and glucosinolates. 163 Interestingly, in the presence 

of a thiol and a cytochrome P450 enzyme, Feyereisen and coworkers observed the formation of an 

S-alkyl-thiohydroximate from an aldoxime rather than a nitroalkane. 164 
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Table 4.1: Diffraction and refinement statistics for MtICL complex with 3-NP and Mg2+ 

ICL (pyruvate) ICL (pyruvate/glyoxylate) 
PDB Accession Code 6C4A 6C4C 
Wavelength 1.033 A o.979 A 
Resolution range 63.79 - 1.8 (1.864 - 1.8) 47.39 - 2.2 (2.279 -2.2) 
Space group p 21 p 21 

Unit cell 
a=142.67 b=84.32 c=156.18 
a=90° /J=l 16.595° y=90° 

a=143.76 b=87.13 c=l 16.553 
a=90° /J=l 16.553° y=90° 

Total reflections 2104767 (213670) 626621 (64054) 
Unique reflections 306332 (30466) 169258 (16914) 
Multiplicity 6.9 (7.0) 3.7 (3.8) 
Completeness (%) 1.00 (1.00) 0.98 (0.99) 
Mean 1/sigma(I) 7.19 (0.52) 5.86 (0.77) 
Wilson B-factor 31.50 33.95 
R-merge 0.1711 (2.637) 0.198 (1.63) 
R-meas 0.1852 (2.849) 0.2316 (1.903) 
CCl /2 0.996 (0.265) 0.987 (0.377) 
CC* 0.999 (0.647) 0.997 (0.74) 
Reflections used in refinement 305804 (30048) 169117 (16859) 
Reflections used for R-free 1996 (192) 1999 (197) 
R-work 0.1629 (0.3985) 0.1920 (0.3371) 
R-free 0.1974 (0.4112) 0.2475 (0.3939) 
CC(work) 0.977 (0.600) 0.963 (0.688) 
CC(free) 0.975 (0.531) 0.94 (0.535) 
Number of non-hydrogen 
atoms 

29473 28165 

macromolecules 26580 26491 
ligands 172 77 

Protein residues 3463 3446 
RMS(bonds) 0.008 0.003 
RMS( angles) 0.80 0.50 
Ramachandran favored (%) 98 98 
Ramachandran allowed (%) 1.5 1.8 
Ramachandran outliers (%) 0 0.029 
Ro tamer outliers (%) 0.67 0.64 
Clashscore 3.01 3.13 
Average B-factor 36.46 43.31 

macromolecules 36.21 43.78 
ligands 53.51 39.73 
solvent 37.83 35.68 

Statistics for the highest-resolution shell are shown in parentheses. 
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Figure 4.9: Analysis ofMtICL and 3-NP interaction. a) Crystal structure of 
C191S·Mg2+·glyoxylate (GA)·3-NP (PDB 1F81) b) Thiohydroximate adduct obtained from 

wild-type MtICL (incorporated pyruvate (PY)), Mg2+, and 3-NP. c) 2mFo-DFc electron density 
map (1.5 cr) corresponding to b). d) Chemical representation of the covalent thiohydroximate 
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4.6 Inactivation of MtICL by 3-nitropropionate 

Considering the covalent nature of inhibition, we performed kinetic analysis to elucidate 

further the mode and the mechanism of inhibition. The onset of inhibition of MtICL by 3-NP was 

investigated using conventional UV-vis spectroscopy and stopped-flow spectroscopy in the 

isocitrate-synthesis direction by following the reduction of NADP+_ The inhibitor demonstrated 

slow-onset of inhibition, where the steady state is slowly established between the free and enzyme

bound forms of the inhibitor. In the absence of stopped-flow spectroscopy, the addition of enzyme 

resulted in a time lag of~ 15 sand allowed investigation of 3-NP concentrations up to 60 µM (Fig 

4.1 Oa). We fit each inhibition time course to an exponential function. Under these conditions, the 

observed pseudo-first-order rate constant for formation ofinhibited enzyme, k obs, was not saturable 

with respect to 3-NP (Fig 4.1 Ob). A stopped-flow spectrophotometer allowed interrogation of 

shorter time regimes, from 0.1 to 60 s, and higher 3-NP concentrations, from 75 to 500 µM (Fig 

4.16a). A linear concentration dependence of kobs resulted from both studies, even at the highest 3-

NP concentration. Although this linear relationship is consistent with a single-step binding process, 

it is implausible considering the chemical transformation that must occur to form a 

thiohydroximate complex (Fig 4.9). Thus, we modeled 3-NP inhibition as a two-step mechanism, 

where the initial binding is very weak (Scheme 4.6). For a two-step mechanism with a weak 

affinity for the initial encounter complex, the slope of a k obs vs . [I] plot is equal to the second-order 

rate constant for inactivation, kinac1/Kr. Global fitting of the data gave kinacJKr values of 270 ± 50 

M-1 s-1
. This value is about 5-fold higher than that for 2-C-vinyl-D-isocitrate, a mechanism-based 

inactivator that modifies Cys 191 via an enzyme-generated Michael acceptor. 69 This second-order 

rate constant for 3-NP obtained at pH 7.5 is slightly less than the value of 1050 M-1s-1 reported 

for the P. indigo/era enzyme at pH 8.148 While this discrepancy could be attributable to intrinsic 
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differences between orthologues, it could also be related to the difference in pH. This latter 

possibility led us to test the previously stated hypothesis by Schloss and Cleland in which the 

conjugate base, P3N, is the major inhibitory species. 

E+ I 

Scheme 4.6 
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Figure 4.1: Inactivation ofMtICL by 3-NP. a) Isocitrate dehydrogenase-coupled assay of 
ICL activity at pH 7.5 in the presence of 20-60 µM 3-NP. Curves are least-squares fits to 
an exponential equation. b) Secondary plots for the slow-onset inactivation of ICL by 3-

NP. 
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4.7 Effect of different ionization state of inhibitor on 
inactivation 

The activity ofMtICL was monitored in the presence of3-NP in different ionization states, 

achieved by equilibrating the inhibitor in unbuffered water, 50 mM HEPES (pH 7.5), or 0.1 N 

NaOH. We then diluted each 3-NP stock in the assay buffer (pH 7.5) for 50 s before initiating the 

reaction with MtICL. Evaluation of the progress curves revealed that maximum inhibition was 

attained with the completely ionized form of 3-NP (i.e., P3N, made in 0.1 N NaOH). In contrast, 

the acidic form of 3-NP and the sample incubated at buffer pH 7.5 gave similar, slower and less 

extensive inhibition (Fig 4.11 ). The similarity between the latter two samples may be explained if 

substantial deprotonation of 3-NP is achieved with assistance from the HEPES buffer before 

initiation of the assay. 
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Figure 4.2: Effect of ionization of 3-NP on inhibition ofMtICL. Plots depict isocitrate formation 
when initiated with 20 µM of 3-NP in water (red), equilibrated at assay buffer pH (green), and 

incubated in 0.1 N NaOH (blue). The black plot represents the formation of isocitrate in the 
absence of inhibitor. 
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4.8 Inactivation of MtICL by propionate-3-nitronate 

The effect ofdifferent ionization forms of3-NP prompted us to study the inhibition kinetics 

of MtICL with P3N. As described in section 4.1 , 3-NP exhibits anomalously slow rates of 

ionization at an experimentally accessible range of pH (pKa = 9 .1). This characteristic allowed us 

to evaluate the inhibition ofMtICL using inhibitor samples that remained 2: 90% P3N throughout 

the time course (Scheme 4.2). 

Table 4.2: Physical properties of 3-NP and P3N 

Molecular weight of 3-NP 119.08 g/mol 

pKa of carboxyl group of 3-NP0 3.8 

pKa of a-carbon of 3-NPa 9.1 

Melting point of 3-NP0 64-65 °C 

Amaxof 3-NPb 202nm 

AmaxOf P3N b 232nm 

cm for P3N b 8.6 ± 0.4 mM-1cm-1 

avalues obtained from ref (145).hExperiment conducted in 10 mM potassium phosphate buffer (pH 7.5) 

The physical properties of 3-NP and P3N were characterized (Table 4.2), and the rate of 

protonation of P3N (prepared using O.1 N N aOH) was monitored at 232 nm, the wavelength of its 

maximal absorbance, in various types (HEPES, potassium phosphate, imidazole and Tris) and 

concentrations of buffers (10-100 mM). Of the conditions tested, 10 mM potassium phosphate 

yielded the slowest rate, with 10% conversion obtained in 6.15 min (Fig 4.12). 
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Figure 4.3: Reprotonation of propionate-3-nitronate to 3-nitropropionate. a) Progress curve of 
reprotonation of O.1 mM of P3N in 10 mM potassium phosphate buffer at pH 7. 5. b) The pseudo 
first order rate constant (kobs) obtained from the exponential fit of the buffer assisted protonation 
of P3N curve at different buffer concentration plotted as a function of increasing concentration of 

phosphate buffer at pH 7. 5. 
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Figure 4.4: Inactivation ofMtICL by P3N. a) Isocitrate dehydrogenase-coupled assay ofMtICL 
activity at pH 7.5 in the presence of 0.5-2.5 µM P3N. Curves are least-squares fits to an 

exponential equation. b) Secondary plots for the slow-onset inactivation ofMtICL by P3N. 
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Due to the fast reprotonation of P3N to 3-NP, we employed a stopped-flow instrument to 

evaluate the inhibition kinetics between P3N and MtICL. Multiple turnovers were monitored upon 

rapid mixing of P3N (preformed in O. lN NaOH) and excess succinate with a 25-fold volume of 

MtICL, glyoxylate, IDH and NADP+ in 10 mM (final concentration) potassium phosphate at pH 

7.5. Analogous to the inactivation by 3-NP (Fig 4.10), P3N displayed time-dependent inhibition 

and a linear dependency of the pseudo-first-order rate constant with respect to the concentration 

of P3N (Fig 4.13). Thus, as described for 3-NP (Section 4.6), we speculated that the initial 

equilibrium in the two-step mechanism (Scheme 4.6) was far from saturation over all 

concentrations of inhibitor tested (i.e. , [inhibitor] «Kr:::, k-i/k1). Global fitting of the data revealed 

a kinacJKr of26,000 ± 3,000 M-1s-1for P3N, nearly 100-fold higher than the value of 270 ± 50 M-1 

s-1 for 3-NP. These results indicate that the nitronate form (i.e. , P3N) is the main inhibitory species 

in the formation of the thiohydroximate adduct. 

P3N is a structural analogue of the aci-carboxylate form of the purported succinate 

carbanion intermediate and likely competes for the active site with succinate during inactivation 

experiments. We explored its inhibition modality from the effects of succinate concentration on 

the value of pseudo-first-order rate constants, k obs, at a fixed inhibitor concentration. For a 

competitive inhibitor, the value of k obs will decrease hyperbolically with an increase in substrate 

concentration according to a modified version of the Cheng-Prusoff equation (eq 4.1). 165 

(4.1) 

where k is the value of k obs in the absence of competing substrate (i.e. , they-intercept of a plot of 

k obs as a function of [S]). 166 The plots confirmed the competitive behavior of P3N, yielding a 
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pseudo-first-order rate constant for the onset of inhibition of 0.07 s-1 at 2 µM P3N (Fig 4.14). 

The results established that P3N and succinate compete for the same binding site on the enzyme. 
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Figure 4.5: a) Plots depict the decrease in inhibition ofMtICL by P3N (2 µM) with increasing 
succinate concentration (0.05-3 mM). b) Effect of succinate concentration on the pseudo-first

order rate constant. 

4.9 Determining reversibility of inhibition 

The experiments investigating the slow onset of inhibition by 3-NP and P3N revealed that 

the off rate for the return of enzyme activity was substantially slower than the time regime for the 

onset of inhibition. The inhibition plots for 3-NP (Fig 4.1 0a) and P3N (Fig 4.13a) attained such a 

slow steady-state rate that the inhibition could be characterized as either irreversible or very slowly 

reversible. To distinguish between these possibilities, we conducted a jump-dilution experiment 

similar to that reported by Schloss and Cleland.148 In their study, complete inhibition of P. 

indigo/era ICL was achieved by preincubation with 3-NP prior to jump dilution into assay 

mixtures containing excess succinate among the remaining components of the IDH coupled assay. 
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This analysis revealed slow recovery of activity, up to 25% of the uninhibited activity. 148 

Consistent with their findings but to a much greater extreme, we observed very limited recovery 

of activity (~0.09%) over the course of20 h, compared to a control that had not been preincubated 

with an inhibitor (Fig 4.15). Inclusion of 5 mM DTT had no noticeable effect on the activity. The 

unexpected failure of MtICL to recover most of its activity led us to conclude that 3-NP and P3N 

form an irreversible covalent adduct with MtICL. The 25% of the uninhibited activity recovered 

in the jump-dilution experiments with P. indigo/era ICL, in contrast, may indicate a partitioning 

of the bound inhibitor between covalent and noncovalent complexes that differs between the 

orthologues. 
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Figure 4.6: Recovery ofICL activity upon 3000-fold dilution after 1 h preincubation of 0.5 mM 
MtICL with 1 mM glyoxylate and either 1 mM 3-NP (red) or no inhibitor (blue). Inset: 

expansion of the red curve over an extended period. 

98 



Chapter 4 

4.10 Determining the protonation state of Cys191 

We measured the SIE on kinacJKr for 3-NP and P3N using stopped-flow spectrophotometry 

(Fig 4.16). Consistent with our previous studies 75 and as discussed in Section 3 .4, we obtained an 

inverse SIE of 0.55 ± 0.03 on kinac1/Kr for 3-NP. This inverse SIE, likely resulting from the 

sulfhydryl 's inverse fractionation factor, further supports our hypothesis that the thiolate form of 

Cys191 is required for inhibition. 167 In contrast, a normal 0 20(kinac1/Kr) of 1.47 ± 0.04 for P3N (Fig 

4.16 and Table 4.3). 
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Figure 4.7: Solvent isotope effect on 3-NP and P3N. Concentration dependence of the observed 
slow-onset rate constants (kobs) for a) 3-NP inhibition and b) P3N inhibition of MtICL in H20 

(blue) and D20 (red). 

We can explain this difference in SIE for P3N and 3-NP using two different mechanism: 

1) As shown in Scheme 4.6, an inverse SIE would result from the generation of the 

thiolate ion which may act as a base to abstract the C3 proton of 3-NP and generate the 

P3N intermediate. In contrast, for the inhibition by P3N, where the thiolate form is not 
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initially required, an inverse SIE would not be expected, and a small normal SIE may 

result if any of the subsequent proton transfers (including those not explicitly depicted 

in Scheme 4.7) is partially rate limiting. 

ko[3-NPJ/ 
/ i .o 

® 

~ P3N) 

Scheme 4.7 

2) As seen from the inactivation assay, P3N inhibits MtICL 100 times faster than 3-

NP. Considering that the thermodynamic ratio of the two inhibitory species 3-NP and 

P3N at pH 7.5 is only ~30, we hypothesized that conversion of 3-NP to P3N during 

inactivation is partially rate limiting and that the buffer rather than the enzyme catalyzes 

this deprotonation. In this case, we can account for the inverse-to-normal switch in SIE 

for 3-NP and P3N if two different rate-limiting steps are involved for the inhibitor 

forms (Scheme 4.8). In the case of 3-NP inhibition, ifwe assume the deprotonation by 

buffer (k1) to be the rate-limiting step, then only steps prior to binding contribute to the 

SIE. Thus, we can account for the 020(kinacJKr) of 0.55 ± 0.03 for 3-NP as the result of 

the pre-binding thiol-imidazole isomerization described earlier, 75
• 

129 which is required 

for formation of the thiohydroximate adduct. In contrast, as P3N is already ionized, it 

bypasses the otherwise rate-limiting deprotonation step. Instead, a solvent-derived 

proton transferred in a subsequent step may give rise to a normal isotope effect (~3) 
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that when combined with the inverse SIE contributed by the pre-binding isomerization 

equilibrium results in the small normal 020(kinacJKr) of 1.48 ± 0.04 observed for P3N 

e 
P3N CO2 

38o®f + Buffer(H f ' N 
I oe 
+ 

k'o 

k'.o 

Scheme 4.8 

4.11 Assessment of true affinity 

In light of the covalent nature of inhibition and the ~ 100-fold faster rate of inactivation by 

P3N as compared to 3-NP, we concluded that P3N is an intermediate in the formation of the 

thiohydroximate adduct. However, we still needed to address if P3N is only generated in the 

solution based on the intrinsic acidity of 3-NP (Scheme 4.8) or is generated by the action of ICL 

(Scheme 4.7). We planned to evaluate these mechanistic uncertainties by measuring the 2H KIE 

on inactivation by 3-NP and P3N. Thus, we synthesized [3 ,3-2H2]-3-NP by buffer-catalyzed 

isotope exchange in D2O and conducted inactivation assays with deuterated 3-NP and P3N in a 

stopped-flow instrument as mentioned in the earlier section. 

We measured a primary KIE on the inhibition of MtICL with [3 ,3-2H2]-3-NP and [3-

2H]P3N (Table 4.3). The rate of inhibition decreased substantially using the labeled 3-NP, yielding 
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a 0 (kinacJKr) of 3.5 ± 0.3 (Fig 4.17b). Though the rate of inactivation was also slower for [3-

2H]P3N, it resulted in a smaller 0 (kinacJKr) of 1.41 ± 0.04 (Fig 4.17d). This difference indicates 

that the rate-determining step for the two inhibitors is different. The relatively large KIE for 3-NP 

inactivation also signifies that the transfer of the deuterated hydrogen at C-3 of3-NP to the enzyme 

or the solvent is involved in a partially rate-limiting step. The smaller KIE for P3N may be a result 

of two opposing KIEs involved in formation of the adduct (Schemes 4.7 and 4.8) : (1) an inverse 

KIE from a change in hybridization from sp2to sp3 during nucleophilic attack by Cys191 to form 

a tetrahedral intermediate, followed by (2) a primary, normal KIE when this bond is subsequently 

broken to form the thiohydroximate complex. 

On determining that the deprotonation of 3-NP to P3N during inactivation is partially rate 

limiting, we evaluated the location of this step in the kinetic scheme. We assessed the rate of 

inactivation in different concentrations of anionic (HEPES) and cationic (imidazole) buffers (Fig 

4.18). Though phosphate buffer was used for other inactivation assays, we were unable to use 

higher concentration ofphosphate buffer due to its limited solubility in the presence ofMg2+. Both 

buffers (HEPES and imidazole) exhibited a hyperbolic concentration dependence (Fig 4.18). This 

indicates that at higher buffer concentrations there is a transition in the rate-limiting step. We 

propose that the rate-limiting step shifts from 3-NP deprotonation to a subsequent process involved 

in covalent adduct formation. 
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Figure 4.8: KIE on inactivation with 3-NP and P3N. Representative plots of isocitrate formation 
in the presence of a) 50 µM [3 ,3-2H2]-3-NP (red) and unlabeled 3-NP (blue) and c) 12 µM [3-
2H]P3N (red) and unlabeled P3N (blue). The concentration dependence of the observed slow

onset rate constants (kobs) were plotted for b) [3 ,3-2H2]-3-NP (red) and unlabeled 3-NP (blue) and 
d) [3-2H]P3N (red) and unlabeled P3N (blue). 
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Table 4.3: Kinetic isotope effects on inactivation with 3-NP and P3N 

Inhibitor 

3-NP 0.55 ± 0.03b 

P3N 1.41 ± 0.04a 1.48 ± 0.03a 

a errors from triplicates. b error from fitting. 
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Figure 4.9: Effect of buffer concentration on inactivation ofICL by 3-NP. The inactivation 
assay with various concentrations of 3-NP (5-50 µM) was repeated in 5 different concentrations 

(5-200 mM) of (a) HEPES and (b) imidazole buffer at pH 7.5. 

104 



Chapter 4 

4.12 Proposed mechanism of inhibition 

We have suggested a chemical and kinetic mechanism for the unprecedented protein 

modification in which P3N is an intermediate, formed by deprotonation of 3-NP (Scheme 4.9). 

The buffer dependency of kinactfKr and a relatively large KIE on 3-NP inactivation led us to 

conclude that buffer catalyzes the slow deprotonation of 3-NP to yield P3N, which binds to ICL. 

Although P3N is nucleophilic, protonation ofone of the nitronate oxygens, presumably by Glu285 , 

would lead to nitronic acid 1, which is electrophilic and readily reacts with the neighboring 

cysteine residue to yield the initial covalent species 2. The sulfhydryl most likely attacks as the 

thiolate, consistent with the inverse SIE seen in the case of3-NP. Protonation of the other nitronate 

oxygen, possibly by Arg228, may occur prior to or following C-S bond formation. Dehydration 

of 2 via either an Ei-type elimination (Scheme 4.8) or stepwise process via a nitroso intermediate 

(Scheme 4.9) then results in formation of the stable thiohydroximate adduct 3 confirmed by the 

crystal structure. Recall that 13C-NMR spectroscopy with [3-13C]-3-NP provided evidence for 

formation of nitroso intermediate in solution. This mechanism, which parallels that proposed for 

reaction of nitroalkanes with thiosilanes, 168 differs greatly from that employed in inhibition of 

succinate dehydrogenase by 3-NP, which instead uses its flavin cofactor to oxidize the inhibitor to 

a nitroalkene, which serves as a Michael acceptor (Scheme 4.2). 99 
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Scheme 4.9 
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4.13 Conclusion 

We report the unprecedented reaction between a nitroalkane and a protein 's cysteine 

residue to yield a thiohydroximate adduct. Synthesis oflabeled 3-NP through an new, economical 

route was achieved successfully. 13 C-NMR spectroscopic, mass spectrometric and protein 

crystallographic analyses confirmed the formation of the thiohydroximate adduct through a 

nitronate intermediate. The inverse SIE, primary deuterium KIE and buffer dependency seen on 

kinac1/Kr for 3-NP indicated that deprotonation of 3-NP is the rate-limiting step in inactivation of 

MtICL. The transition from an inverse SIE for 3-NP to a normal SIE for P3N suggests the presence 

of another solvent-sensitive step during the formation of the covalent adduct. These mechanistic 

studies with 3-NP may not only aid in the development of inhibitors for MtICL, they may also 

provide a new, more general approach to covalent inhibitor design, as described below. 

4.14 Implications of current study 

The design of selective covalent enzyme inhibitors involves knowledge of the chemical 

reactivity of functional groups, the reaction mechanism and the structural features of the desired 

enzyme target. Because proteins rarely contain electrophilic groups, candidate nucleophilic 

residues (e.g. serine, threonine, cysteine and lysine) are typically targeted by inhibitors carrying a 

compatible electrophilic group. One of the strategies emerging is designing targeted covalent 

inhibitors. These inhibitors possess an electrophilic group ( warhead) that is appropriately 

positioned near a candidate nucleophilic residue in the target protein to form a covalent bond. 169 

Differing from broadly reactive chemicals, however, targeted covalent inhibitors offer selectivity 

by first forming a tight, noncovalent complex with the target, similar to reversible inhibitors, to 

place the electrophile appropriately in the desired binding pocket. Examples of cysteine-reactive 
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warheads that have been incorporated into targeted covalent inhibitors include acrylates, 

acrylamide and their derivatives; vinylsulfonamides; acyl chlorides; sulfonate esters; epoxides; 

171 and halomethyl and acyloxymethyl ketones. 170 
-

Through our present study, we discovered that the nitro group acts as a masked electrophile 

in covalent enzyme inhibition. We can extend these investigations for other proteins ( enzyme or 

receptors) in the design of covalent inhibitors targeting binding pockets with appropriately placed 

cysteine and general acid residues. However, nitro groups pose a risk due to its in vivo conversion 

to reactive nitroso and hydroxylamine metabolites. Despite of these limitations, nitro drugs have 

been used successfully for treatment without posing serious safety risks. 172 Hence through our 

present work we want to encourage the investigation of highly overlooked nitro functional group 

that can help in enriching the armamentarium of warheads for targeted covalent inhibitors. 

4.15 Experimental procedures 

4.15.1 General materials 

M tuberculosis ICL and the coupling enzymes were expressed and purified as described 

previously in section 3 .10 .1. 75 Bromoacetic acid and analytical grade acetic acid was purchased 

from Fischer Scientific and used without further purification. Potassium cyanide ( 13 C, 99%) was 

purchased from Cambridge Isotope Laboratories, Inc. Potassium hydroxide, HEPES ((4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid), potassium bicarbonate and Adam's catalyst were 

purchased from Sigma-Aldrich. Silica (70-230 mesh) was purchased from VWR International. 

The silica was dried for 24 h at 450 °C. DL-Isocitrate (trisodium salt hydrate) and succinate 

(disodium salt) were obtained from Acros Organics. Stock solutions of glyoxylate was prepared 

from glyoxylic acid monohydrate by adjusting to pH 7.0 with 1 M KOH. 3-Nitropropionic acid 
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was purchased from Combi-Blocks Chemicals. Stock solutions of3-NP and phenylhydrazine were 

adjusted to pH 7.0 with 1 M KOH. All reagents were used as received without further purification. 

4.15.2 Instrumentation 

1H and 1H-decoupled 13C NMR spectra were recorded on Varian Inova-500 and Varian 

Mercury-300 (broadband) spectrometers. Data were recorded with a relaxation delay of2 sand 16 

scans, employing a pulse sequence with water suppression.183 Prior to each NMR acquisition, the 

instrument probe was tuned and matched to the experimental samples. Samples were manually 

shimmed on z0 and z 1, and then automatic gradient shimming using gmapsys was applied. NMR 

spectra were processed and analyzed using MestReNova NMR processing program. The following 

abbreviations were used to explain multiplicities: s = singlet, d = doublet, t = triplet, q = quartet, 

m = multiplet, br = broad, dt = doublet of triplet. Unit mass spectra were recorded using the LCQ 

Advantage Ion Trap LC/MS and surveyor HPLC system. Steady-state kinetics assays were carried 

out on a Varian Cary-100 Bio-UVN is spectrophotometer, a Varian Cary-3E UVN is 

spectrophotometer or a Varian Cary Eclipse Bio-fluorescence spectrophotometer, all equipped 

with a temperature-control device. 

4.15.3 Evaluation offactors controlling the time-dependent inactivation rate 
coefficients ofMt/CL 

4.15.3.1 Effect of temperature 

Samples (1 mL) containing 50 mM MOPS (pH 7.0), 5 mM MgSO4, 1 mM DTT and 666 

nM MtICL were prepared in four different microcentrifuge tubes. These samples were incubated 

at four different temperatures: 0, 25 , 37 and 45 °C. The activity of the incubated enzyme was 

monitored at varying time points by addition of a 30 µL aliquot into cuvettes (1 mL final) , 

equilibrated to 37 °C containing 50 mM MOPS (pH 7.0), 5 mM MgSO4, 1 mM DTT, 1 mM 
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isocitrate, 0.2 mM NADH and 0.1 units LDH. 75 Initial velocities were measured using a Varian 

Caryl00 UV-Vis spectrophotometer by observing the change in absorbance upon oxidation of 

NADH at 340 nm (E340 = 6.22 mM-1 cm-1
). Rates (vi) were normalized to the rate at time zero (vo) 

and plotted against time (t) of pre-incubation. 

4.15.3.2 Effect of different concentration of DTT 

Measurement of initial velocities of isocitrate turnover was performed using a Varian Cary 

3E UV-Vis spectrophotometer. MtICL activity was measured in isocitrate cleavage direction by 

monitoring the formation of glyoxylate phenylhydrazone at 324 nm (E324 = 17 mM-1 cm-1
). 

Microcentrifuge tubes (1 mL) containing 50 mM MOPS (pH 7.0), 5 mM MgSO4, 666 nM MtICL 

and various concentrations ofDTT (0, 0.1 , 1 or 10 mM) were incubated at 25 °C. Cuvettes (1 mL 

final volume) containing 1 mM isocitrate, 50 mM MOPS (pH 7), 5 mM MgCh and 4 mM 

phenylhydrazine were prepared. The reaction was initiated by the addition of20 nM pre-incubated 

MtICL and monitored by observing the change in absorbance at 324 nm at 37 °C for 5 to 10 min. 

Rates (vi) were normalized to the rate at time zero (vo) and plotted against time (t) ofpre-incubation. 

4.15.3.3 Effect of enzyme dilution 

Measurement of initial velocities for the formation of isocitrate catalyzed by MtICL was 

performed using a Varian Cary Eclipse fluorescence spectrophotometer. Microcentrifuge tubes (1 

mL) containing 50 mM MOPS (pH 7.0), 5 mM MgSO4, 1 mM DTT and various concentrations of 

enzyme (3 , 30 and 300 nM) were incubated at 25 °C. Cuvettes (3 mL) were prepared containing 

50 mM MOPS (pH 7.0), 5 mM MgSO4, 1 mM DTT, 1 mM isocitrate, 0.2 mM NADH and 0.1 

units LDH, equilibrated to 37 °C. The reaction was initiated by the addition of2 nM pre-incubated 

MtICL. Fluorescence at 460 nm was measured using excitation at 340 nm with excitation and 

emission band widths of 20 nm. Background fluorescence was corrected by subtracting the value 
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of the no-MtICL control from all sample readings. Rates (vi) were normalized to the rate at time 

zero (vo) and plotted against time (t) ofpre-incubation. 

4.15.4 Chemical synthesis of3-Nitro[3-13Cjpropionate 

4.15.4.1 Synthesis of [3-13C]eyanoaeetie acid (lb) 153 

A 10 mL round bottom flask equipped with magnetic stirrer was charged with water (1 

mL), bromoacetic acid (273 mg, 2 mmol), potassium bicarbonate (138 mg, 1 mmol) and potassium 

[ 
13C]cyanide (134 mg, 2 mmol). The flask was lowered into an 80 °Coil bath and refluxed for 3 

h. The reaction was allowed to stir overnight and then quenched by adding concentrated HCl 

dropwise till pH 1. The product was extracted with diethyl ether (3 x 10 mL), and the organic 

layers were combined, dried over anhydrous magnesium sulfate and concentrated at high vacuum 

to give species lb as a white solid (150 mg, 88 %). 1H NMR (300 MHz, DMSO-d6) 8 3.85 (d, 2J cH 

= 9.9 Hz, 2H). 13C NMR (300 MHz, DMSO-d6) 8 116.0. MS (ESI): m/z [M-Ht calculated for 

C213CO2NH2 85.1 , found 85.1. 

4.15.4.2 Synthesis of P-[3-13C]alanine (le). 

A stirred mixture of lb (74 mg, 0.87 mmol), acetic acid (5 mL) and PtO2 (10 mg) was 

hydrogenated at ambient temperature at 40 psi for 8 h. The catalyst was then filtered off and 

washed with water. Washing with cold water and removal of solvent via vacuum filtration yielded 

a white crystalline residue of le (67 mg, 87 % ). 1H NMR (300 MHz, D2O) 8 3 .03 ( dt, 1JCH = 144.9 
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Hz, 3JHH=6.7 Hz, 2H), 8 2.41 (dt, 2JCH=8.5 Hz 3JHH=4.3 Hz, 2H). 13 C NMR (300 MHz, D2O) 8 

34.3. MS (ESI): m/z [M-Ht calculated for C213 CO2NHs 91.1 , found 91.1. 

4.15.4.3 Synthesis of 3-nitro[3-13C]propionate (ld). 

An aqueous sample of le (30 mg, 0.33 mmol) was neutralized with NaOH and impregnated 

on dry silica gel (ca. 30 g) by mixing briefly prior to rotary evaporation to dryness. The silica gel 

containing the adsorbed material (0.1 % w/w) was cooled to -78 °C, and a stream of ozone 

(generated from an ozonizer) was passed through it for 1 h. The silica gel turned blue on rapid 

adsorption of ozone. The silica gel was warmed to room temperature and the material was eluted 

with HPLC grade ethyl acetate (5 x 50 mL). Compound ld (17.6 mg, 44%) was isolated as a white 

crystalline solid via rotatory evaporation. 1H NMR (300 MHz, D2O) 8 4.65 (dt, 1JCH = 149.1 Hz, 

3JHH=6.2 Hz, 2H), 8 2.92 (dt, 2JCH= 8.7 Hz 3JHH=4.5 Hz, 2H). 13 C NMR (300 MHz, D2O) 8 74.6. 

MS (ESI): m/z [M-Htcalculated for C213 CQ4NH4 119.1 , found 119.1. 
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4.15.5 Mass spectrometry 

In a 1 mL reaction volume, 300 µM MtICL was incubated with no inhibitor, 500 µM 3-

NP, or 500 µM P3N in 25 mM phosphate buffer (pH 7.5) in the presence or absence of 1 mM 

glyoxylate for 10 min at 25 °C. The sample was then passed twice through a 5-mL prepacked 

Sephadex G-25 superfine HiTrap desalting column to remove excess inhibitor. The column was 

equilibrated and eluted with 25 mM NH4HCQ3 buffer (pH 7.4). The final sample was then further 

diluted to a final concentration of 25 µM with 25 mM NH4HCQ3 buffer containing 0.1 % formic 

acid prior to analysis by positive ion electrospray ionization mass spectrometry at a rate of 5 µL 

min-1 using a MicroTOFQII® mass spectrometer (Bruker Daltonics Inc.). Protein mass spectra 

were deconvoluted using ProMass for Xcalibur (version 2.8). 

4.15. 6 Crystallization and data collection. 

Crystallization conditions for ICL in the presence of 3-NP were initially identified from a 

sparse matrix screen at 20 °C. In addition, crystal seeding was employed to attenuate the number 

ofnucleation sites in the crystallization drop .173 Seed crystals were grown with hanging drop vapor 

diffusion using the following procedure: 1 µL of an ICL solution (10 mg mL-1 in 50 mM Tris pH 

8.0, 100 mMNaCl, 5 mM MgSQ4, 3 mM 3-NP, and 1 mM DTT) was combined with 1 µL of well 

solution comprised of 50 mM 4-(2-hydroxyethyl)-1-piperazinepropanesulfonic acid (EPPS; 

diluted from a 1 M pH 8.0 stock solution titrated with 10 M NaOH), 100 mM MgCb, and 

17.5% (w/v) PEG4000 on a glass cover slip (22 mm); cover slips were then inverted and placed 

on a 24-well Linbro plate with 500 µL of well solution in each reservoir; reservoirs were sealed 

with paraffin oil and incubated at 20 °C. Seed crystals appeared overnight. Seed stock was 

generated with the following serial dilution procedure ( tubes were kept on ice at each step): a drop 

containing seed crystals was pipetted into a 1.5 mL microcentrifuge tube containing 125 µL of 
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well solution and a 3 mm PTFE Seed Bead™ (Hampton Research; Aliso Viejo, CA, USA). The 

tube containing this initial dilution was briefly vortexed and placed on ice. The bead and 5 µL of 

the initial dilution were transferred to a fresh tube containing 125 µL of well solution, which was 

then vortexed. This seed dilution procedure was repeated once more to generate the final seed 

stock, which was used directly in the next step. Crystals for X-ray diffraction data collection were 

grown with hanging drop vapor diffusion and the same general procedure used to grow seed 

crystals with the following modification: ICL solution was filtered through a 0.1 µm PVDF filter 

Duapore® microcentrifuge filter (Merck Millipore Ltd., Cork, IRL). Crystallization drops 

comprised 1 µL of this filtered ICL solution combined with 0.2 µL of seed stock and 0.8 µL of 

well solution. Crystals appeared after five days . Crystals were harvested with a nylon loop and 

soaked for 1-2 seconds in 5 µL drops of conditions of the well solution supplemented with 

increasing (10, 20, and 30% v/v) pentaerythritol propoxylate (5/4 PO/OH; PEP426; Sigma

Aldrich, St. Louis, MO, USA) concentration prior to vitrification in liquid nitrogen. Similarly, 

glyoxylate was introduced by soaking crystals for 15 seconds each in 5 µL drops of the well 

solution supplemented with increasing (10, 20, and 30% v/v) PEP426 concentration with 5 mM 

glyoxylate. X-ray diffraction data were collected at APS beamline 23-IDD (6C4A; pyruvate) and 

SSRL beamline 9-2 (6C4C; pyruvate/glyoxylate) .174 In each case, data were collected from a single 

crystal. 

4.15. 7 Structure solution and refinement. 

Diffraction data were indexed and integrated with XDS, and the resulting intensities were 

scaled and merged in space group P21 with XSCALE. 175 The ICL structure with no glyoxylate was 

solved via molecular replacement with PHASER. 176 as implemented in the PHENIX suite .177 using 

the previously reported model of C 191 S ICL crystallized in the presence of 3-NP (PD B accession 
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code 1F81; ligands were removed from the search model). 178 Refinement was carried out using the 

program PHENIX refine combined with manual iterative model building in COOT. 179 Custom 

geometry restraints were generated for the Cys191-3-NP adduct with PHENIX elbow. 180 Standard 

peptide bond geometry restraints from the ccp4 monomer library were applied to amide bond 

linkages between the Cys191-derivatized thiohydroximic acid and adjacent residues. For the ICL 

structure with glyoxylate, ligands were removed from the ICL structure with no glyoxylate and 

refinement was carried out directly on the model following a round of simulated annealing. TLS 

refinement was employed in both cases for the final rounds of refinement; TLS groups were 

identified with phenix.find_tls_groups. 

4.15.8 Inactivation assays with 3-NP 

The slow onset of inhibition of ICL with 3-NP was investigated using conventional 

spectroscopy. A Cary 100 Bio UV spectrophotometer (Varian) outfitted with a temperature 

controller was used to monitor the reduction of NADP+ (0.2 mM) at 340 nm (&340 = 6.22 mM-1 

cm-1) in an !DH-coupled assay at 25 °C. 75 Cuvettes (1 mL final) containing 10 mM potassium 

phosphate (pH 7.5), 5 mM MgSQ4, 1 mM glyoxylate, 3 mM succinate, 0.1 unit ofIDH, and 0-20 

µM 3-NP (pre-equilibrated with buffer at pH 7.5 overnight at 4 °C) were initiated with 10 nM ICL. 

4.15.9 Inactivation assays with different ionization forms of3-NP 

A Cary 100 Bio UV spectrophotometer (Varian) outfitted with a temperature controller 

was used to monitor the reduction of NADP+ (0.2 mM) at 340 nm (&340 = 6.22 mM-1cm-1) in an 

!DH-coupled assay at 25 °C.75 A stock solution (100 mM) of 3-NP was prepared in water and was 

used to prepare different forms of 3-NP. A neutral sample of 3-NP (1 mM) was prepared by 

equilibrating in 100 mM HEPES at pH 7.5 overnight. An acidic sample (1 mM) was prepared by 
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diluting the stock in water. A basic sample of 3-NP (i.e. , P3N; 1 mM) was prepared 5 min before 

the start of the assay by diluting the stock in 0.1 N NaOH. Cuvettes (1 mL final) containing 50 

mM HEPES (pH 7.5), 5 mM MgSQ4, 1 mM glyoxylate, 3 mM succinate, 0.1 unit ofIDH and 20 

µM 3-NP were incubated for 50 s before initiating with 20 nM ICL. 

4.15.10 Kinetics ofP3N reprotonation 

Though 3-NP does not absorb UV light substantially, its conjugate base, P3N, does ( E23 1 

1= 9.7 mM-1 cm- ).
185 Solutions of P3N were prepared freshly from 3-NP by treatment with 0.1 M 

NaOH. The maximum absorbance and the extinction coefficient for P3N were found to be 232 nm 

and 8.6 ± 0.4 mM-1 cm-1, respectively, in 10 mM potassium phosphate buffer at pH 7.5. The rate 

of reprotonation of P3N to 3-NP at pH 7.5 in different types and concentrations of buffer was 

investigated by monitoring the UV absorbance decay of P3N at 232 nm. Of the conditions tested, 

10 mM potassium phosphate buffer yielded the slowest rate, with 10% conversion obtained in 6.15 

mm. 

4.15.11 Inactivation ofICL by P3N 

Inactivation of ICL by P3N was studied by rapid 1 :25 m1xmg usmg an Applied 

Photophysics SX20 stopped flow spectrophotometer with a 20 µL flow cell ( dead time 1.0 ms). 

Enzyme activity was monitored upon rapid mixing of varying concentrations ofP3N (pre-formed 

from 3-NP in 0.1 N NaOH) and excess succinate with a 25-fold volume of ICL, glyoxylate, 

NADP+, MgSQ4, and IDH in phosphate buffer at pH 7.5 and 25 °C. Final concentrations: 10 mM 

potassium phosphate, 1 mM glyoxylate, 0.2 mM NADP+, 5 mM MgSQ4, 0.25 mM succinate, 0.1 

unit ofIDH, 50 nM ICL and various concentration of preformed P3N (0-15 µM). Because of its 
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instability, the stock solution of P3N was freshly prepared in 0.1 M NaOH for each concentration 

and was kept on ice for not more than 30 min. 

4.15.12 Kinetics data analysis 

Time courses for 3-NP and P3N inactivation (Fig 4.10 a and Fig 4.13 a) were initially fit 

by non-linear regression to eq. 4.2, 

[P] = vi[l-exp(-kobst)] 

kobs (4.2) 

where Vi is the initial, uninhibited velocity and k obs is the observed first-order rate constant. 11 5 The 

inhibitor concentration dependence of k obs in the presence of competing substrate, based on the 

mechanism in Scheme 4.6, is given by eq. 4.3 , 

(4.3) 

where kinact is the first-order rate constant for inactivation at saturating inhibitor, Kr is the 

concentration of inhibitor required for inactivate half of the enzyme in the absence of substrate, 

and Km is the Michaelis constant for the competing substrate, succinate (730 ± 40 at 25 °C).182 

When Kr >> [I] , eq. 4.3 can be simplified to eq. 4.4, 

(4.4) 

which allows for determination of the second-order rate constant for inactivation, kinac1/Kr, from 

the slope of the graph of k obs vs. [I] . 
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More accurate determinations of kinac1/Kr were obtained by substitution of eq. 4.4 into eq. 

4.2 and fitting all data globally by non-linear regression to eq. 4.5 using SigmaPlot 12.5. 

v{l-exp[- kinact( Km )[l]t:}
Kl K +[S]

[P]= 
I 

)ti]
m 

k""" [ Km 
Km +[S]K1 (4.5) 

4.15.13 Test for mode ofinhibition 

The inhibition modality of P3N was determined usmg stopped-flow spectroscopy. 

Experiments were conducted in a similar manner as mentioned in Section 4 .14 .12 with slight 

variation. Briefly, enzyme activity was monitored upon rapid mixing of a fixed concentration of2 

µM P3N (pre-formed from 3-NP in 0.1 N NaOH) and various concentration of succinate with a 

25-fold volume ofICL, glyoxylate, NADP+, MgSQ4, and IDH in phosphate buffer at pH 7.5 and 

25 °C. Final concentrations: 10 mM potassium phosphate, 3 mM glyoxylate, 0.2 mM NADP+, 5 

mM MgSQ4, 0.05-3 mM succinate, 0.1 unit of IDH, 40 nM ICL and 2 µM P3N. The plots were 

fit to eq. 4.2 to obtain kobs. The value of k obs was plotted as a function of various succinate 

concentration. The graph was fitted to eq 4.6 to obtain the pseudo second order rate constant kin 

absence of the substrate. 

k - k (4.6) 
obs - l+(KM/ [S]) 

4.15.14 Testing for reversibility 

The reversibility of inhibition was determined by measuring the recovery of enzymatic 

activity after a rapid, large dilution in the presence of excess succinate. 148Enzyme (500 µM) was 
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incubated with 25 mM phosphate buffer, 5 mM MgSQ4, 1 mM glyoxylate and with or without 1 

mM 3-NP for 60 min at 25 °C. The resulting samples were then diluted 3000-fold in the assay 

buffer containing 10 mM potassium phosphate (pH 7.5), 5 mM MgSQ4, 3 mM glyoxylate, 18 mM 

succinate, 2 mM NADP+, and 0.1 units of IDH. The time course for this assay was monitored for 

20 h. An analogous experiment was done using 500 µM ICL incubated with 600 µM P3N for 5 

min in 25 mM phosphate buffer at 25 °C. The P3N stock used in this experiment was prepared 

freshly on ice before use by dissolving 3-NP in 0.1 M NaOH. Subsequently, the sample was diluted 

3000-fold in a similar assay buffer containing excess of succinate as mentioned above. The time 

course of this assay was monitored for 100 min. 

4.15.15 Solvent isotope effect on 3-NP and P3N. 

Inactivation assay for 3-NP and P3N was carried out in stopped flow as described above. 

2X solutions containing 20 mM potassium phosphate buffer at pH 7.5 , 10 mM MgSQ4, 0.4 mM 

NADP+ and 2 mM glyoxylate were prepared in H2O. These were divided into two portions of IX 

solutions, which were evaporated to dryness. The dried IX solutions were redissolved in H2O or 

D2O and contained 50 nM MtICL and 1 µM IDH. A stock solution of IM succinate was prepared 

in H2O and serially diluted to achieve the desired concentration. The stock solutions of 3-NP and 

P3N were freshly prepared in 0.1 M NaOH in H2O for each concentration and were kept on ice for 

not more than 30 min. These solutions were serially diluted in H2O or D2O to achieve the desired 

concentration just before the start ofeach injection. Activity was monitored using the !DH-coupled 

assay described in the presence of 250 µM succinate and either 75-500 µM 3-NP or 0.5-2.5 µM 

P3N. 
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4.15.16 Synthesis of[3-2H2]3-nitropropionate 

3-NP (11.9 mg) was dissolved in 1 mL of 500 mM ammonium bicarbonate buffer (pH 7.5) 

made in 99.8% D2O. To monitor the progress of the reaction by NMR, the reaction was carried 

out in an NMR tube at 25 °C. 3-NP was 95% exchanged within 14 h of incubation with no 

decomposition. The sample was then evaporated to dryness using a speed vacuum to yield 3-

nitro[3 ,3-2H2]propionate. 1H NMR (500 MHz, D2O): 8 2.62 (s, 2H). MS (ESI) : m/z calculated for 

H H 00'1()(110 N, 8 
8) 0 

O D D 
14 h 

H H 0GYXII0 N, 8 
8) 06h 

O H D 

15 min 

6.0 5.5 5.0 4.5 4.0 l.5 3.0 2.5 2.0 
fl (ppm) 

Figure 4.13: Time-dependent formation of 3-nitro[3 ,3-2H2]propionate in 500 mM NH4HCQ3 and 
D2O. 
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Figure 4.14: 1H NMR of 3-nitro[3 ,3-2H2]propionate made in 500 mM NH4HCQ3 and D2O after 
14 h. 

4.15.17 Kinetic isotope effect on 3-NP and P3N 

[3 ,3-2H2]-3-NP synthesized by isotope exchange in D2O was use in the inactivation 

experiments by UV-vis spectrophotometer. Activity was monitored using the !DH-coupled assay 

described above, with the succinate concentration fixed at 4 mM and 3-NP concentration varied 

(20-50 µM) . [3-2H]P3N was generated from [3 ,3-2H2]-3-NP by incubation in 0.lM NaOD/D2O. 

A stopped-flow instrument was used to determine the inhibition rate constants using 2.5-12 µM 

labeled and unlabeled P3N in the presence of 4 mM succinate. 

4.15.18 Effect ofbuffer concentration on inactivation with 3-NP 

The inactivation assay with various concentration of 3-NP as described above were 

repeated in five different concentrations (5-200 mM) of HEPES and imidazole buffer at pH 7.5. 
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High phosphate concentrations were avoided due to its precipitation with magnesium ions. The 

second-order rate constant (kinacJKr) obtained was plotted against the buffer concentration to find 

the buffer dependency on inactivation. 
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