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Tuberculosis (TB) remains the second leading cause of death from an infectious 

disease after human immunodeficiency virus (HIV). The bacterium that causes TB infects 

one third of the world’s population. In 2012, nearly 9 million persons developed an active 

infection and 1.3 million perished from this disease. The infectious disease 

predominantly affects developing countries in which access to healthcare is difficult. The 

TB treatment regimen typically requires a combination of several drugs and lasts between 

6 and 9 months. Patient noncompliance and difficulty in accessing the treatments lead to 

the burden of multi, extensively and even totally drug-resistant TB. Co-infection with 

HIV arises as another challenge, as several common antiviral drugs are not compatible 

with TB treatments. For these reasons, it is critical to find new drug targets and identify 

new antitubercular compounds to improve TB treatment. These issues also emphasize the 

need to understand the protection mechanisms that the organism utilizes to survive the 

host’s immune system. 

The mycobacterial cell wall is essential for the survival of Mycobacterium 

tuberculosis (M. tb) as it forms an impermeable barrier that prevents the entry of many 
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potential antibiotics. The Antigen 85 complex (Ag85) consists of three secreted enzymes 

that play a role in the cell wall biosynthesis. The three mycolyltransferases catalyze the 

attachment of mycolic acids to either the arabinogalactan (AG) to form the 

mycolylarabinogalactan (mAG) or to trehalose monomycolate (TMM) to produce the 

cord factor trehalose dimycolate (TDM). The genes encoding the Ag85 proteins are 

synthetically lethal; two Ag85 enzymes are required for the viability of M. tb. 

Additionally, the inactivation of one enzyme among the Ag85 complex affects the 

mycobacterial cell growth and the cell envelope integrity is altered. Taken together, these 

facts demonstrate that the Ag85 complex is a valuable TB drug target. The development 

of a high-throughput fluorometric assay allowed the identification of a potent inhibitor of 

the Ag85 complex called ebselen. TDM and mAG biosynthesis are inhibited by ebselen 

in culture-based studies, implying that the Ag85 complex is the major target of ebselen in 

vivo. Mass spectrometry and X-ray crystallographic experiments led to the determination 

of its mechanism of action. The compound acts as an allosteric and suicide inhibitor of 

the Ag85 complex. A lone cysteine residue located near the active site is covalently 

modified by ebselen. Although this cysteine is not important for the catalytic reaction 

performed by the enzymes, the residue plays a significant structural feature. 

Modifications of the residue by any thiol-reactive compound or mutation at this position 

alter the active site structure by disrupting the hydrogen-bonding network between the 

catalytic triad residues. The same inactive conformation is observed when any residue of 

the catalytic triad is mutated.  

M. tb can also enter a latent phase under environmental stresses such as low 

oxygen availability or low pH. M. tb slows down its growth but remains viable. Most 
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antibiotics used to treat TB target replicating bacteria. In a dormant state, the bacteria 

become tolerant to the antibiotics, challenging the treatment of TB. To reach latency, M. 

tb alters its metabolism. The tricarboxylic acid (TCA) cycle plays an important role in the 

metabolism of M. tb. The citrate synthase enzyme is involved in the first step of the TCA 

cycle and catalyzes the formation of citrate from acetyl-CoA (AcCoA) and oxaloacetate. 

Little is known about this enzyme. To gain more insight about this enzyme, we solved the 

X-ray crystal structure of M. tb citrate synthase in complex with oxaloacetate. We also 

developed an absorbance-based assay to characterize the enzyme using steady-state 

kinetic. 

Finally, unlike many other bacteria, M. tb thrives following phagocytosis by 

human macrophages. This characteristic differentiates pathogenic mycobacteria and non-

pathogenic species such as Mycobacterium smegmatis. Although it is known that M.tb 

actively prevents phagosome-lysosome fusion, the mechanism by which it resists 

macrophage killing has not been fully characterized. While the Enhanced Intracellular 

Survival (Eis) protein is known to play a role in modulating the immune response and 

autophagocytosis in macrophages, no studies to date have succeeded in unambiguously 

identifying its molecular function in pathogenesis. To aid in identifying the function of 

Eis and its likely substrates, we have solved the crystal structure of the M. tb encoded Eis 

protein. This structure has confirmed the previous hypothesis that Eis is a member of the 

GCN5 superfamily of N-acetyltransferases (GNAT): the acetyl moiety from AcCoA is 

transferred to an amine of an acetyl acceptor. We also attempted to identify the co-

substrate of Eis in vivo using diverse tools such as profiling experiments and mass 

spectrometry. 
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Chapter 1 

Introduction 
 

 

1.1 Background on Tuberculosis (TB) 

1.1.1 Tuberculosis in numbers 

Tuberculosis (TB) is still one of the most important health problems worldwide. 

Indeed, TB is responsible for more deaths each year than any other bacterial disease and 

remains the second leading cause of death from an infectious disease, with the first being 

human immunodeficiency virus (HIV)26. TB typically results from an infection caused by 

Mycobacterium tuberculosis (M. tb). The disease affects mainly the lungs. In healthy 

individuals, the infection enters into a latent stage that can last for many years. Among 

the 2 billion people infected around the world, approximately 9 million people per year 

develop an active infection26. The World Health Organization (WHO) reported 1.3 

million TB deaths in 201226. 25 % of these deaths occurred among HIV-positive patients. 

The highest rate of cases/deaths occured in South-East Asia, China, India, and Africa. For 

instance, South Africa, Namibia or Mozambique exhibit more than 500 new cases of TB 

per 100,000 population every year26. The disease predominantly affects third-world 

countries in which access to treatments is difficult. 
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1.1.2 Pathogenesis 

As mentioned in the previous section, the organism M. tb is the causative agent 

for human TB. The disease is transmitted through aerosolization; the infection is initiated 

by inhaling aerosol droplets containing the bacilli27. Then the bacilli travel to the lungs 

where the bacteria are recruited within the alveolar macrophages via phagocytosis. The 

normal step after entry within a macrophage would be formation of the phagosomal 

envelope around the foreign molecule28. However, the pathogenic mycobacteria M.tb 

possess the ability to thrive following phagocytosis by human macrophages. The 

mechanism by which the mycobacterium is able to survive macrophage killing is not yet 

completely understood, although several mechanisms have been hypothesized such as the 

inhibition of phagosome-lysosome fusion or inhibition of phagosome acidification29-31.  

In a majority of cases, the infection is latent and the infected person does not 

exhibit any symptoms. The active infection generally presents the following symptoms: 

chest pain, cough (often with blood and sputum), fever, fatigue, weight loss, loss of 

appetite, and night sweats. Active TB leads to the eventual formation of granulomas 

within the lungs. The Mantoux tuberculin skin test, blood testing, sputum smear 

microscopy or chest radiography can be used to diagnose a TB infection. 

In some rare cases (about 10 % of the new cases diagnosed in 2012), infected 

macrophages travel to other organs, resulting in an extrapulmonary TB26. 
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1.1.3 Treatments 

In the 1920’s, a vaccine called bacillus Calmette-Guerin or BCG was developed32. 

This vaccine was derived from a non-pathogenic strain of Mycobacterium bovis (M. 

bovis). The BCG vaccine is usually used as prevention against TB and is distributed for 

infants, but it does not treat the disease once a person is infected. No other vaccine has 

been approved for human use since. 

Later, TB was treated with streptomycin16, 17. However, strains resistant to 

streptomycin emerged very quickly17. Following this failure, new antibiotics were 

discovered and used to treat TB. These drugs and their targets are summarized in table 1-

1. These drugs are commonly classified into three groups: first-line, second-line and 

third-line drugs. The typical treatment regimen includes isoniazid (INH), rifampicin 

(RMP), ethambutol (EMB) and pyrazinamide (PZA). Second-line drugs include 

aminoglycosides (amikycin, kanamycin, etc.), polypeptides (capreomycin, viomycin, 

etc.), thioamides (ethionamide) or fluoroquinolones (levofloxacin, ofloxacin, etc.). Some 

examples of third-line drugs are thioacetazone, macrolides or clofazimine. TB treatments 

generally last from 6 to 9 months. Second-line drugs are used when a patient does not 

respond to the first-line treatment. However, these drugs often exhibit increased toxicity 

and lower efficiency than the first-line, leading to longer, riskier treatment duration33, 34. 

The third-line drugs are not often used because their efficacy has often not been proven. 

It is notable that all the drugs used to treat TB have been discovered in the 1950’s 

and 1960’s. No new major drug has been brought to the market since the 1970’s. With 

the emergence of major challenges that will be discussed in the following section, current 
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research is focusing on the discovery of new drug targets and new drugs to use in the 

treatment of TB. 

 

Table 1-1: First-line and second-line drugs currently used in TB treatment regimen. 
Adapted from Zumla et al., Nat. Rev. Drug Discov., 20131. 

Drug (Year of 
discovery) 

Target Inhibits 

First-line drugs   
INH (1952) Enoyl-[acyl-carrier-

protein]reductase 
Mycolic acid biosynthesis2, 3 

RMP (1963) RNA polymerase, β subunit Transcription4-6 
PZA (1954)  S1 component of 30S 

ribosomal subunit 
Translation and trans-
translation, acidifies 
cytoplasm7, 8 

EMB (1961) Arabinosyl transferase Arabinogalactan 
biosynthesis9-12 

Second-line drugs   
p-amino salicylic acid 
(1948) 

Dihydropteroate synthase Folate biosynthesis13-15 

Streptomycin (1944) S12 and 16S rRNA 
components of 30S 
ribosomal subunit 

Protein synthesis16-18 

Ethionamide or ETH 
(1961) 

Enoyl-[acyl-carrier-
protein]reductase 

Mycolic acid biosynthesis2, 

19, 20 
Ofloxacin (1980) DNA gyrase and DNA 

topoisomerase 
DNA supercoiling21 

Capreomycin (1963) Interbridge B2a between 
30S and 50S ribosomal 
subunits 

Protein synthesis22 

Kanamycin (1957) 30S ribosomal subunit Protein synthesis24 
Amikacin (1972) 30S ribosomal subunit Protein synthesis22 
Cycloserine (1955) D-alanine racemase and 

ligase 
Peptidoglycan synthesis25 
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1.1.4 Challenge of drug resistance and co-infection with HIV 

Treatment for TB typically lasts 6 to 9 months and requires the combination of 

several drugs. As mentioned previously, TB affects mainly developing countries, most 

notably Africa and South-East Asia, where access to healthcare or treatment is often 

difficult26. Patient noncompliance leads to the emergence of drug-resistance such as 

multidrug-resistant TB (MDR-TB) and extensively drug-resistant (XDR-TB). MDR-TB 

strains are resistant to INH and RMP at least while XDR-TB strains are resistant to these 

first-line drugs in addition to several of the second-line drugs. Recently, totally drug-

resistant strains have been discovered, and such strains do not respond to any known 

treatments35. The WHO reported an estimated 450,000 cases of MDR-TB and 170,000 

deaths from MDR-TB in 201226. Treatment of MDR-TB was successful for only 48 % of 

the cases. The WHO estimates that 9.6 % of MDR-TB cases exhibit XDR-TB.  

Another challenge to account for the difficulty to eradicate completely is the co-

infection with HIV. Among the 8.6 millions persons who developed TB in 2012, the 

WHO estimates that 13 % were HIV-positive26. Additionally, patients infected with HIV 

accounted for 25 % of the deaths. Patients co-infected with HIV and TB possess a higher 

risk of developing active TB due to their weakened immune systems26, 36. Most of the 

anti-retroviral drugs used in the treatment of HIV are not compatible with certain TB 

treatments37-39.  

Taken together, these facts emphasize the necessity to discover new drug targets 

and identify new antitubercular compounds. 
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1.2 Characterization of M. tb 

1.2.1 M. tb organism  

Dr. Robert Koch discovered M. tb, the rod-shape bacterium responsible for most 

of the TB cases, in 188240. It is a gram-positive and acid-fast bacilli that is very slow-

growing, with a division rate of 12 to 24 hours41. Mycobacterium belongs to the order of 

Actinobacteria that also includes Corynebacterium and Streptomyces for instance42.  

M. tb is part of the Mycobacterium tuberculosis complex that includes diverse 

mycobacteria such as M. tb, M. bovis, Mycobacterium africanum, Mycobacterium 

caprae, Mycobacterium canettii, Mycobacterium microti and Mycobacterium pinnipedii1. 

M. tb only infects human and shares 99.95 % identity with M. bovis, which causes TB in 

cows, but rarely in humans43. M. tb is derived from the strain M. canetti44. The organism 

is characterized by its cell wall that confers many unique properties45. For instance, the 

cell envelope forms a hydrophobic barrier that prevents the entry of many antibiotics. 

Additionally, the different cell wall components participate in the recognition of M. tb by 

the macrophages27, 46, 47. 

 

1.2.2 Description of the mycobacterial cell wall (text reproduced from 

Favrot et al., Expert Rev. Anti Infect. Ther., 201223) 

The mycobacterial cell envelope contains three covalently linked macromolecules 

(peptidoglycan, arabinogalactan, and mycolic acid) referred to as mycolyl-

arabinogalactan-peptidoglycan complex (mAGP), as well as free glycolipids that are not 

covalently attached to the mycobacterial cell wall but associate with or are a part of the 
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mycobacterial outer membrane (MOM)48-51. The peptidoglycan abbreviated as PG is 

formed with repeating N-acetyl-β-D-glucosaminyl-(1→4)-N-glycolylmuramic acid. The 

PG is cross-linked via an L-alanyl-D-isoglutaminyl-meso-diaminopymelyl-D-alanine 

tetrapeptide attached to the muranic acid residues. The arabinogalactan (AG) consists of 

covalently coupled homogalactan and homoarabinan polymers52. In the homogalactan, β-

D-galactofuranose units are linked alternatively through C-5 or C-6. The reducing residue 

of the galactan is linked to the PG through a phosphoryl-N-acetylglucosaminosyl-

rhamnosyl linkage. The branched arabinan chains containing α-D-arabinofuranosyl 

(Araf) are attached through the reducing end to C-5 of the β-D-galactofuranose units. The 

arabinan domain is arranged with different α(1→5), α(1→3) and β(1→2) Araf linkages. 

A branched hexaarabinofuranosyl structure is located at the non-reducing terminus of the 

arabinan polymer: two-thirds of the Araf hexasaccharide residues are esterified to 

mycolic acid, which are α-alkyl, β-hydroxy fatty acids that consist of a saturated, 20-26 

carbon α-branch and a meromycolic acid moiety (chain up to 60 carbon atoms) that 

contain different functional groups such as ethoxy, methoxy, keto groups 

(methoxymycolates or ketomycolates) or cyclopropane rings (α-mycolates)50. The α-

mycolates are the most abundant type found in M.tb. The mycolates esterified to the 

arabinan form the inner leaflet of the MOM. 

Free glycolipids are important components of the mycobacterial cell wall. Among 

them can be found trehalose dimycolate (TDM, often referred as cord factor), trehalose 

monomycolate (TMM), phosphatidylinositol mannosides, sulfolipids, phenolic 

glycolipids and phthiocerol dimycocerosate53. These lipids interact with the mycolyl 

moiety of the mAGP skeleton forming a bilayer that functions as a formidable 
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permeation barrier. Another major glycolipid is the lipoarabinomannan (LAM). LAM is a 

polysaccharide chain containing Araf and mannopyranosyl residues that spans the MOM 

and the AGP terminating in a phosphatidylinositol-diacylglycerol moiety that is 

embedded in the cytoplasmic membrane. At the non-reducing end of LAM is a 

hexasaccharide moiety that, contrary to the AG, lacks any mycolic acid elaboration. 

ManLAM or mannose-capped lipoarabinomannam is a variant of LAM that appears to be 

involved in the host immune response54. The merging of the MOM and the mAGP 

creates an extremely efficient permeability layer embedded with a growing list of 

possible porin proteins and other predicted outer membrane proteins55. A schematic 

representation of the mycobacterial cell wall is given in figure 1-1. 

 

Figure 1-1: Scheme of the mycobacterial cell wall. Adapted from Favrot et al., Expert 
Rev. Anti Infect. Ther., 201223. LAM: lipoarabinomannan; P: phosphate; PDIMs: 
phthiocerol dimycocerosates; PGLs: phenolic glycolipids; TDM: trehalose dimycolate. 
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1.2.3 Significance of the mycobacterial cell envelope as a drug target 

(part of this text reproduced from Favrot et al., Expert Rev. Anti Infect. 

Ther., 201223) 

The low permeability of the cell wall appears to be essential for the mycobacterial 

survival in the host. Since the hydrophobic nature of the outer cell membrane forms an 

impermeable barrier that prevents the entry of potential antibiotics into the bacterial cell, 

penetrating the mycobacterial cell wall with anti-TB drugs is a major challenge in TB 

treatment56. Therefore, enzymes involved in the biosynthesis of these different 

mycobacterial cell wall components, as well as the enzymes necessary for the attachment 

of those components, are potentially excellent drug targets. Several current anti-

tubercular drugs-including INH, EMB and ETH-inhibit enzymes involved the cell wall 

biosynthesis (Table 1-1) but with the appearance of M. tb strains resistant to these 

antitubercular drugs, it is necessary to find new ones. 

Numerous research articles published over the past two decades describe efforts 

to identify new drugs and define their mechanism of action, as well as to discover 

compounds capable of inhibiting them23, 57, 58. Several compounds targeting enzymes 

involved in the biosynthesis of cell wall components or proteins that transport those 

components are currently in clinical trials (SQ109, OPC-67683, PA-824, BTZ043) 59-62. 
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1.3 Overview and significance of the different projects 

1.3.1 Antigen 85 complex 

The Antigen 85 complex includes three proteins that function as 

mycolyltransferases. They are important enzymes that contribute to the biosynthesis of 

cell wall components. More specifically they attach the mycolic acids to either the AG or 

to TMM. A fluorescent-based assay developed in our laboratory lead to the identification 

of an inhibitor of the complex, ebselen. Chapter 2 describes the efforts in understanding 

the mechanism of action of ebselen on the Antigen 85 complex. Based on mass 

spectrometry and X-ray crystallography experiments, ebselen appears to be a covalent 

inhibitor that modifies a conserved cysteine in the complex and triggers a conformational 

change in the structure of the enzymes, leading to inactivation of the complex. Chapter 3 

illustrates how covalent modification or mutation of this cysteine residue triggers the 

enzyme to adopt an inactive conformation.  

 

1.3.2 Citrate Synthase 

Citrate synthase is an enzyme that plays a role in the first step of the citric acid 

cycle and is found in nearly all living cells. The enzyme converts acetyl-CoA and 

oxaloacetate to citrate and coenzyme A. Little is known about the M. tb citrate synthase 

except that based on bioinformatics analysis, the enzyme would be a citrate synthase type 

II. A type II enzyme exhibits an extra N-terminal β-sheet domain and in some cases, the 

enzyme may be allosterically inhibited by nicotinamide adenine dinucleotide. Chapter 4 
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describes the efforts to gain more insights about M. tb citrate synthase by solving the 

crystal structure of the enzyme and developing an absorbance-based assay. 

 

1.3.3 Enhanced intracellular survival protein 

The enhanced intracellular survival protein is known to play a role in modulating 

the immune response and autophagocytosis in macrophages following infection by M. tb. 

Based on bioinformatic analysis, the enzyme appears to be an acetyltransferase that 

catalyses the transfer of an acetyl moiety from acetyl-CoA to another unknown substrate. 

However, no studies to date have succeeded in unambiguously identifying its molecular 

function in pathogenesis. Chapter 5 describes the efforts to solve the crystal structure of 

the enhanced intracellular survival protein and to identify its co-substrate(s) using 

profiling experiments and mass spectrometry. 
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Chapter 2 

Characterization of the inhibitory mechanism of Ag85 
complex by ebselen 
 

 

2.1 Background 

2.1.1 Antigen 85 complex function 

The M. tb antigen 85 complex is composed of three proteins, Ag85A, Ag85B and 

Ag85C, encoded by the fbpA, fbpB and fbpC genes, respectively. All three enzymes share 

between 68 and 80 % sequence similarity. Each protein contains a N-terminal signal 

sequence that allows them to be secreted.  Ag85B is the major secreted protein present in 

M. tb63.  

Using a radiometric assay, Belisle and coworkers demonstrated that the three 

proteins are mycolyltransferases: the antigen 85 enzymes catalyze a transesterification 

reaction to produce trehalose dimycolate (TDM) from trehalose monomycolate (TMM)64. 

Additionally, research by Jackson et al. established that the inactivation of fbpC results in 

a 40 % decrease of the cell wall-bound mycolic acids, suggesting that Ag85C is involved 

in the esterification of the AG complex65. However, Ag85C does not appear to be specific 

to a particular type of mycolic acid. The activity of Ag85C was also confirmed with the 

use of synthetic substrates66. Another study indicated that knockout of fbpA leads to a 45 
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% reduction of TDM production but does not affect the cell wall-bound mycolic acids67. 

More recently, research by Matsunaga and coworkers suggests that Ag85A participates in 

the glucose monomycolate biosynthesis in Mycobacterium avium68. The role of Ag85B in 

the cell wall biosynthesis remains unclear69. Figure 2-1 summarizes the role of each Ag85 

enzyme. 

The structures of all three Ag85 proteins have been solved70-72. The three enzymes 

display an α/β-hydrolase fold and a conserved catalytic triad. The crystal structure of 

Ag85C revealed that the transfer of mycolic acids is carried out through a ping-pong 

 

Figure 2-1: Roles of the different Ag85 enzymes. Ag85A appears to be involved in the 
TDM production while Ag85C participates in the transfer of mycolic acids to the AG 
complex. The role of Ag85B remains unclear. Adapted from Favrot et al., Expert Rev. 
Anti Infect. Ther., 201223. 
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mechanism70. S124 serves as a nucleophile that attacks the carboxyl carbon of TMM 

leading to the formation of an acyl-enzyme intermediate, whereas H260 and 

hypothetically E228 assist the nucleophilic attack by playing the role of general bases. 

Then a second molecule of TMM binds in the carbohydrate-binding pocket of Ag85C 

and attacks the acyl-enzyme intermediate, resulting in a tetrahedral transition state. The 

protonation of S124 triggers the release of TDM (Figure 2-2). Site-directed mutagenesis 

of S124 confirmed the role of the residue, as a S124A mutant disrupts the production of 

TDM or any other acylated product64. 

 

 

Figure 2-2: Ag85C structure and mechanism. A) Cartoon representing Ag85C 
structure (PDB 1DQZ). The catalytic triad residues (S124, E228 and H260) are 
represented with sticks. The hydrogen-bonded network is displayed between the three 
residues involved in the Ag85C mechanism. B) Scheme representing the catalytic 
mechanism of Ag85 enzymes. 
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2.1.2 Antigen 85 complex as a validated drug target 

All three enzymes exhibit a similar active site structure and share the same 

mycolic acid donor70-72. Hence, a single molecule should inhibit all three Ag85 enzymes. 

Furthermore, the fbp genes appear to be synthetically lethal; no viable double knockout 

has been observed previously. Consequently, the risk of developing drug resistance is 

minimized since the probability to have mutations arising coincidentally in two different 

fbp genes to promote resistance to a single drug is very low.  

Additionally, the secreted Ag85 enzymes are located in the periplasmic space and 

thus are more accessible to drugs; therefore, the probability of rejection of a drug from 

the cell by efflux pumps or chemical modifications when the drug passes through the 

membrane is minimized73.  

Research by Jackson and co-workers showed that a M. tb strain containing a 

deletion mutant of fbpC is more permeable to hydrophobic and small hydrophilic 

molecules such as glycerol65. More recently, Nguyen et al. demonstrated that knockout of 

fbpA increased the sensitivity of M. tb to both broad-spectrum antibiotics and diverse 

antitubercular drugs, in particular erythromycin, imipenem, rifampin or vancomycin67. 

Moreover, the decrease in mycolyltransferase expression promotes the bacterial 

sensitivity to INH74. 

Taken together, these data validate the Ag85 complex as drug target. Targeting 

the Ag85 enzymes increases the permeability of the cell wall and facilitates the entrance 

of other antibiotics inside the cell. Thus, a drug targeting these enzymes could be used in 

a combination regimen to improve the efficacy of other drugs. 
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2.1.3 Research aims 

As a validated drug target, the search for Ag85 inhibitors has been pursued over 

the years. First, the assay developed by Belisle and coworkers was used to screen 

libraries of either substrate-based compounds75-78 or transition state analogs79-81. 

However, this assay utilizes radioactive [14C]-trehalose and extracted TMM and is not 

reliable at a high-throughput level. In 2009, Boucau et al., as well as Elamin et al., 

developed high-throughput assays82-84. Nonetheless, these assays exhibit limitations due 

to problems with lipid solubility, assay precision or reproducibility. More recently, a 

label-free assay using electrospray ionization mass spectrometry was used to determine 

kinetic parameters, as well as to design and test a selective covalent inhibitor of the Ag85 

complex85. However, the process is not high-throughput and the identified compound 

displays some cytotoxicity. Finally, Warrier et al. identified I3-AG85, a new inhibitor of 

Ag85C among a library of 5000 synthetic fragments86. The inhibitor exhibits activity 

against drug-resistant strains of M. tb. However, the determined MIC (200 µM against M. 

tb H37Rv and diverse drug-resistant strains) is still high and further improvements are 

necessary. 

Hence, the search for potent inhibitors of the Ag85 complex is still ongoing. Our 

laboratory developed a more robust, reproducible and high-throughput assay in order to 

identify new inhibitors of the Ag85 complex87, 88. This fluorescent-based assay utilizes 

resorufin butyrate as an acyl donor and trehalose as an acyl acceptor (Figure 2-3). Once 

Ag85C transfers the butyrate chain to trehalose, resorufin, a fluorescent compound (λexc = 

500 nm; λem = 590 nm), is released; by monitoring the fluorescence, the activity of 

Ag85C can be measured.  The assay provided a Z’ value of 0.82, validating the assay for 
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high-throughput screening89. The screening of the NIH Clinical Collection performed by 

Dr. Daniel Lajiness led to the identification of a selenazole compound, ebselen, as a 

potent inhibitor of the Ag85 complex87. Dose dependence revealed a Ki of 63 nM. 

However, the mechanism of Ag85 inhibition was initially unclear. 

 

 

The aim of this research was to characterize the mechanism of inhibition of the 

Ag85 complex by ebselen. To this purpose, mass spectrometry, X-ray crystallography, 

site-directed mutagenesis and enzymatic assays were utilized.  

 

 

Figure 2-3: Ag85C fluorescent-based assay. In presence of Ag85C, the butyrate chain 
is transferred from resorufin butyrate to trehalose, leading to the release of resorufin, a 
fluorescent molecule (λexc = 500 nm; λem = 590 nm). 
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2.2 Experimental procedures 

2.2.1 Molecular cloning 

The molecular cloning of the M. tb fbpA/B and C genes encoding respectively the 

secreted portion of Ag85A/B and C was carried out by Dr. Julie Boucau83, 90. Briefly, the 

genes fbpA and B were inserted between NdeI and BamHI restriction sites in a pET28 

plasmid (EMD biosciences), allowing a cleavable N-terminal poly-histidine tag. The 

segment of fbpC was ligated into a pET29 plasmid (EMD biosciences) between the NdeI 

and XhoI restriction sites. The construct contains a non-cleavable C-terminal poly-

histidine tag.  

Mutants of Ag85C (C209G, C209S, C209F, and C209A) were obtained using 

site-directed mutagenesis. Site directed mutagenesis was carried out using the construct 

pET29-fbpC as a template, as well as the primers and their respective complements 

described in Table 2-1 (Integrated DNA Technology). The mutations were confirmed by 

DNA sequencing (Eurofins MWG Operon). 

 

 

Table 2-1: Primers used for site-directed mutagenesis on pET29-fbpC. *The C209S 
mutant was obtained by Dr. Julie boucau. 

C209G GGATCTGGGTGTACGGCGGTAACGGCACA 

C209S* CGGATCTGGGTGTACAGCGGTAACGGCACACCC 

C209F CCGGATCTGGGTGTACTTCGGTAACGGCAC 

C209A CGGATCTGGGTGTACGCCGGTAACGGCACACC 
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2.2.2 Protein purification of Ag85s and mutants 

The different plasmids were used to transform T7 express E. coli cells (New 

England BioLabs). Bacterial cells were cultured at 37 °C in Luria Broth (Research 

Products International) to an OD600nm of 0.6. Isopropyl β-D-1-thiogalactopyranoside (1 

mM, IPTG) was added to induce protein expression and the incubation temperature was 

decreased to 16 °C. The bacterial cells were harvested after 36 hours induction using 

centrifugation. The pelleted cells were resuspended into 20 mM Tris pH 8.0, 25 mM 

imidazole and 5 mM β-mercaptoethanol (β-Me). Then, cell lysis was performed by 

addition of lysozyme (Hampton Research) and DNase I (Roche), and a sonication step 

was also included (Sonicator 3000, Misonix). Nickel affinity and anion exchange 

chromatography were carried out (Figure 2-4). In some cases, size exclusion 

chromatography was used as a polishing step. 

The protein was concentrated using an ammonium sulfate precipitation step (2.6 

M and 2.8 M for Ag85C and Ag85A/B respectively). The pelleted protein was 

resuspended into either crystallization buffer (10 mM Tris pH 7.5, 2 mM EDTA and 1 

mM dithiothreitol (DTT)) or assay buffer (50 mM sodium phosphate pH 7.5, 1 mM 

DTT). The sample was dialyzed overnight against the respective buffers.  

Absorbance spectroscopy at a wavelength of 280 nm was used to determine the 

enzyme concentration. The theoretical extinction coefficients of the different proteins 

were calculated with the ProtParam function from the ExPASY proteomics server91. 
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Figure 2-4: Purification of Ag85C. A) Chromatogram from nickel affinity purification 
of Ag85C. B) Chromatogram from anion exchange purification of Ag85C. The blue 
line corresponds to the absorbance monitored at 280 nm while the green line 
represents the concentration of buffer B (higher concentration in imidazole). The 
brown line corresponds to the conductivity measured. 
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2.2.3 Ag85C fluorescence-based assay 

The activity of Ag85C and its different mutants was tested using a fluorescence-

based assay88. Resorufin butyrate, a fluorescent compound (Santa Cruz Biotechnology), 

was used as an acyl donor whereas trehalose was used as an acyl acceptor. All reactions 

were performed in 50 mM sodium phosphate pH 7.5. Trehalose was dissolved in the 

reaction buffer while a 10 mM stock solution of resorufin butyrate was prepared using 

DMSO. The reactions were performed in triplicate at 37 °C on a Synergy H4 Hybrid 

Reader (BioTek) using 500 nM Ag85C or the tested mutants, 4 mM trehalose and 100 

µM resorufin butyrate. Resorufin butyrate was added last to initiate the reaction. Analysis 

of the data was carried out using Prism 5 software.  

Iodoacetamide (AK Scientific Inc), abbreviated as IAA, was used as an alkylating 

agent. The alkylation reactions were performed using concentrations from 2.6 mM to 

51.2 mM. The activity of the alkylated enzyme was tested after 1 hour and 24 hours 

incubation, using the assay described above. A control reaction with a non-alkylated 

enzyme was run in parallel. 

A time course experiment was performed using 5 µM ebselen (Cayman Chemical 

Company) and similar conditions to the ones described earlier. Additionally, a library of 

ebsulfur derivatives was tested using similar conditions as described. The compounds 

were incubated for 15 minutes with Ag85C prior to starting the reaction with the addition 

of resorufin butyrate. The dose-dependence experiments were carried out in triplicate 

reactions. 
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2.2.4 Mass spectrometry 

The different samples (Ag85A, Ag85B, Ag85C and Ag85C-C209S) were buffer 

exchanged against 10 mM ammonium acetate pH 7.0 to a concentration of 0.5 mg/mL 

using a 3 kDa ultrafiltration device (Millipore). The protein samples were incubated with 

200 µM ebselen (10 mM stock solution of ebselen prepared in DMSO) for 2 hours on ice. 

After one hour, half of the sample containing Ag85C and ebselen was treated with 1 mM 

DTT and incubated for an hour. A control reaction was also performed in which DMSO 

(final concentration of 2%) was added to Ag85C. In order to remove the excess ebselen, 

the samples were again buffer exchanged three times with the same buffer previously 

mentioned. Finally the protein complexes were diluted using a solution containing 

acetonitrile/water (1:1, v/v) and 0.1 % formic acid to a concentration of 0.1 mg/mL. Each 

reaction was analyzed on an ESI Q-TOF Micro mass spectrometer (Waters) in positive 

ion mode. MassLynx software (Waters) was used to acquire and analyze the ESI-MS 

data. 

For peptide fingerprinting experiments, in-solution trypsin digestion was carried 

out using sequencing-grade trypsin (Promega) following standard procedures provided by 

Promega guidelines. Peptide mass fingerprinting was carried on a MALDI-TOF/TOF 

mass spectrometer (Brucker Daltonics). α-Cyano-4-hydroxycinnamic acid (CHCA, 

Acros Organics) was dissolved in acetonitrile/water (1:1, v/v) and 0.1 % formic acid and 

used as a matrix. The data were analyzed using MASCOT server.  

An alkylation reaction using 38 mM IAA was performed. In-solution trypsin 

digestion was performed with sequencing-grade trypsin and analysis of the tryptic 

peptides were analyzed as previously described.  
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2.2.5 Crystallization 

The crystals were grown using the hanging-drop vapor diffusion technique. The 

protein samples dialyzed against the crystallization buffer described in section 2.2.2 were 

concentrated to 5 mg/mL. The initial crystallization experiments use the index screen 

purchased from Hampton Research. Ag85C was incubated with 200 µM ebselen (10 mM 

stock dissolved in DMSO) for 2 hours on ice. The crystal of Ag85C co-crystallized in the 

presence of ebselen was grown in 25 % w/v PEG 1500 while Ag85C-C209S was 

crystallized against a well solution of 0.1 M bis-tris pH 6.5 and 25 % w/v PEG 3350. 

Both crystals formed after one month. 

Crystals were flash-cooled in liquid nitrogen before data collection. Diffraction 

data were collected at the LS-CAT beamline at the Advance Photon Source Argonne 

National Laboratory (APS-ANL, IL). 

 

2.2.6 Structure determination 

X-ray data were indexed, integrated and scaled using HKL200092. Molecular 

replacement was carried out using Evolutionary Program for Molecular Replacement 

(EPMR)93, 94. The structure of native Ag85C (PDB 1DQZ) was used as a model70. The 

refine tool in PHENIX was used to perform rigid body refinement, simulated annealing, 

positional and B-factor refinements95.  Finally, the models were manually corrected using 

COOT96.  
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2.3 Results and Discussion  

Most of the figures from this section are reproduced from Favrot et al., Nat. 

Commun., 201388. 

 

2.3.1 Ebselen as a potent Ag85C inhibitor in vitro and in vivo 

Ebselen was identified as a potent inhibitor of the Ag85 complex based on the 

fluorescent-based assay (Ki = 63 nM). Lu et al. demonstrated the antimycobacterial 

activity of ebselen against M. tb drug-sensitive and drug-resistant strains97.  

A Kirby-Bauer disk diffusion assay was carried out. This assay allows us to 

ascertain whether or not bacteria are susceptible to a particular antibiotic. Mycobacterium 

smegmatis (M. smegmatis), a non-pathogenic bacterium used as a model for M. tb, was 

spread onto an agar plate containing carbenicillin antibiotic (0.1 mg/mL). Then, paper 

disks impregnated with varying amounts of ebselen are placed on the surface of the agar. 

One of the disks contains only DMSO and serves as a control. If M. smegmatis is 

susceptible to the compound, growth inhibition should be observed around the disk.  

Growth inhibition in presence of ebselen was observed and exhibited dose-

dependence (Figure 2-5-A). Ebselen was also tested on E. coli but the growth was not 

inhibited (Figure 2-5-B). Thus, ebselen appears to specifically inhibit the growth of 

mycobacteria.  
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With the collaboration of Dr. Anna Grzegorzewicz from Dr. Mary Jackson’s 

laboratory, the selenazole compound was tested using an orthogonal assay for all three 

enzymes. Dr. Grzegorzewicz performed the same radiometric mycolyltransferase assay 

developed by Belisle et al.64, 88. The mycolyltransferase activity of Ag85C was measured 

in presence of [U-14C]-trehalose, TMM and either 0 or 10 µM ebselen; the radiolabeled 

substrates and products were visualized on TLC plates and the amounts of each were 

determined by autoradiography. The reaction containing ebselen displays clear inhibition 

of TDM production. Similar results were obtained with Ag85A and Ag85B, confirming 

the inhibition of the Ag85 complex by ebselen. Then, a resazurin-based growth assay was 

carried out; the determined minimum inhibitory concentration (MIC) of ebselen against 

 

Figure 2-5: Kirby-Bauer diffusion disk assay. A) The zone of M. smegmatis growth 
inhibition is larger as the amount of ebselen (EBS) increases. B) Ebselen does not 
inhibit the growth of E. coli. 
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M. tb mc26206 was found to be 20 µg/mL, a result similar to the MIC published by Lu et 

al. against both M. tb drug-resistance and drug-sensitive strains97. 

Based on the determined MIC, Dr. Grzegorzewicz monitored the effect of ebselen 

treatment on [14C]-acetate incorporation into TMM, TDM and cell wall-bound mycolic 

acids (MAMEs, mycolates esterifying the AG complex). Ebselen clearly inhibits the 

production of TDM (60 % decrease) and cell wall-bound mycolic acids (50 % reduction), 

but does not seem to affect TMM biosynthesis. This result suggests that the Ag85 

complex is the target of ebselen in vivo as TDM and mAG production is inhibited in by 

the application ebselen. Data are presented in Favrot et al., Nat. Commun., 201388. 

 

2.3.2 Ebselen binds covalently to C209 of Ag85C 

The identification of ebselen as an inhibitor of Ag85C was intriguing. Indeed, the 

chemical structure of ebselen does not resemble any of the substrates, products or 

transition states of the Ag85 complex. Ebselen is known to present glutathione 

peroxidase-like activity98-102 and can inhibit diverse enzymes such as NO synthases103, 

dimethylarginine dimethylaminohydrolase104, diguanylate cyclase105, inositol 

monophosphatase106, heme enzyme indoleamine 2,3-dioxygenase107, etc. Ebselen was 

tested through phase 1-3 clinical trials to treat strokes108, 109. Ebselen has also been shown 

to trigger DNA damage responses110 and reactive oxygen species (ROS) cytotoxicity111.  

Recently, Xu et al. demonstrated the ability of ebselen to form a stable and 

specific selenenylsulfide bond with thiols112. Ag85C possesses one cysteine (C209) 

positioned on β-strand β7 near the active site. However, the cysteine does not participate 
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in catalysis. We hypothesized that the inhibitor effect of ebselen on Ag85C is a result of 

covalent modification of C209 (Figure 2-6). 

 

To ascertain whether or not ebselen reacts and forms a covalent bond with 

Ag85C, the enzyme was incubated with ebselen for two hours and the sample was 

subjected to electrospray ionization mass spectrometry (ESI-MS) under denaturing 

conditions. Any unreacted ebselen was removed by buffer exchange using ultrafiltration 

prior to performing the MS experiment. A control reaction in which only DMSO was 

added to a sample of Ag85C was also carried out. The deconvoluted mass spectra 

between the control reaction and the sample display a mass difference of 274.0 Da 

(Figure 2-7), which corresponds to one ebselen molecule (average molecular mass of 

274.18). The shift in mass highlights the formation of a covalent complex between 

ebselen and the enzyme. 

 

Figure 2-6: Hypothetic mechanism of Ag85C inhibition by ebselen 
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Contrary to Ag85C, Ag85A and Ag85B each contain three cysteine residues. One 

cysteine is conserved in all three enzymes and is located at position 209 in Ag85C or 211 

in Ag85A and B while the two additional cysteine residues found in Ag85A and B form 

an intramolecular disulfide bond. Samples of Ag85A and B incubated with ebselen were 

also subjected to ESI-MS and compared to control reactions without ebselen. The 

experiment shows that both enzymes were covalently modified at a single site (Figure 2-

8). These data suggest that ebselen modifies all three enzymes in a similar manner at 

position 209 or 211, and does not disrupt the disulfide bond found in Ag85A and B.  

 

Figure 2-7: Modification of Ag85C by ebselen. Deconvoluted mass spectra of Ag85C 
with (right) or without (left) display a shift of 274.0 Da, corresponding to one ebselen 
molecule. 
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Figure 2-8: Modification of Ag85A and Ag85B by ebselen. A) Intact mass of Ag85A 
with (right) or without  ebselen (left). B) Intact mass of Ag85B with (right) or without  
ebselen (left). 
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To further strengthen the hypothesis that ebselen modifies Ag85C at C209, two 

other experiments were carried out. First, the same experiment as previously described 

was performed with a cysteine to serine mutant at position 209. If ebselen reacts with a 

cysteine as hypothesized, it should not modify covalently this mutant in which the 

cysteine was replaced with a serine. The Ag85C-C209S mutant does not exhibit any 

change in its intact mass when incubated with ebselen (Figure 2-9), indicating that 

ebselen does not modify Ag85C-C209S. This experiment suggests that the covalent 

modification of Ag85C by ebselen occurs at C209. Additionally, peptide fingerprinting 

was carried out on a sample of Ag85C incubated with ebselen and another sample 

incubated with DMSO as a control. A shift in the mass corresponding to one ebselen 

molecule was observed in the peptides harboring the cysteine residue (Table 2-2). 

 

Figure 2-9: Deconvoluted mass spectra of Ag85C-C209S with (right) or without ebselen 
(left). No mass shift was observed between the two samples, confirming that C209 is the 
residue modified by ebselen.  
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The formed selenenylsulfide bond results from C209 oxidation by ebselen. For 

this reason, the covalent complex formation should be reversible when subjected to a 

reducing agent such as DTT. A sample of Ag85C modified by ebselen was reacted with 1 

mM DTT. The sample was then subjected to ESI-MS under denaturing conditions. The 

deconvoluted mass spectrum displays two peaks: the lowest peak corresponds to the 

Ag85C-ebselen covalent complex while the most intense peak exhibits a decrease in mass 

corresponding to the loss of one ebselen molecule from the covalent complex (Figure 2-

10). The reversibility of the reaction under reducing conditions suggests that the ebselen 

target is more likely to take place in an oxidizing environment, such as the extracellular 

environment or the periplasmic space, rather than in the reducing environment of the 

cytoplasm. This data supports again that the Ag85 complex is a likely target of ebselen in 

vivo. 

Table 2-2: Peptide mass fingerprinting of Ag85C incubated with DMSO or ebselen. 
The m/z values provided correspond to monoisotopic singly-charged ions. A shift in 
mass (*) was observed for the sample covalently modified by ebselen (monoisotopic 
mass = 274.98). n/o: not observed. 
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2.3.3 C209 modifications lead to a significant loss in Ag85C activity 

To determine the effect of the covalent modification on Ag85C enzymatic 

activity, the samples of Ag85C incubated with either DMSO or ebselen for the purpose of 

ESI-MS were assayed using the fluorometric assay previously described. As a reminder, 

all excess ebselen was removed using buffer exchange and ultrafiltration, meaning that 

 

Figure 2-10: Deconvoluted mass spectrum of Ag85C-ebselen treated with DTT. The 
most intense peak corresponds to wild-type Ag85C, indicating the reduction of the 
covalent complex by DTT. 
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only ebselen covalently attached to C209 is present in the sample. A control reaction 

lacking enzyme was also carried out. The reactions were performed in triplicate to ensure 

reproducibility, and activity was normalized to wild-type Ag85C. The covalent complex 

exhibited less than 10 % activity compared to the wild-type enzyme (Figure 2-11, bars 1 

and 2). 

To assess if the reduction of the selenenylsulfide bond and consequently the 

reversion of C209 covalent modification by ebselen can rescue enzymatic activity, a 

complex of Ag85C-ebselen lacking enzymatic activity was treated with DTT for 24 

hours. The sample was then assayed using the previously mentioned fluorometric assay. 

Reducing selenenylsulfide bond leads to almost complete recovery of Ag85C enzymatic 

activity (Figure 2-11, bar 3), indicating that the attachment of ebselen to C209 is the 

reason of the inhibition of the enzyme activity. 

 

Figure 2-11: Reversibility of Ag85C inhibition by ebselen. Bars 1 and 2 correspond to 
Ag85C normalized activity without or with ebselen, respectively; bar 3 correponds to 
the sample treated with DTT. Error bars were calculated from triplicate reactions. 
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To further understand if the inhibition of the enzymatic activity is specific to 

ebselen or if any modification at C209 results in enzyme inhibition, Ag85C was modified 

with IAA. IAA is an alkylating reagent that is commonly used to detect thiols in 

biomolecules (Figure 2-12-A). Peptide fingerprinting using in-solution trypsin digestion 

was performed to confirm the modification of C209 (Table 2-3). Tryptic peptides were 

analyzed with MALDI-TOF/TOF mass spectrophotometry. 

 

Ag85C was modified with different amounts of IAA (2.6-51.2 mM) and the 

different samples were assayed after 1 hour and 24 hours incubation using the resorufin 

butyrate assay. As the concentration of IAA increases, a dose dependent effect is 

observed on Ag85 enzymatic activity. At 51.2 mM of IAA, a 60 % decrease in enzyme 

activity was observed after 1 hour incubation whereas 24 hours incubation at the same 

concentration led to 80 % loss in activity (Figure 2-12-B). The inhibition by IAA appears 

less effective than ebselen. Indeed, 5 µM ebselen used to covalently modify Ag85C 

results in 75 % inhibition after 10 min and more than 90 % inhibition of Ag85C activity 

Table 2-3: Peptide mass fingerprinting of Ag85C incubated with IAA. The m/z values 
provided correspond to monoisotopic singly-charged ions. A shift in mass (*) was 
observed for the sample covalently modified by IAA (monoisotopic mass = 57.02). n/o: 
not observed. 
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after 20 min (Figure 2-13). IAA reacts with thiols non-specifically; thus, it was expected 

to observe low levels of modification/inhibition.  

 

 

Figure 2-12: Modification of Ag85C by IAA. A) Scheme of C209 residue modified with 
iodoacetamide. B) IAA dose-dependence after one hour (left) and 24 hours (right) 
incubation. V0’/V0 corresponds to the ratio of the initial velocities for the inhibited 
reaction (V0’) and the uninhibited reaction (V0).  Error bars were calculated from 
triplicate reactions. 

 

Figure 2-13: Time course of Ag85C inhibition by ebselen. Activity was normalized 
to wild-type enzyme. Error bars were calculated from triplicate reactions. Less than 
10 % activity remains after 20 min incubation of Ag85C with ebselen. 
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2.3.4 C209 mutants display a nearly complete loss in Ag85C activity 

M. tb has the ability to easily promote resistance to drugs through missense 

mutations. BTZ043 is an example that illustrates the emergence of M. tb resistance to 

drugs62. BTZ043 is a benzothiazinone compound currently in clinical trials that targets 

DprE1. The latter is a protein part of the heteromeric enzyme named 

decaprenylphosphoryl-β-D-ribofuranose involved in the formation of 

decaprenylphosphoryl-β-D-arabinofuranose (DPA), a key intermediate in the 

biosynthesis of AG and LAM. Recently, BTZ043 was shown to act as a suicide inhibitor 

of DprE1 by forming a covalent adduct with a cysteine (C387) located in the active 

site113-115. The covalently modified cysteine is not involved in the catalysis performed by 

DprE1. M. tb strains resistant to BTZ043 have been discovered; each of these strains 

present a missense mutation to either glycine or serine at the 387 residue. Therefore, it is 

important to look for potential missense mutations at the cysteine codon in the fbp genes. 

To this purpose, site-directed mutagenesis was performed to obtain the following 

single-nucleotide mutants: Ag85C-C209S, Ag85C-C209G and Ag85C-C209F. 

Additionally, following a BLAST search using the M. tb Ag85C (H37Rv strain) 

sequence, a multiple sequence alignment of 564 mycobacterial Ag85 and related proteins 

was carried out. Based on the sequence alignment (Figure 2-14-A), a cysteine residue at 

position 209 is observed in 85 % of the Ag85 enzymes, while a serine residue is found in 

13 % of the cases. An alanine residue is present in 2 % of the sequences. Consequently, 

site-directed mutagenesis was again used to produce the double-nucleotide mutant 

C209A. 



 37 

The different mutants were assayed using the fluorometric Ag85 activity assay 

and their relative enzymatic activities were compared to the wild-type enzyme (Figure 2-

14-B). A reaction using Ag85C and an excess of ebselen was also performed for 

comparison. Each of the mutants displayed a profound loss in activity in vitro. The 

double-nucleotide mutant Ag85C-C209A exhibits the highest level of activity among the 

mutants, but it only retains 10 % of the wild-type Ag85C activity. 

 

 

 Functional redundancy is a phenomenon commonly observed in mycobacteria. 

For instance, the Ag85 complex actually includes four secreted proteins. The fourth 

enzyme, Ag85D, is inactive116-118. For that reason, there is no guarantee that the different 

mutations observed for the Ag85 enzymes among all the mycobacterial strains lead to 

active enzymes; some of them might be redundant proteins lacking any enzymatic 

activity. Interestingly, Ag85D possesses a serine instead of a cysteine at residue 209.  

 

Figure 2-14: Potential mutations of C209 residue and effects on enzymatic activity. A) 
Sequence alignment of 564 mycobacterial Ag85 and related proteins. The residue 209 
is highlighted in blue. B) Comparison of the enzymatic activity for the different 
Ag85C mutants. Activity was normalized to wild-type Ag85C, error bars were 
calculated from triplicate reactions. A reaction of Ag85C modified with an excess of 
ebselen was carried out as a control. 
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Although C209 does not participate directly in the catalysis performed by Ag85C, 

the lack of enzymatic activity for the different mutants leads to the hypothesis that C209 

might play a significant role in the Ag85 activity.  

 

2.3.5 Ebselen disrupts the Ag85C active site structure 

As mentioned previously, all three enzymes display an α/β-hydrolase polypeptide 

fold and a conserved catalytic triad70-72. The latter is formed by residues S124, E228 and 

H260 in Ag85C. The hydrogen-bonded network between the catalytic triad residues 

confers a strained kink in helix α9, which harbours E22870 (Figure 2-15).  

Covalent modification of S124 with a non-specific serine protease inhibitor, 

diethyl-p-nitrophenylphosphate, disrupts the hydrogen-bonded network connecting the 

residues of the catalytic triad and triggers the relaxation of the strained kink in helix α9 

(Figure 2-15)70. An intriguing aspect of this change is the location of C209 relative to the 

kink in helix α9. Residue C209 is located at the C-terminus of β-strand β7 in a buried 

hydrophobic pocket where the C209 side chain residue interacts with the peptide bond 

connecting T231 to L232 via van der Waals interactions. The kink in helix α9 is 

positioned at the peptide bond linking residues T231 and L232. 
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To gain more insights on the structural effects of C209 modification resulting in 

Ag85C inactivation, X-ray crystallography experiments were carried out. Ag85C was co-

crystallized with ebselen, and the structure was solved to 1.35 Å resolution (PDB: 

4MQM). Information about data collection and refinement statistics is displayed in Table 

2-4.  For clarity, the structure will be referred to as the Ag85C-EBS structure for the rest 

of the manuscript. Although the mass spectrometry data clearly demonstrated the 

formation of a covalent adducts between Ag85C and ebselen and the 2Fo-Fc density of 

C209 appears clearly visible, no visible density corresponding to the ebselen moiety was 

observed (Figure 2-16). An interesting fact is that the Ag85C-EBS is isomorphous with 

 

Figure 2-15: Close up view of the Ag85C active site in the native enzyme (PDB: 
1DQZ, grey) and the enzyme covalently modified with diethylphosphate or DEP 
(PDB: 1DQY, green). The residues of the catalytic triad are represented with sticks 
and colored by CPK. The position of C209 is highlighted with an arrow.  
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the Ag85C-mercury crystal structure that was originally used to solve the native 

Ag85C70. In this structure, a mercury atom was covalently attached to residue C209.  

 

Low RMS displacement values for the Cα atoms (0.53 Å) when superimposing 

the Ag85C-EBS structure onto the native Ag85C structure indicate that both structures 

are very similar. However, some differences are noticeable upon closer inspection. As 

mentioned previously, C209 side chain interacts with the strained kink of helix α9 

through van der Waals interactions. More specifically, the side chain interacts with the 

peptide bond between T231 and L232. When C209 is modified by ebselen, the van der 

Waals interaction with the strained kink in helix α9 is lost, leading to a relaxation of helix 

α9 similar to the one observed in Ag85C-DEP70. Indeed, a low RMS displacement value 

for the Cα atoms (0.44 Å) when superimposing Ag85C-EBS and Ag85C-DEP indicates 

 

Figure 2-16: Stereo view for the disordered region observed near the C209 residue. 
The 2Fo-Fc map (blue) was contoured at 1σ. The residues 147-149, 206-235 and 260-
261 are modelled in sticks. The lack of density for the loop region T212-N221 
suggests significant flexibility. The side chain of H260 residue is not resolved. 
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the notable similarity between the two structures. Therefore, the Ag85C-EBS appears 

more similar to the DEP-modified structure than the native Ag85C structure.  

The relaxation of helix α9 promotes the repositioning of residue E228 away from 

H260 and consequently disrupts the hydrogen-bonded network between the catalytic 

triad, leading to an inactive enzyme. In the DEP-modified structure, as S124 is covalently 

modified by DEP, H260 side chain repositions itself to maintain a hydrogen bond with 

E228, and additionally interacts with the side chain of S148 instead of the serine 

nucleophile, residue S12470. Nevertheless, the shift of helix α9 is more exaggerated in the 

Ag85C-EBS structure than in the Ag85C-DEP structure when compared to the native 

form of the enzyme. Steric hindrance due to covalent modification of C209 by ebselen 

can explain the larger shift (Figure 2-17). As a result, the Cα for residue E228 has shifted 

6.1 Å from its original position in the native Ag85C structure and the hydrogen bond 

between E228 and H260 is broken. This phenomenon promotes disorder in the H260 side 

chain (Figure 2-16). The B-factor for H260 Cγ is 36.4 Å2, which is much higher than for 

previous Ag85C structures (14.7 Å2 in average).  

Another significant difference between the Ag85C-EBS and the native or the 

DEP-modified structure is the lack of electron density for the loop region (residues T211-

N221), suggesting significant flexibility. This loop region is thought to be involved in the 

binding of the mycolyl acceptor to the active site70-72.  
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The lack of observable density for ebselen in the Ag85C-EBS structure can be 

attributed to two different phenomena. First, ebselen only possesses three heteroatoms; 

the hydrophobic nature of ebselen does not promote any specific interaction within the 

Ag85C active site. Thus it would be expected to see very little density for ebselen. The 

C209 Sγ atom in Ag85C-EBS exhibits a higher B-factor (33 Å2) than in the native or the 

DEP-modified structure (17 and 20 Å2, respectively), indicating that the C209 side chain 

is more dynamic in the Ag85C-EBS structure. Additionally, another phenomenon that 

could explain the lack of density for ebselen is radiation damage. Indeed, it has been 

shown that solvent-exposed disulfide bonds can be easily oxidized when subjected to X-

 

Figure 2-17: Superimposition of Ag85C (grey, 1DQZ), Ag85C-DEP (green, 
1DQY) and Ag85C-EBS (blue, 4MQM). The covalent attachement of ebselen 
to C209 residue promotes the relazation of helix α9 and consequently the 
disruption of the active site hydrogen-bonded network.  
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ray radiation119-123. Hence, a selenenylsulfide bond would likely be even less stable than a 

disulfide bond. The combination of these two phenomena could explain the lack of 

density for ebselen. 

The structure of Ag85C-C209S was solved to determine whether or not the same 

structural change is responsible for the inactivity of the C209 mutants. The structure was 

solved to 1.3 Å resolution. Data collection and refinement statistics are displayed in 

Table 2-4. Superimposing the Ag85C-EBS and Ag85C-C209S structures provides a low 

RMS displacement value for Cα atoms (0.47 Å), indicating the strong similarity between 

the two structures. Again, the relaxation of helix α9 is observed. However, compared to 

the Ag85C-EBS structure, the H260 side chain is resolved and maintains a hydrogen 

bond with S148 instead of the serine nucleophile (Figure 2-18). Although the shift of 

helix α9 is less pronounced than in the Ag85C-EBS structure and more closely resembles 

the shift observed in the DEP-modified structure, the hydrogen bond between H260 and 

E228 is broken (Figure 2-18). Additionally, the loop region composed of residues T211 

to N221 is resolved in this structure.  

Again, the straightening of helix α9 and consequently the alteration of the 

hydrogen-bonded network within the residues of the catalytic triad explains the lack of 

activity for this mutant. Thus it appears that replacing the cysteine at position 209 by a 

more polar residue such as serine weakens the van der Waals interaction with the strained 

kink in helix α9 (Figure 2-18). It is expected that the C209 mutants with similar or larger 

polar side chains would exhibit a similar structure to the Ag85C-C209S mutant. 

Additionally, a large hydrophobic residue such as phenylalanine would likely promote 
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some steric hindrance, preventing the van der Waals interaction. This is suggested by the 

low enzymatic activity of the Ag85C-C209F mutant. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-18: Superimposition of Ag85C-DEP (green, 1DQY), Ag85C-EBS 
(blue, 4MQM), and Ag85C-C209S (pink, 4MQL). The mutation of C209 to 
a more polar residue leads to the relaxation of helix α9 and the disruption of 
the catalytic triad interactions. H260 interacts with S148 instead of the serine 
nucleophile S124. 
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2.3.6 Screening of Ebsulfur and Ebsulfur derivatives 

Ebsulfur is a compound similar to ebselen, except it possesses a sulfur atom in 

place of the selenium atom. The replacement of the selenium atom by a sulfur atom is an 

interesting feature to study, as ebselen could be cytotoxic due to the presence of the 

selenium atom. Dr. David Frick from University of Wisconsin-Milwaukee and the 

Milwaukee Institute for Drug Discovery provided us with a library of ebsulfur 

derivatives. 

Table 2-4: Data collection and refinement statistics 

Data Collection Ag85C-EBS Ag85C-C209S 
Space Group P212121 C2 
Unit Cell Dimensions   
      a, b, c (Å) 60.6, 68.1, 75.1 135.8, 68.2, 35.9 
      α, β, γ (°) 90.0, 90.0, 90.0 90.0, 94.0, 90.0 
Resolution (Å) 50.0-1.35 50.0-1.30 
Rsym  6.9 (63.6) 5.1 (24.1) 
I/σI 11.3 (2.6) 15.3 (6.8) 
Completeness (%)  99.2 (93.6) 99.5 (96.4) 
Redundancy  10.5 (8.2) 7.4 (5.7) 
   
Refinement   
Resolution (Å) 50.0-1.35 50.0-1.30 
No. Reflections (Unique) 723910 (68823) 588562 (79869) 
Rwork /Rfree  17.0/19.1 15.9/16.9 
No. atoms   
       Protein 2105 2226 
       Water 163 278 
B-factors (Å2)   
       Protein 16.8 12.1 
       Water 26.0 21.6 
R.m.s. deviations   
      Bond lengths (Å)  0.005 0.006 
      Bond angles (°) 1.061 1.132 
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The library of ebsulfur derivatives was tested using the fluorometric Ag85 assay 

previously described. The compounds were incubated for 15 minutes with Ag85C before 

initiating the reaction by addition of resorufin butyrate. Three negative controls (no 

enzyme present) and three positive controls (with enzymes) were run in parallel. The 

result of the screening is displayed in figure 2-19. Two compounds, KU198 and KU208, 

exhibit levels similar to the negative controls. However, further testing indicated that 

KU208 was a false positive. In fact, the structure of KU208 is comparable to KU200, 

KU201 or KU207, which do not display any significant level of inhibition.  

 

 

Figure 2-19: Screening of ebsulfur derivatives. Positive controls are colored in blue, 
negative in red and compounds tested in green. The two black lines represent the three 
times standard for each control. Those circled in red are compounds further 
characterized. 
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A dose-dependence experiment was carried out for KU198, the derivative 

showing the highest level of inhibition from the previous screening (Figure 2-20-A). 

Additionally, a dose-dependence experiment was performed for KU251, i.e. ebsulfur, to 

compare the inhibition level with ebselen (Figure 2-20-B). Ebsulfur exhibits a Ki in the 

low micromolar range (7.51 µM), indicating that ebsulfur has a binding affinity 

significantly lower than ebselen (Ki = 63.0 nM). Thus, ebsulfur seems less reactive with 

C209 residue than ebselen. KU198 displays a Ki of 381.8 nM, which is still six times 

higher than ebselen, again exhibiting the lower reactivity of sulfur compared to selenium. 

However, KU198 is clearly more reactive than ebsulfur. Since this X-ray crystal structure 

has not yet been determined, the interactions promoting stronger inhibition by KU198 are 

not yet known. However differences in chemical properties between KU198 and ebsulfur 

may explain the differences in inhibition levels. Specifically, KU198 possesses an imide 

moiety that can act as a better leaving group than the amide due to resonance stabilization 

generated by the two carbonyl groups. 

 

 

Figure 2-20: KU198 and KU251 dose-dependences. V0’/V0 corresponds to the ratio of 
the initial velocities for the inhibited reaction (V0’) and the uninhibited reaction (V0).  
Error bars were calculated from triplicate reactions. 
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The reaction of C209 from Ag85C with KU198 leads to the formation of a 

disulfide bond that might be more stable when subjected to X-ray diffraction studies 

when compared to the selenenylsulfide bond formed with ebselen. For that reason, co-

crystallisation of Ag85C with KU198 was attempted. Ag85C (1.5 mg/mL) was incubated 

with 100 µM of KU198 for 1 hour. Then, the complex was concentrated using 

ultracentrifugation. Ag85C-KU198 was crystallized against a well solution of 1.26 M 

potassium phosphate monobasic monohydrate and 0.14 M sodium phosphate dibasic at 

pH 5.6 using the hanging-drop vapor diffusion technique. Different additives such as 

glycerol, ethylene glycol or diverse NDSB (non-detergent sulfobetaines) were added to 

improve the quality of the crystals (Figure 2-21). The data will be collected at the APS-

ANL (IL). 

 

Figure 2-21: Crystals of Ag85C-KU198 grown in presence of different additives. A) 
Glycerol. B) Ethylene glycol. C) NDSB-201. D) (+/-)-1,3-butanediol. E) NDSB-256. 
F) NDSB-195. 
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2.3.7 Screening of Ebselen derivatives 

Sandeep Thanna from Dr. Steven Sucheck’s laboratory synthesized a small 

library of ebselen derivatives. The compounds were derivatized on the second aromatic 

moiety.  

The compounds are expected to exhibit Ki values very similar to the one obtained 

for ebselen. Therefore, time course experiments were carried out to compare the 

efficiency of the different ebselen analogs. The enzymatic activity of the different 

samples of Ag85C covalently modified with these analogs was tested using the 

fluorometric Ag85C assay following different incubation times (0, 5, 10, 20, 40 and 80 

minutes). All the reactions were performed in triplicate. The results are displayed in 

figure 2-22.  

TSN-02-159(b) appears to be the least efficient compound as it takes 80 minutes 

to reach 90% inhibition. This might be due the presence of a cyclohexane group that is an 

electron-donating group and therefore makes the nitrogen of the amide a poorer leaving 

group. TSN-02-140(a) is also less efficient when compared to ebselen. Overall, all the 

derivatives are fairly similar and inactivate the enzyme in less than 20 minutes. 

Nonetheless, a larger library of derivatives is required to produce interpretable trends and 

reach reliable conclusions about which chemical factors affect the inhibitory activity of 

these compounds. 
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Figure 2-22: Time course experiment with the different ebselen analogs. The activities 
were normalized to wild-type enzyme and the error bars are calculated from triplicate 
reactions. 
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2.4 Conclusion and future work 

This study allowed us to identify a potent inhibitor of the Ag85 complex. Ebselen 

was shown to specifically inhibit mycobacterial growth with a MIC of 20 µg/mL against 

M. tb mc26206. Because of the presence of mycothiol (a functional analog to glutathione) 

in the mycobacterial cytoplasm, the inhibitor effects produced by ebselen should occur in 

an oxidizing environment, such as the extracellular environment or the periplasmic space. 

As the Ag85 enzymes are secreted proteins, they are located in the periplasmic space. 

Ebselen was shown to inhibit mAG, as well as TDM production in culture, confirming 

the Ag85 complex as the target of ebselen.  

Mass spectrometry experiment confirms that ebselen acts as an allosteric covalent 

inhibitor. The compound covalently modifies a lone cysteine located near the active site, 

resulting in the formation of a selenenylsulfide bond. Based on the structure of Ag85C 

crystallized in presence of ebselen, the modification of C209 forces the kinked helix α9 

to adopt a straightened conformation. Consequently, the hydrogen-bonded network 

between the residues of the catalytic triad is disrupted and the enzyme is inactivated. The 

cysteine at position 209 was mutated to smaller (G and A) and larger hydrophobic (F) 

residues, as well as more polar residues (S). The different mutants exhibit almost no 

enzymatic activity. The Ag85C-C209S structure adopts a similar inactive conformation 

as observed for the Ag85C-EBS structure. 

Although C209 does not participate in the catalytic reaction carried out by 

Ag85C, the cysteine is an important structural feature of the enzyme. The presence of the 

cysteine maintains the strained kink in helix α9 and allows the positioning of the catalytic 



 52 

triad residues to perform catalysis. Any modification or mutations of C209 result in a 

significant to a complete loss of enzymatic activity. This mechanism of inhibition 

suggests a very low probability of developing drug resistance. In fact, if the organism 

were to mutate one of the Ag85 enzymes to generate resistance to ebselen, the mutant 

would likely exhibit low level of activity while the two other enzymes would still be 

inhibited. The same would still be true if two enzymes would undergo mutation with the 

third one being inhibited. Inhibition/mutation(s) of the Ag85 complex would lead to a 

significant reduction of TDM and mAG productions, and consequently would enhance 

the permeability of the mycomembrane to other antibiotics. 

Efforts continue to identify compounds that would inhibit the Ag85 complex in a 

similar manner as ebselen but with more specificity toward the three enzymes. 

Additionally, Dr. Sucheck’s laboratory is synthesizing ebselen conjugated with biotin. 

This compound could be used for a pull-down assay in order to identify the Ag85 

complex and any other potential targets of ebselen in vivo. Upon covalent modification of 

a protein by a biotin derivatized ebselen in culture, the modified protein could bind to 

streptavidin and thus be isolated and identified using mass peptide fingerprint. A 

construct containing streptavidin was cloned with a C-terminal poly-histidine tag for that 

purpose. 
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Chapter 3 

A novel approach to target the Ag85 complex 
 

 

3.1 Background 

The selenazole compound ebselen was found to inhibit the Ag85 complex using a 

mechanism not previously considered for these proteins as described in the prior chapter. 

Ebselen reacts with a conserved cysteine residue (C209 in Ag85C) located near the active 

site of the enzyme resulting in the formation of a selenenylsulfide bond. This covalent 

modification forces a kinked α helix (α9) to adopt a relaxed or straightened conformation 

that disrupts the hydrogen-bonded network within the catalytic triad of the enzyme and 

inactivates Ag85C. The covalent modification and enzymatic inactivation were 

confirmed for each of the M. tb encoded Ag85 enzymes using mass spectrometry and 

enzymatic inactivation, respectively. However, the X-ray crystal structure solved using 

Ag85C crystallized in the presence of ebselen (Ag85C-EBS, PDB 4MQM) did not 

exhibit density representing the covalent modification. 

Since the lack of visible ebselen was likely due to radiation damage during the 

diffraction experiment, Chapter 3 describes the efforts to better understand how covalent 

modification or mutation at the cysteine residue is responsible for the inactive 
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conformation adopted by the enzyme. Toward this aim, Ag85C was covalently modified 

with the thiol reactive compounds iodoacetamide and p-chloromercuribenzoate; the 

resulting crystal structures exhibit the same disruption of the hydrogen-bonded network 

within the active site as the ebselen structure. A new crystal structure of Ag85C reacted 

with ebselen was also solved, with density observed for ebselen. Mutation of the cysteine 

to a glycine leads to an identical conformational change. Finally, because the 

conformation of helix α9 is highly sensitive to chemical changes near the active site, the 

effects of mutations in the catalytic triad were assessed using activity assays and by 

structure determination. These data provide further insights toward novel mechanisms to 

efficiently inhibit the Ag85 complex in mycobacteria. 

 

3.2 Experimental procedures 

3.2.1 Molecular cloning 

 The molecular cloning for fbpC-S124A and fbpA-S126A was carried out by Dr. 

Lajiness87.  The mutants C209G, E228Q and H260Q were cloned by site-directed 

mutagenesis using the construct pET29-fbpC as the template. The construct pET28-fbpB 

was used as a template for the site-directed mutagenesis of Ag85B-S126A. The 

constructs pET28-fbpA-H262Q and pET28-fbpB-H262Q were also cloned; however, only 

pET28-fbpC-H260Q was further studied. The primers and their respective complements 

(Integrated DNA Technology) used to carry out the different site-directed mutagenesis 

are presented in table 3-1. DNA sequencing was performed by Eurofins MWG Operon to 

confirm the presence of the mutations. 
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3.2.2 Protein purification of Ag85s and mutants 

The different protein samples were prepared following a similar protocol 

described in section 2.2.2. The main difference is the first step of purification; a cobalt 

affinity was used instead of a nickel affinity column. The binding buffer included 20 mM 

Tris and 5 mM β-Me; the protein was eluted with a buffer containing 20 mM Tris 8.0, 

150 mM imidazole and 5 mM β-Me. In some instances, the protein was dialyzed against 

a crystallization buffer that did not contain any DTT.  

 

3.2.3 Enzymatic activity assay 

The enzymatic activity of the different enzymes was tested using a fluorometric 

assay previously described in section 2.2.3. Each of the enzymes was tested at a 

concentration of 500 nM and compared to wild-type Ag85C.  

The inhibition of Ag85C by p-chloromercuribenzoic acid was tested using the 

same fluorometric assay described previously. The enzyme was reacted with p-

chloromercuribenzoic acid at a 5.0-fold molar excess. The enzymatic activity of the 

sample was tested after two hours incubation and an overnight incubation. A control 

Table 3-1: Primers used for site-directed mutagenesis on pET29-fbpC 

C-E228Q GGCGAAGTTCCTGCAGGGCCTCACCCTGC 

C-H260Q CCGCCCAACGGAACACAGTCGTGGCCC 

B-S126A GCTGCAATCGGCTTGGCGATGGCCG 
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reaction with an unmodified Ag85C enzyme was also performed. All the reactions were 

carried out in triplicate. Analysis of the data was performed using Prism 5 software. 

 

3.2.4 Crystallization and structure determination 

All crystals were grown using the hanging-drop vapor diffusion method. Ag85C 

(6.2 mg/ml) was reacted with sodium p-chloromercuribenzoic acid (1.4 molar excess) for 

2 hours and was crystallized against a well solution of 0.1 M sodium acetate trihydrate 

pH 4.5 and 25 % w/v PEG 3350. Ag85C (5.5 mg/ml) was incubated with iodoacetamide 

(IAA, 50 mM) at room temperature for 1 hour in the dark. Ag85C-IAA was crystallized 

in 0.2 M lithium sulfate monohydrate, 0.1 M bis-tris pH 5.5 and 25 % w/v PEG 3350. 

Ag85C (5.1 mg/mL) was also reacted with 200 µM ebselen (10 mM stock solution in 

DMSO) for two hours on ice. The Ag85C-ebselen complex was crystallized in 0.1 M 

sodium acetate trihydrate pH 4.5 and 25 % w/v PEG 3350. These three samples lacked 

DTT in the crystallization buffer. 

The crystals of Ag85C-C209G (5 mg/ml) were grown in 1.0 M ammonium 

sulfate, 0.1 M bis-tris pH 5.5 and 1 % w/v PEG 3350. For cryoprotection, PEG 3350 was 

added to a final concentration of 25 % prior to flash cooling in liquid nitrogen. Ag85C-

E228Q (5 mg/ml) and H260Q (6.5 mg/ml) were crystallized in 0.1 M sodium acetate 

trihydrate pH 4.5 and 25 % or 20 % w/v PEG 3350 respectively in presence of 13 mM 

hexaethylene glycol monooctyl ether or 6 mM CHAPSO (Hampton Research).  

All crystals were flash-cooled in liquid nitrogen before data collection. 

Diffraction data were collected at the LS-CAT beamline (Ag85C-Hg, Ag85C-IAA, 
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Ag85C-ebselen, Ag85C-C209G, and Ag85C-E228Q) or at the GM/CA-CAT beamline 

(Ag85C-H260Q) at the APS-ANL. 

HKL2000 was used to index, integrate and scale the diffraction data92. Molecular 

replacement, when necessary, was carried out using EPMR93. PDB 4MQM (Ag85C-

EBS) was used as the template for each data set. Using the best solution from EPMR, 

rigid body refinemnt, simulated annealing, positional and B-factor refinement were 

performed with the refine tool in PHENIX95. The model was manually corrected using 

COOT96. The electronic Ligand Builder and Optimization Workbench (eLBOW) tool 

was used to define the geometric restraints of the ligands in the Ag85C-ebselen, Ag85C-

Hg, Ag85C-E228Q and Ag85C-H260Q structures124.  
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3.3 Results and Discussion 

3.3.1 Modification of C209 by thiol reactive compounds triggers 

structural changes in the Ag85C active site 

A new crystal structure of Ag85C reacted with ebselen was solved to 1.40 Å. To 

distinguish it from the previous Ag85C-EBS structure that lacked observable density for 

ebselen, the new crystal structure will be referred to as Ag85C-ebselen. Information 

about data collection and refinement statistics is displayed in table 3-2. The data were 

collected at a wavelength of 1.078 Å (11.5 keV). Collecting at a wavelength below the 

selenium K-edge (12.7 keV) decreases X-ray absorption and decreases the potential for 

further oxidation of the selenium and disruption of the selenenylsulfide bond. As 

expected, the new Ag85C-ebselen structure displays a similar conformational change to 

that previously observed. However, compared to the previously published crystal 

structure of Ag85C incubated with ebselen (referred as Ag85C-EBS; PDB 4MQM), 

difference density is observed for the selenenylsulfide bond, as well as the aromatic 

moiety harbouring the selenium atom. In contrast, difference density for the distal 

aromatic moiety is not. Nonetheless, the Fo-Fc omit map did not initially appear to 

account perfectly for the entire Ag85C/ebselen covalent complex (Figure 3-1-A). To 

further confirm the location of the selenium atom, an anomalous difference map was 

calculated. Although the data was collected at energy below the absorption edge of 

selenium, some anomalous scattering signal was observed and the resulting difference 

map gives the position of the selenium (Figure 3-1-B). In spite of the hydrophobic nature 

of ebselen, the molecule seems to be oriented toward the surface of Ag85C. There are 

two interactions that allow visualization of the proximal phenyl moiety of ebselen. The 
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amide moiety on ebselen is likely interacting with R239, even though the side chain of 

the arginine, particularly the guanidinium moiety, is not well resolved. The B-factors for 

atoms of the guanidinium moiety are between 30.4 and 39.4 Å2, which is significantly 

higher than the average protein B-factor. Second, a π-π stacking interaction is observed 

between the first aromatic ring of ebselen and F254 of Ag85C.  

 

 

The rest of the structure is almost identical to the previous Ag85C-EBS as 

indicated by the low RMS displacement values observed for the Cα atoms (0.4 Å). 

However, the loop connecting strand β7 and helix α9 (Lβ7-α9) composed of residues 

210-222 is well ordered in this new crystal structure contrary to the previously published 

 

Figure 3-1: Ag85C-ebselen structure. A) Superimposition of the new Ag85C-ebselen 
(bright orange) and Ag85C-EBS (orange) structures. The electron density of a Fo-Fc 
omit map is shown contoured at 3σ (grey); the side chain of CEB (C209 modified by 
ebslen) residue was omitted during map calculation. B) Ag85C-ebselen structure 
(bright orange). The electron density of an anomalous map is shown contoured at 4σ 
(blue) in addition to the electron density of a Fo-Fc omit map for CEB side chain. 
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structure. The conformation of Lβ7-α9 is similar to the one observed in the Ag85C-

C209S structure (PDB 4MQL). Moreover, the H260 side chain, which was disordered in 

the Ag85C-EBS structure, is ordered in the Ag85C-ebselen structure and is forming a 

hydrogen bond with S148. Thus, the hydrogen-bonded network normally observed for 

the residues of the catalytic triad is disrupted.  

To determine if covalent modification of cysteine at position 209 by any thiol 

reactive compound triggers a similar active site rearrangement, Ag85C was reacted with 

iodoacetamide and p-chloromercuribenzoate. Iodoacetamide is an alkylating reagent 

commonly used to characterize cysteine residues in biomolecules and previous studies 

show that covalent modification by iodoacetamide at C209 of Ag85C inactivates the 

enzyme88. Additionally, p-chloromercuribenzoate is known to inhibit some enzymes 

requiring a cysteine residue for their activity.  Both complexes were crystallized using a 

hanging-drop vapor diffusion technique and the corresponding X-ray crystal structures 

were solved. The crystal structures will be referred to as Ag85C-IAA (iodoacetamide-

modified Ag85C) and Ag85C-Hg (Ag85C modified with p-chloromercuribenzoate), 

respectively. The Ag85C-IAA and Ag85C-Hg were solved to 1.50 Å and 1.90 Å, 

respectively. Information about data collection and refinement statistics is displayed in 

table 3-2. The two structures are isomorphous with the previously published Ag85C-EBS 

structure. Low RMS displacement values for the Cα atoms (0.3 Å for Ag85C-IAA and 

0.2 Å for Ag85C-Hg) when superimposing each structure onto the original Ag85C-EBS 

structure highlight the fact that both structures are very similar to the ebselen-modified 

form of Ag85C.  
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Each structure exhibits a relaxation of helix α9, but some differences are present 

upon closer inspection of the active site. The covalent modification of C209 promotes the 

observed conformational change stems by disrupting the van der Waals interactions 

between C209 and the kinked region of helix α9. Because of the covalent modification of 

C209 by these thiol-reactive compounds, the C209 side chain no longer interacts with the 

kink in helix α9 as observed in the native structure (Figure 2-15, Chapter 2), which alters 

the Ag85C active site structure.  

In the Ag85C-IAA structure, H260 interacts via hydrogen bonding with S148 

instead of the serine nucleophile S124. Additionally, the Cα position for E228 shifted 6.2 

Å away in comparison to the native Ag85C structure. Consequently, E228 and H260 no 

longer interact through a hydrogen bond between their side chains in contrast to that 

observed in the native structure. The structure exhibits complete difference density for 

the acetamide moiety (YCM residue) as shown in figure 3-1-A. In fact, the resulting 

thioether moiety is more stable than the selenenylsulfide bond formed when Ag85C is 

reacted with ebselen. The better resolution of the acetamide-containing product might be 

explained by the fact that the thioether is less sensitive to radiation damage compared to 

the selenenylsulfide bond. 

Comparable to the Ag85C-EBS structure, disorder is observed in the H260 side 

chain in Ag85C-Hg structure (Figure 3-1-B), the B-factor for H260 Cγ is 43.4 Å2, which 

is much higher than for previous Ag85C structures (14.7 Å2 in average). H260 does not 

strongly interact with either S124 or S148. Additionally, as in the Ag85C-EBS and 

Ag85C-IAA structures, a hydrogen bond is lacking between E228 and H260 for the 

Ag85C-Hg structure (Figure 3-1-B).  
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Figure 3-2: Ag85C-IAA and Ag85C-Hg structures. A) Superimposition of the native 
Ag85C (grey), Ag85C-EBS (orange) and Ag85C-IAA (green) structures. The density 
of a Fo-Fc omit map is shown contoured at 3σ (green); the side chain of YCM residue 
was omitted during map calculation. B) Superimposition of the native Ag85C (grey), 
Ag85C-EBS (orange) and Ag85C-Hg (blue) structures. The density of a Fo-Fc omit 
map is shown contoured at 3σ (blue); the side chain of CHG residue was omitted 
during map calculation. 
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Reaction of Ag85C with p-chloromercuribenzoic acid leads to inhibition of the 

enzymatic activity (Figure 3-3). After two hours incubation, the modified enzyme 

displays about 60 % of activity whereas after an overnight incubation, the enzymes 

retains about 30 % activity. The inhibition was expected based on the conformation 

adopted by helix α9 in the Ag85C-Hg structure.  

 

 

Figure 3-3: Inhibition of Ag85C by p-chloromercuribenzoic acid (5.0 molar excess). 
The enzymatic activity of the different samples was tested using a fluorescence-based 
assay. The activity is normalized to the unmodified enzyme Ag85C and the error bars 
are calculated from triplicate reactions.  A) Inhibition of Ag85C by p-
chloromercuribenzoic acid after 2 hours incubation. Bar 1 corresponds to the 
unmodified Ag85C while bar 2 relates to the Ag85C enzyme modified with p-
chloromercuribenzoic acid. B) Inhibition of Ag85C by p-chloromercuribenzoic acid 
after overnight incubation. Bar 1 corresponds to the unmodified Ag85C whereas bar 2 
relates to the Ag85C enzyme modified with p-chloromercuribenzoic acid.  
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Table 3-2: Data collection and refinement statistics for Ag85C-IAA/Hg/ebselen 

Data Collection Ag85C-
ebselen 

Ag85C-
IAA Ag85C-Hg 

PDB Code 4QDU 4QDT 4QDO 
Space Group P212121 P212121 P212121 
Unit Cell 
Dimensions    

a, b, c (Å) 59.5, 67.8, 
75.2 

60.7, 68.0, 
76.3 

60.7, 68.0, 
74.4 

α, β, γ (°) 90.0, 90.0, 
90.0 

90.0, 90.0, 
90.0 

90.0, 90.0, 
90.0 

Resolution Range 
(Å) 50.0-1.40 50.0-1.50 50.0-1.90 

Wavelength (Å) 1.07818 0.97872 0.97856 
Rsym (Highest shell) 6.6 (30.4) 6.6 (37.0) 9.7 (45.8) 
I/σI 26.8 (5.4) 28.2 (5.7) 27.7 (5.8) 
Completeness (%) 
(Highest shell) 98.5 (90.8) 99.9 (100.0) 98.2 (96.2) 

Redundancy 
(Highest shell) 6.4 (4.2) 7.3 (7.3) 13.1 (9.3) 

Refinement    
Total Reflections 
(Unique) 

384079 
(59726) 

375222 
(51419) 

319977 
(24485) 

Rwork /Rfree 14.6/18.2 14.7/17.5 19.3/24.0 
B factors (Å2)    
     Protein 20.0 20.8 25.1 
     Water 32.6 32.0 28.1 
Wilson B factor 14.9 16.4 20.2 
R.m.s. deviations    
    Bond lengths (Å) 0.006 0.006 0.009 

 Bond angles (°) 1.095 1.075 1.405 
Ramachandran plot     
    Favored (%) 96.14 96.32 95.49 
    Outliers (%) 0.70 0.00 0.38 
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3.3.2 Ag85C-C209G mutant displays a similar inactive conformation 

Since each of the chemical modifications increases the bulk of the residue at 

position 209 and published data show that single nucleotide changes in codon 209 have a 

universally detrimental effect on enzyme activity, it is necessary to determine if C209 

mutations that encode residues with a smaller molecular volume also disrupt the catalytic 

triad hydrogen bonded network. 

To assess this, we determined the X-ray crystal structure of an Ag85C-C209G 

mutant. We have shown previously that the Ag85C-C209G mutant, although the side 

chain is a smaller hydrophobic residue, exhibits a very low level of enzymatic activity 

when compared to wild-type Ag85C (less than 10 % remaining activity)88. The X-ray 

crystal structure of Ag85C-C209G was solved to 1.50 Å (Table 3-3). Again, the structure 

was isomorphous with Ag85C-EBS. When superimposing the Ag85C-C209G and 

Ag85C-EBS structures, the RMS displacement observed for the Cα atoms is 0.2 Å, 

indicating clearly that the structure of the C209G mutant mimics that of the ebselen 

inactivated form. The crystal structure of Ag85C-C209G confirms that helix α9 relaxes, 

repositions E228 resulting in the disruption of the hydrogen bond between E228 and 

H260, and H260 is positioned to form a hydrogen bond with S148. 

Moreover, the Ag85C-C209G mutant structure is also comparable to the 

previously solved Ag85C-C209S structure (PDB 4MQL) (Figure 3-4)88. Superimposing 

these two structures provides a RMS displacement value of 0.8 Å for the Cα atoms. The 

main difference between the two mutants structures is the extent of the shift in helix α9 
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when relaxed; the helix α9 in the Ag85C-C209G structure has shifted 6.2 Å compared to 

the wild-type enzyme whereas α9 in Ag85C-C209S has only shifted 3.5 Å.  

 

The C209S mutant confers a stronger polarity than the cysteine while the C209G 

mutant imparts a lower polarity at that site and, as stated previously, has a much smaller 

Table 3-3: Data collection and refinement statistics for Ag85C-C209G 

Data Collection Ag85C-C209G 
PDB Code 4QDX 
Space Group P212121 
Unit Cell 
Dimensions  

a, b, c (Å) 60.2, 68.4, 76.4 
α, β, γ (°) 90.0, 90.0, 90.0 

Resolution Range 
(Å) 50.0-1.50 

Wavelength (Å) 0.97856 
Rsym (Highest shell) 7.1 (39.8) 
I/σI 35.7 (7.9) 
Completeness (%) 
(Highest shell) 99.2 (100.0) 

Redundancy 
(Highest shell) 13.9 (14.6) 

Refinement  
Total Reflections 
(Unique) 695388 (50123) 

Rwork /Rfree 17.9/19.3 
B factors (Å2)  
     Protein 20.6 
     Water 28.9 
Wilson B factor 18.1 
R.m.s. deviations  
    Bond lengths (Å) 0.006 

 Bond angles (°) 1.063 
Ramachandran plot   
     Favored (%) 97.00 
     Outliers (%) 0.37 
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volume than the corresponding cysteine, which likely results in much weaker van der 

Waals interactions between residue 209 and helix α9. Therefore, the low level of Ag85C-

C209G enzymatic activity appears to be a consequence of active site structural alterations 

identical to that observed for the other C209 mutants and the wild type enzyme 

covalently modified by thiol-reactive compounds but for different chemical reasons. This 

suggests that this region of the protein is supremely sensitive to chemical changes near 

the active site, which further suggests that the structural dynamics maybe significant for 

substrate recognition and binding during enzyme turnover.  

 

Figure 3-4: Superimposition of Ag85C (grey), Ag85C-EBS (orange), Ag85C-C209S 
(yellow) and Ag85C-C209G (cyan) structures. The H260 side chain interacts with the 
serine nucleophile S124 in the native structure whereas it interacts with a different 
serine residue (S148) in the Ag85C-C209G structure, explaining the lack of activity 
displayed by the mutant. The mutation promotes the relaxation of helix α9 similar to 
the one observed in Ag85C-C209S or Ag85C-EBS structures.  
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3.3.3 Mutation of any catalytic triad residue results in a loss of 

enzymatic activity and relaxation of helix α9 

Ultimately, since both the Ag85C-C209G and Ag85C-C209S structures exhibit 

the same conformational change, this suggests that the van der Waals interactions 

between C209 and helix α9 help to maintain the strained kink in this helix and the 

hydrogen-bonded network between the three catalytic triad residues.  

Using a radiometric mycolyltransferase assay, Belisle and co-workers have shown 

previously that mutation of the catalytic nucleophile S124 to an alanine leads to an 

inactive Ag85C enzyme64. It was assumed that loss of enzymatic activity stems only from 

loss of the nucleophile that initiates the reaction. However, in the light of the new 

structural information, is useful to determine if mutation of any of the catalytic triad 

residues affects the structure helix α9. 

Site-directed mutagenesis was carried out to clone mutants corresponding to the 

other residues of the catalytic triad; both E228 and H260 were mutated to glutamine in 

order to disrupt the enzymatic activity while potentially maintaining the hydrogen bonds 

between the catalytic triad. The resorufin butyrate-based fluorometric assay used to 

assess the enzymatic activity of the C209 mutants was again used to test the enzymatic 

activity of the active site mutants. Ag85C-H260Q displays less than 10 % of activity 

when compared to the wild-type enzyme, while Ag85C-E228Q retains about 17 % of the 

wild-type activity (Figure 3-5). 
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X-ray crystallography experiments were carried out to gain insight into the 

structures of the three mutants. The crystal structures of Ag85C-E228Q and Ag85C-

H260Q were solved to 1.90 and 1.35 Å, respectively (Table 3-4). Dr. Lajiness solved the 

crystal structure of Ag85C-S124A87.  

 

 

Figure 3-5: Effect of mutations among the catalytic triad residues. The enzymatic 
activity of the mutants was tested using a fluorescence-based assay. The activity is 
normalized to the wild-type enzyme Ag85C and the errors bars are calculated from 
triplicate reactions. The mutant Ag85C-H260Q exhibits less than 10% of activity 
compare to the wild-type Ag85C (A) whereas Ag85C-E228Q retains about 17% of 
wild-type activity (B).  
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Ag85C-H260Q is the only structure among the three mutants to be isomorphous 

with the Ag85C-EBS and the low RMS displacement value for the Cα atoms after 

superimposing both structures (0.4 Å) confirm their structural similarity. The Ag85C-

Table 3-4: Data collection and refinement statistics for Ag85C-E228Q and H260Q. 

Data Collection Ag85C-
E228Q 

Ag85C-
H260Q 

PDB Code 4QDZ 4QE3 
Space Group I222 P212121 
Unit Cell Dimensions   

a, b, c (Å) 68.2, 74.9, 
136.1 

60.7, 68.1, 
76.3 

α, β, γ (°) 90.0, 90.0, 
90.0 

90.0, 90.0, 
90.0 

Resolution Range (Å) 50.0-1.90 50.0-1.35 
Wavelength (Å) 0.97872 0.97936 
Rsym (Highest shell) 9.3  (56.1) 7.8 (51.3) 
I/σI 31.5 (5.8) 16.0 (2.8) 
Completeness (%) 
(Highest shell) 99.5 (98.8) 97.9 (85.5) 

Redundancy (Highest 
shell) 13.1 (12.1) 5.5 (3.9) 

Refinement   
Total Reflections 
(Unique) 

371096 
(28231) 

377990 
(68542) 

Rwork /Rfree 16.3/18.7 17.2/19.4 
B factors (Å2)   
     Protein 26.7 14.9 
     Water 31.1 27.1 
Wilson B factor 24.1 11.5 
R.m.s. deviations   
    Bond lengths (Å) 0.007 0.005 
    Bond angles (°) 1.126 1.109 
Ramachandran plot   
    Favored (%) 96.24 96.59 
    Outliers (%) 0.38 0.76 
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S124A mutant crystallized in a C2 space group while the Ag85C-E228Q crystalized in a 

I222 space group.  

Similarly to the phenomenon observed in the Ag85C-IAA or Ag85C-C209G 

structures, the Ag85C-S124A mutant exhibits a slight shift of the H260 side chain 

position that promotes the formation of a hydrogen bond with S148 while disrupting the 

hydrogen bond with S124 observed in the wild-type enzyme (Figure 3-6). Additionally, 

the helix α9 has shifted 4 Å with respect to its equivalent in the native Ag85C structure 

(PDB 1DQZ70), which causes the repositioning of E228 and disrupts the hydrogen-

bonded network within the catalytic triad. Contrary to the Ag85C-EBS structures or 

many of the others structures described previously, the loop Lβ7-α9 is well resolved in 

this crystal structure. This loop adopts a conformation similar to the Ag85C-C209S (PDB 

4MQL) structure but very different from the one observed in the native Ag85C structure. 

The structure is also very similar to the Ag85C-DEP (PDB 1DQY) with a RMS 

displacement value of 0.9 Å for the Cα atoms70. 

The Ag85C-E228Q structure also displays the same shift of the helix α9 as 

Ag85C-S124A. However, the H260 side chain is disordered in this structure; the B-factor 

for Cβ is 33.7 Å2. Indeed, it appears that H260 may take two alternative conformations in 

this structure but neither is well resolved (Figure 3-6). One conformation likely interacts 

with the serine nucleophile S124 while the other one would form a hydrogen bond with 

S148. 

Finally, the position of Q260 in the Ag85C-H260Q structure allows the formation 

of a hydrogen bond between Oε1 of the Q260 side chain and the side chain hydroxyl of 

S148 (Figure 3-6). In addition, this structure exhibits the same shift of the helix α9 as in 
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the Ag85C-C209G mutant, preventing the formation of any hydrogen bond between 

Q260 and E228. 

Clearly the lack of a nucleophile in the S124A mutant will eliminate activity and 

the loss of the general base in the H260Q mutant will significantly decrease the activity. 

Similar to that observed for serine proteases, conversion of the third residue of the 

catalytic triad, in this case E228, to the corresponding amide-containing side chain causes 

a decrease in activity greater than what would be expected if the role of E228 is only to 

stabilize the imidazolium ion formed on H260 during catalysis125, 126. The decrease in 

enzymatic activity of each of the Ag85C active site mutants can also be attributed to 

active site structural changes, because all three of the mutants exhibit the same 

 

Figure 3-6: Superimposition of Ag85C-S124A (orange), Ag85C-E228Q (green) and 
Ag85C-H260Q (blue) structures. The three mutants exhibit a relaxation of helix α9, 
accounting for the loss of enzymatic activity.  
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conformational change observed in the previously described structures where C209 was 

covalently modified. However, slight differences are apparent in the hydrogen-bonding 

pattern within the active sites of the three mutants. In both the Ag85C-S124A and 

Ag85C-H260Q, the residue 260 side chain interacts with S148 and the hydrogen bond 

between residues E228 and H260 is disrupted. However, in the Ag85C-E228Q structure, 

the H260 side chain is not well ordered and might be shifting between two different 

conformations. The conformation in which H260 hydrogen bonds with the serine 

nucleophile would explain the residual activity observed for Ag85C-E228Q (Figure 3-5).  

The propensity of helix α9 to transition from the kinked to the relaxed state is 

highlighted by the comparison between the native form of Ag85C and the Ag85C-S124A 

structures. In the S124A mutant, the loss of a single hydrogen bond between H260 and 

the residue at position 124 is sufficient to promote helix α9 relaxation. This suggests that 

the enzyme has evolved to undergo this structural change following the formation of the 

acyl-enzyme intermediate and the likely disruption of the hydrogen bond between H260 

and S124. Furthermore, the rearrangement of Lβ7-α9 that is concomitant with helix α9 

relaxation can be hypothesized to play a role in substrate binding during the second half-

reaction of the enzymatic mechanism70. Based on published data, the enzymes of the 

Ag85 complex appear to have redundant activity in vivo based on the proposed ability to 

use TMM as a mycolyl-donor and subsequent transfer to a variety of substrates66, 117. 

Additionally, Barry et al. have shown that trehalose-based compounds can be amended at 

various positions and still function as acyl donors127. Both of these results suggest that the 

enzyme active site is structurally dynamic. The structures described here suggest that 

helix α9 relaxation maybe particularly important for selecting the mycolyl-donor during 
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catalysis. The Ag85B-trehalose crystal structure shows that the N-terminus of helix α9 

forms a portion of the trehalose-binding site using residues P223 and A224, which are 

conserved in the M. tb Ag85 enzymes. However, upon relaxation of helix α9, P223 and 

A224 move and that portion of the active site is formed by Lβ7-α9 in those structures 

where the loop is resolved. It is possible that the reshaping of the carbohydrate-binding 

site upon formation of the acyl-enzyme intermediate promotes binding of the arabinan 

within the Ag85C active site. 

 

3.3.4 Further work with Ag85A and Ag85B-S126A 

To determine whether the same conformational change was observed in each of 

the Ag85 enzymes, crystallization experiments were attempted with Ag85A-S126A and 

Ag85B-S126A. First, index screens (Hampton Research) were set up using the hanging-

drop vapor diffusion technique for both mutants. The crystallization buffer for each 

enzyme was similar to the one previously used for Ag85C (20 mM Tris pH 7.5, 2 mM 

EDTA), omitting DTT to preserve a disulfide bridge in each structure. Both constructs, 

pET28-fbpA-S126A and pET28-fbpB-S126A, possess an N-terminal poly-histidine tag 

that is cleavable by a PreScissionTM protease. The index screenings were set up using the 

enzymes with or without a poly-histidine tag. As no crystals were obtained at first, 

Classics L Suite screenings (Qiagen) were also set using the hanging-drop vapor 

diffusion technique. Needle-type crystals were obtained for Ag85B-S126A at a 

concentration of 11.8 mg/mL (Figure 3-7-A). The mutant was crystallized in three 

different conditions, each containing (+/-)-2-methyl-2,4-pentanediol (MPD), a 

cryoprotectant present in the crystallization condition of the native Ag85B71. The 
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conditions were as follows: condition 50 (0.2 M ammonium acetate, 0.1 M bis-tris pH 

5.5, 45 % w/v MPD), condition 51 (0.2 M ammonium acetate, 0.1 M bis-tris pH 6.5, 45 

% w/v MPD) and condition 52 (0.2 M ammonium acetate, 0.1 M HEPES pH 7.5, 45 % 

w/v MPD). The crystals were analyzed at the APS but diffracted poorly. Optimization of 

these crystals was attempted using additive and detergent screens (Hampton Research). 

Addition of N,N-dimethyldodecylamine N-oxide (DDAO) allowed the growth of rod 

shaped crystals (Figure 3-7-B). These optimized crystals have not been yet tested for 

diffraction. 

Additionally, Ag85A-S126A and Ag85B-S126A were co-crystallized in presence 

of a variety of carbohydrate-based detergents. Indeed, the presence of detergent could 

help in stabilizing the dynamic active site and may provide more insight in regards to the 

acyl-enzyme intermediate form of the Ag85A or Ag85B. The different detergents were 

the following: n-octanoylsucrose (NOS), n-octyl-β-D-thioglucoside (OTG), n-heptyl-β-

D-thioglucopyranoside (HTG), n-octyl-β-D-glucoside (OG), n-dodecanoylsucrose 

(NDDS) and n-decanoylsucrose (NDS). In this procedure, the enzymes were co-

crystallized with a concentration of detergents corresponding to their critical micelle 

concentration (CMC). Phase separation and precipitation were common observations in 

these crystal trays, likely due to the fact that the detergents were at their CMCs. Crystals 

were only obtained with NOS for Ag85A-S126A (Figure 3-7-C). The well solution 

contained 1.0 M ammonium sulfate, 0.1 M HEPES pH 7.0 and 0.5 % w/v PEG 8000.  

These crystals appeared to be plates and the edges do not appear to be well defined. The 

two mutants were then co-crystallized with 1 to 2-fold excess of the different detergents 

and new index screenings were set up. Again, plate type crystals were obtained for 
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Ag85A-S126A with a 2-fold molar excess of NOS with condition 35 (Figure 3-7-D). 

These crystals were subjected to X-ray diffraction studies at the APS but only 2-

dimensional diffraction was obtained. Attempts to optimize these crystals with the help of 

additives are on going.  

 

 
3.4 Conclusion and future work 

 In summary, all the structures described confirm the inhibition mechanism of the 

Ag85 complex by ebselen. The cysteine C209, in spite of not taking part in the catalytic 

reaction carried out by Ag85C, is of considerable structural importance. The position of 

 

Figure 3-7: Ag85A-S126A and Ag85B-S126A crystals. A) Ag85B-S126A, cond. 51. 
B) Ag85B-S126A crystals in presence of DDAO, cond. 51. C) Ag85A-S126A crystals 
in presence of NOS (CMC), cond. 35. D) Ag85A-S126A crystals in presence of 2X 
NOS, cond. 35. 



 77 

C209, as well the interactions it makes with neighbouring atoms, orders the active site 

structure in a conformation that allows for catalysis to take place. Any modification or 

mutation of C209 leads to either a dramatic decrease or complete loss of enzymatic 

activity, which indicates a low probability of developing drug resistance to a drug 

modifying the cysteine. For example, if the organism would mutate one of the Ag85 

enzymes to generate resistance to a drug functioning similarly to ebselen, the mutant 

would likely display low level of activity while the two other enzymes would still be 

inhibited. The same would still be true if two enzymes would undergo mutation with the 

third one being inhibited.  

All of the triad mutants show that disrupting a single hydrogen bond in the 

catalytic triad promotes relaxation of helix α9 and the consistent structure of the lowest 

energy conformation for the protein. This suggests that the dynamics exhibited by this 

helix maybe central to its enzymatic function. The native form allows transfer to 

trehalose of TMM to make TDM. The relaxed form has an altered carbohydrate-binding 

site that may promote mycolyl transfer to the terminal arabinosyl moieties of the mAGP. 

In summary, these results support a developmental strategy for inhibiting the 

Ag85 complex with mechanism-based inhibitors that covalently modify the conserved 

cysteine of these enzymes and will minimize the probability of selecting for drug 

resistant mutants.  

Work is on going to crystallize Ag85A and B mutants to show that similar 

structural changes are observed when a catalytic triad residue is mutated. Preliminary 

crystals have been obtained for both enzymes. 
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Chapter 4 

Citrate synthase 
 

 

4.1 Background 

4.1.1 Tricarboxylic acid cycle 

The tricarboxylic acid (TCA) cycle, also known as the citric acid cycle or Krebs 

cycle, includes a sequence of chemical reactions that converts the acetyl moiety of 

Acetyl-CoA (AcCoA) into carbon dioxide (CO2) and in doing so makes nicotinamide 

adenine dinucleotide (NADH) that is later used in the electron transport chain to drive 

oxidative phosphorylation to make ATP128. In addition to its essential role in providing 

cellular energy, the TCA cycle provides precursors for amino acids, lipids, and other 

essential macromolecules as well as other important metabolites. Hans Adolf Krebs 

received the Nobel Prize in Physiology or Medicine in 1953 for the discovery of this 

cycle129.  

The TCA cycle is composed of eight steps, and thus involves eight enzymes128. A 

scheme of the TCA cycle is represented in figure 4-1. In eukaryotes, all the reactions take 

place in mitochondria while in bacteria, the TCA cycle occurs in the cytosol. 
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Briefly, AcCoA and oxaloacetate are first converted to citrate and CoA by citrate 

synthase128. This step will be further described in the following section. Then, citrate is 

converted into isocitrate through a dehydratation/rehydratation reaction catalyzed by an 

enzyme called aconitase. Isocitrate is dehydrogenated and decarboxylated into α-

ketoglutarate. This molecule is converted to succinyl-CoA - after the loss of a second 

carboxylic group - and then to succinate. Finally, three other enzymes intervene to 

convert succinate into oxaloacetate through the formation of fumarate, followed by 

malate. The produced oxaloacetate is ready to be utilized again in the TCA cycle to react 

with AcCoA. 

 

 

Figure 4-1: Scheme of TCA cycle. Adapted from Nelson and Cox, Lehninger 
Principles of Biochemistry, 6th Edition, 2013.  
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4.1.2 Role of citrate synthase 

Citrate synthase is the first enzyme involved in the TCA cycle. This enzyme 

catalyzes the conversion of AcCoA and oxaloacetate into citrate and free CoA (Figure 4-

2). Numerous research articles have been published on the enzyme citrate synthase. 

Crystal structures of citrate synthase from various organisms have been solved over the 

years130-140. 

The citrate synthase enzyme catalyzes an aldol-Claisen condensation (Figure 4-

3)131, 134. First, based on site-directed mutagenesis, an aspartate residue (375 in the crystal 

structure of chicken citrate synthase, PDB 1CSC132) acts as a catalytic base and 

deprotonates the α carbon of AcCoA141-143. The enolate intermediate is stabilized by the 

presence of a histidine residue (274 in the crystal structure of chicken citrate synthase, 

PDB 1CSC132)144-146. Then, a nucleophilic attack takes place: the carbanion formed in the 

previous step attacks the carbonyl carbon present on oxaloacetate. Another histidine 

residue (320 in the crystal structure of chicken citrate synthase, PDB 1CSC132) also acts 

as a catalytic acid and donates its proton to the carbonyl131. Finally, the citroyl-CoA 

intermediate is hydrolyzed, leading to the formation of citrate and free CoA131, 147. 

 

Figure 4-2: Reaction catalyzed by citrate synthase. The two carbons highlighted in 
blue in the citrate molecule are the ones donated by AcCoA. 
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Kinetic studies are consistent with an ordered bisubstrate mechanism148. 

Typically, citrate synthase binds oxaloacetate first and undergoes a conformational 

change that allows the creation of a binding pocket for the second substrate AcCoA130, 149, 

150.  

Two different types of citrate synthase have been identified138. Type I citrate 

synthases can be found in most organisms, such as eukaryotes and gram-positive bacteria. 

The type I enzymes form a dimer and possess a shorter sequence compared to the type II 

enzymes. Type II citrate synthase are commonly found in Gram-negative bacteria and 

exhibits an extra N-terminal beta-sheet domain136, 138, 151. The type II enzymes usually 

 

Figure 4-3: Citrate synthase mechanism. Residues participating in the mechanism are 
highlighted in green. 
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form a hexameric structure.  In some cases, the type II enzymes are allosterically 

inhibited by NADH, allowing regulation of the TCA cycle152. E. coli citrate synthase is 

an example of the type II group. 

 

4.1.3 Tricarboxylic cycle and citrate synthase in M. tb 

Many bacteria possess variations in the TCA cycle that respond to their specific 

needs and metabolic requirements153. Indeed, some bacteria utilize variants of the TCA 

cycle that include oxidative and reductive pathways to favour the formation of 

biosynthetic precursors. For instance, E. coli usually features a traditional TCA cycle. 

However, under anaerobic conditions, the bacterium  utilized a variation that lacks the α-

ketoglutarate dehydrogenase154, 155. Thus, the cycle splits into two branches; one is 

oxidative and terminates with α-ketoglutarate while the second is reductive and generates 

the formation of succinate. Another example is Helicobacter pylori, which uses a variant 

TCA cycle in an anaerobic environment. Both oxidative and reductive branches are 

connected by α-ketoglutarate ferredoxin oxidoreductase156.  

Under environmental stresses such as acidic pH or low oxygen availability, many 

bacteria choose to adopt a latent state in which they stop their growth but maintain 

metabolic activity157. M. tb reacts to environmental stresses in this way and alters its 

metabolism158, 159. This phenomenon raises a challenge for treating TB. In fact, most of 

the TB drugs in clinical use target replicating bacteria160. In latency, the bacteria become 

tolerant to those antibiotics that target replicating bacteria making it more difficult to treat 

TB. Thus, it is critical to gain knowledge about M. tb primary metabolism and how the 



 83 

organism is able to alter its metabolism in order to enter a latent stage and resist antibiotic 

action. The TCA cycle is an essential part of this metabolism.  

Based on the genome sequence, M. tb encodes all of the enzymes from the TCA 

cycle, as well as α-ketoglutarate ferredoxin161. However, until recently, it was believed 

that M. tb lacks α-ketoglutarate dehydrogenase activity162, 163. Instead, α-ketoglutarate is 

converted to succinic semialdehyde via decarboxylation (α-ketoglutarate decarboxylase); 

then, succinic semialdehyde is oxidized to produce succinate. Recent studies proved the 

contrary: the α-ketoglutarate decarboxylase identified by Tian et al. also possesses α-

ketoglutarate dehydrogenase activities164. Alternative enzymes that perform this step have 

also been identified165-167. Other M tb enzymes involved in the TCA cycle, as well as 

enzymes bypassing some steps in the cycle, have been characterized. Isocitrate 

dehydrogenase168, 169, isocitrate lyase170, 171, α-ketoglutarate decarboxylase164 and malate 

dehydrogenase172 are such examples. However, based on several studies, M. tb does not 

appear to use the TCA cycle in a similar manner as other bacteria, highlighting the 

significance to study the different pathways M. tb utilizes for carbon metabolism167, 169, 

173. De Carvalho et al demonstrated that M. tb is able to catabolize several carbon sources 

simultaneously to maximize bacterial growth173. 

M. tb citrate synthase has been mentioned in one study by Sassetti and co-

workers174. This enzyme is a 40 kDa protein encoded by citA (Rv0889c). Bioinformatic 

analysis predicts that citrate synthase is a type II enzyme. Sassetti and co-workers 

demonstrated that several growth-limiting stresses cause the bacteria to favor the carbon 

fluxes toward triglyceride synthesis (storage) instead of the TCA cycle174. Additionally, 

overexpression of the citA gene increased the sensitivity of M. tb to antibiotics.  
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Nonetheless, little is known about M. tb citrate synthase. The aim of this research 

was to gain more knowledge about this enzyme. To do so, the crystal structure of M. tb 

citrate synthase in complex with oxaloacetate was solved to 2.1 Å resolution. 

Additionally, an absorbance-based assay was developed to kinetically characterize the 

enzyme. This assay could be used to identify potential inhibitors of M. tb citrate synthase. 

Since it is necessary to extend our knowledge about the M. tb primary metabolism and 

the importance of this metabolism for latency and antibiotics tolerance, inhibiting the 

enzyme activity could be used as a tool to study the metabolism of M. tb. In fact, we 

could inactivate the TCA cycle to study the other pathway(s) that the organism utilizes to 

promote carbon metabolism. 
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4.2 Experimental procedures 

4.2.1 Cloning of citA 

The citA gene was amplified from H37Rv genomic DNA by PCR using the first 

two primers shown in table 4-1 (Integrated DNA Technology). The gene was amplified a 

second time using this PCR product obtained and the second pair of primers displayed in 

table 4-1. The second pair of primers includes the sequences corresponding to the 

restriction endonucleases recognition sites. The latter primers were not used directly 

because of a lack of specificity; indeed, the wrong product was amplified from H37Rv 

genomic DNA when these primers were used.  

 

The gene was then ligated into a pET32-based plasmid (EMD biosciences) 

between the restriction sites NdeI and BamHI, including a non-cleavable C-terminal poly-

histidine tag. Nucleotide sequencing was performed by Eurofins MWG Operon to 

confirm the gene sequence (Figure 4-4). 

Table 4-1: Primers used for the amplification of citA gene 

citA-5’ GTCCCGGAGAATTTCGTCCCCGGCCTCGAC 

citA-3’ TGGTGAGTACCCGCTCCCAGCCGTCGAC 

citA-NdeI CACCTTCATATGACAGTGGTCCCGGAGAATTTCGTC 

citA-BamHI TTGGATCCTCAATGATGATGATGATGATGGGCGGTGGTGAGTACCCGCT 
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Figure 4-4: Sequencing results of pET32-citA. A) N-terminus sequence of pET32-
citA. B) C-terminus sequence of pET32-citA. The construct includes a non-cleavable  
C-terminal poly-histidine tag. 
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4.2.2 Purification of citrate synthase 

The purified plasmid containing citA was used to transform BL21 E. coli cells 

(New England BioLabs®). Bacterial cells were cultured in Luria Broth (Research 

Products International) at 37 °C in presence of 100 mg/L of ampicillin (Gold 

Biotechnology). Once an OD600 nm of 0.6 was reached, the cells were induced at 16 °C for 

36 to 48 hours by the addition of 1 mM IPTG (Gold Biotechnology). The cells were then 

harvested by centrifugation and resuspended in a buffer containing 20 mM Tris pH 8.0, 5 

mM imidazole, 0.2 M sodium chloride (NaCl) and 5 mM β-Me. The induced stock was 

stored at -80 °C until needed. 

The induced cells were thawed at room temperature. Then, the cells were lysed 

using 1 mM of lysozyme (Hampton Research) and 0.1 mM of DNaseI (Roche), as well as 

a sonication step (Sonicator 3000, Misonix). The crude lysate was pelleted by 

centrifugation at 11,000 rpm (fixed-angle rotor, 5810-R Centrifuge, Eppendorf) for 30 

minutes. The supernatant was filtered and then loaded onto a 5 mL HisTrapTM TALON® 

crude column prepacked with TALON SuperflowTM (GE Healthcare). The column was 

washed with 15 column volumes of resuspension buffer and was eluted using a linear 

gradient over 15 column volumes with a concentration of imidazole from 5 mM to 150 

mM (Figure 4-5). 
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Citrate synthase was concentrated using ammonium sulfate precipitation at a final 

concentration of 2.8 M. The pelleted protein was resuspended in a buffer containing 50 

mM Tris pH 8.0 and 0.3 mM TCEP. The sample was further purified using size exclusion 

chromatography (Figure 4-6). The fractions containing citrate synthase were pooled 

together and a new ammonium sulfate precipitation was carried out. The pelleted protein 

was resuspended into crystallization buffer (50 mM Tris pH 8.0, 0.3 mM TCEP) and 

dialyzed overnight against the same buffer.  

 

Figure 4-5: Chromatogram from cobalt affinity purification of citrate synthase. The 
blue line corresponds to the absorbance monitored at 280 nm while the green line 
represents the concentration of buffer B (higher concentration in imidazole). The 
brown line corresponds to the conductivity measured. 
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The concentration of the citrate synthase was determined using absorbance 

spectroscopy at a wavelength of 280 nm using the theoretical extinction coefficient 

(50420 M-1 cm-1) determined by the ProtParam function from the ExPASY proteomics 

server91.  

 

 

Figure 4-6: Chromatogram and SDS-PAGE gel from size exclusion chromatography 
of citrate synthase. The blue line corresponds to the absorbance monitored at 280 nm 
while the brown line corresponds to the conductivity measured. The elution volume 
from the S200 column suggests that citrate synthase is a tetramer or larger.  
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4.2.3 Preparation of a selenomethionine protein 

The selenomethionine kit was purchased from Molecular Dimensions and the 

SelenoMet™ medium prepared per the kit instructions. Briefly, 10.8 g of SelenoMet™ 

medium was dissolved into 500 mL of deionised water. The medium was autoclaved for 

20 min at 121 °C. In the mean time, 2.55 g of SelenoMet™ Nutrient Mix was dissolved 

into 25 mL of deionised water. The solution was filter sterilized through a 0.45 µm 

syringe filter. Then, the nutrient solution was added to the autoclaved SelenoMet™ 

medium once it was cooled down. 

A 5 mL culture of BL21 E. coli cells containing the citA plasmid was grown 

overnight. The culture was harvested and the cell pellet was resuspended with several 

milliliters of the SelenoMet™ medium. The resuspended cell pellet was used to inoculate 

the sterile SelenoMet™ medium. Bacterial cells were grown at 37 °C in the presence of 

100 mg/L of ampicillin (Gold Biotechnology) to an OD600nm of 0.6. Selenomethionine 

solution (250 X) was added to the cells, which were then incubated for 15 min at 37 °C. 

The cells were then induced at 16 °C for 36 to 48 hours by addition of 1 mM IPTG (Gold 

Biotechnology). The cells were then harvested by centrifugation and resuspended into 20 

mM Tris pH 8.0, 5 mM imidazole, and 5 mM β-Me.  

The protein was purified following the same protocol as the native enzyme. A 

cobalt affinity purification step, followed by size exclusion chromatography, was 

performed. The purity was analyzed using SDS-PAGE (Figure 4-7).  
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4.2.4 Mass spectrometry 

After running a SDS-PAGE containing a sample of purified citrate synthase, the 

gel slice corresponding to the contaminant band observed at around 30 kDa was excised. 

In-gel trypsin digestion was performed using sequencing-grade trypsin (Promega) 

following standard procedures. Peptide mass fingerprinting was carried out on a MALDI-

TOF/TOF mass spectrometer (Brucker Daltonics). CHCA (Acros Organics) was used as 

a matrix. The data were analyzed using the MASCOT server.  

 

 

Figure 4-7: Purification of selenomethionine derivatized citrate synthase. 
Chromatogram and SDS-PAGE gel from size exclusion chromatography. The blue 
line corresponds to the absorbance monitored at 280 nm while the brown line 
corresponds to the conductivity measured. 
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4.2.5 Absorbance-based assay 

Stock solutions of 5,5’-dithio-bis-(2-nitrobenzoic acid) (Sigma Aldrich) and 

oxaloacetic acid (Sigma Aldrich) were prepared in 50 mM Tris pH 8.0 and stored at -20 

°C up to one week prior to use.  

AcCoA was purchased from Roche (25 mg). The white solid was dissolved into 

deionised water to a concentration of 20 mM. The solution of AcCoA was transferred in 

several aliquots, each of them containing 50 µL of the AcCoA solution. The deionised 

water was then evaporated from the different aliquots using a SpeedVac™. The aliquots 

were stored at -20 °C and were stable for several months. Prior to using an aliquot of 

AcCoA, the sample was thawed at room temperature. Acetic anhydride (4.05 µL) was 

added to the aliquot and the sample was incubated for 10 min at room temperature. The 

reaction was quenched using 405 µL of 50 mM Tris pH 8.0. The final concentration of 

AcCoA was 2.45 mM.  

The reactions were carried out at 25 °C on a Synergy H4 Hybrid Reader (BioTek) 

using 10 nM of citrate synthase. The enzyme was dialyzed against 20 mM Tris pH 8.0 

prior to use. Each of the reactions was performed in 50 mM Tris pH 8.0. To determine 

the kinetic parameters, either the concentration of oxaloacetate was fixed at 250 µM 

while the AcCoA concentration was varied from 0 to 500 µM or the concentration of 

AcCoA was fixed at 200 µM whereas the oxaloacetate concentration was varied between 

0 and 250 µM. The 5,5’-dithio-bis-(2-nitrobenzoic acid) was fixed at 300 or 600 µM and 

the concentration of citrate synthase was 10 nM. The reactions were performed in 

quadruplicate. Non-linear regression analysis was carried out using Prism 5 software.  
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The Z’ value was determined by performing 48 reactions, 24 positive controls 

containing citrate synthase and 24 negative controls lacking enzyme. Each of the 

reactions contained 100 µM of oxaloacetate, 100 µM AcCoA, 10 nM citrate synthase and 

300 µM 5,5’-dithio-bis-(2-nitrobenzoic acid). 

NADH was purchased from Research Products International Corp. The inhibition 

of citrate synthase by NADH was tested using similar conditions to the ones used for Z’ 

determination. NADH concentration was varied from 0 to 10 mM. 

 

4.2.6 Crystallization studies 

Each of the crystals was grown using the hanging-drop vapor diffusion method. 

Index screens (Hampton Research) were set up using different concentrations of citrate 

synthase, as well as different ligands (products, substrates or substrate/product). Once a 

preliminary hit was obtained, further optimization was attempted using either 1 or 2-

dimensional screens, or detergent /additive screens (Hampton Research). 

Preliminary crystals were obtained for a complex including 9.5 mg/mL citrate 

synthase, 5 mM oxaloacetate and 5 mM CoA (Chem-Impex International Inc). The 

complex was crystallized in 0.1 M Tris pH 8.5, 0.5 M NaCl and 22 % w/v PEG 3350.  

The selenomethionine derivatized citrate synthase (14.4 mg/mL) was incubated 

with 5 mM oxaloacetate and 5 mM CoA for 30 min on ice. The complex crystallized 

against a well solution containing 0.1 M Tris pH 8.5, 0.5 M NaCl and 19 % w/v PEG 

3350 in the presence of 5.6 mM of a detergent, CYMAL-6 (6-cyclohexyl-β-D-maltoside). 

PEG 3350 was added prior to mounting the crystal for data collection. 
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Citrate synthase (30.8 mg/mL) was also crystallized in presence of 6.5 mM 

NADH. The well solution contained 0.02 M magnesium chloride (MgCl2), 0.1 M HEPES 

pH 7.5, and 22 % w/v poly(acrylic acid sodium salt) 5100 and the crystals were grown in 

presence 0.1 M barium chloride, as part of the additive screen (Hampton Research). 

All crystals were flash-cooled in liquid nitrogen before data collection. 

Diffraction data were collected at the LS-CAT beamline at the Advance Photon Source 

Argonne National Laboratory (APS-ANL, IL). 

 

4.2.7 Single-wavelength anomalous dispersion experiment 

A single diffraction data set was collected at a wavelength of 0.97856 Å for a 

crystal of selenomethionine derivatized citrate synthase crystallized in presence of 

oxaloacetate and CoA. HKL2000 was utilized to index, integrate and scaled as an 

anomalous data92. The Autosol and Autobuild tools from PHENIX were used to build a 

model for the citrate synthase95. Forty-four selenium sites were identified, leading to the 

determination of 4 copies of citrate synthase in one asymmetric unit since M. tb citrate 

synthase possesses eleven methionine residues. The solution obtained provided a figure 

of merit of 0.347; the model correlation coefficient was 0.87. Then, the PHENIX refine 

tool was used to carry out rigid body refinement, simulated annealing, positional and B-

factor refinements95 while manual corrections of the model were performed using 

COOT96. 
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4.3 Results and Discussion 

4.3.1 Identification of a contaminant using mass spectrometry 

During the purification of citrate synthase, a contaminant band at around 30 kDa 

was always observed on SDS-PAGE gel (Figure 4-8). Diverse purifications were 

attempted in order to remove this impurity: longer wash with binding buffer during cobalt 

affinity chromatography, anion exchange, ammonium sulfate precipitation with different 

concentrations of salt and size exclusion chromatography are examples of such attempts. 

The contaminant was still present. However, the contaminant was partially removed by 

using size exclusion chromatography. 

 

Mass spectrometry was utilized in order to identify the contaminant. The 

corresponding gel slice was excised and in-gel trypsin digestion was carried out. A 

MASCOT search provided a score of 68 (significant score was 49) and identified M. tb 

 

Figure 4-8: SDS-PAGE gel of citrate synthase (41 kDa, poly-histidine tag included) 
after purification. The black box highlights the contaminant band observed at 30 kDa 
which was excised from the gel and subjected to mass peptide fingerprinting. 
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citrate synthase as the contaminant. 48 % of the protein sequence was covered. However, 

in observing the different peptides, it appears that a portion of the N-terminus of the 

protein is absent (Figure 4-9). Thus, the band observed at around 30 kDa corresponds to a 

truncation of M. tb citrate synthase that is lacking its N-terminus. As the poly-histidine 

tag is located at the C-terminus of the protein, it explains why the truncated protein is still 

able to bind to a cobalt affinity column.  

 

 
Since the protein undergoes proteolysis, we attempted to induce bacterial cells 

containing the citA plasmid for only one 16 hours instead of 36 hours to avoid 

proteolysis. Nonetheless, the truncated protein was still observed. We hypothesized that 

the citrate synthase forms an oligomer (tetramer or hexamer based on the size exclusion 

chromatogram, Figure 4-6) and that one/several of the monomers is/are truncated. 

 

 

Figure 4-9: Amino acids sequence of M. tb citrate synthase. The peptides highlighted 
in blue are the ones that were observed when the peptide mass fingerprinting was 
carried out on the contaminant band. The protein sequence coverage was 48%. 
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4.3.2 Development of an absorbance-based assay 

4.3.2.1 Kinetic parameters determination 

An absorbance-based assay was developed using 5,5’-dithio-bis-(2-nitrobenzoic 

acid), abbreviated as DTNB, which is commonly used to assess the amount of thiol 

groups in a sample175. A thiol group acts as a nucleophile and attacks the DTNB 

compound, cleaving the disulfide bond present in DTNB and generating 3-thio-6-

nitrobenzoate (TNB). In an alkaline solution, this leaving group possesses a yellow color 

and absorbs with a λmax at 412 nm.  

The absorbance-based assay utilizes oxaloacetate and AcCoA. In the presence of 

citrate synthase, the substrates are converted to citrate and CoA. The latter possesses a 

free thiol group, which can react with DTNB. The release of one CoA molecule 

corresponds to the formation of one TNB molecule. The absorbance can be monitored at 

412 nm. The scheme of this absorbance-based assay is presented in figure 4-10. 

 

The activity of M. tb citrate synthase was tested using 160 µM oxaloacetate and 

200 µM AcCoA in the presence of 300 µM of DTNB and 10 nM enzyme. The assay was 

 

Figure 4-10: Scheme of M. tb citrate synthase absorbance-based assay. 
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carried out at pH 8.0 at 25 °C. A control reaction omitting the enzyme was performed in 

parallel. Because of how AcCoA solutions were stored, the compound is contaminated 

with a significant amount of CoA. Thus, an aliquot of AcCoA was “recovered” prior to 

be utilized as described in section 4.2.5. The procedure used was described by Trievel 

and co-workers176. 

In the presence of citrate synthase, an increase of the absorbance increase at 412 

nm is readily observed, indicating that the enzyme is active and converts the substrates to 

citrate and free CoA (Figure 4-11). Additionally, the background for this assay is very 

low; no reaction is observed when only AcCoA and oxaloacetate are present. 

 

 

 

 

Figure 4-11: Enzymatic activity test of M. tb citrate synthase. The absorbance was 
monitored at 412 nm. Both reactions contain oxaloacetate and AcCoA. The reaction 
colored in blue is a control lacking citrate synthase while the reaction represented in 
red contains citrate synthase. 
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Since the enzymatic activity of citrate synthase was confirmed, the next step was 

to determine the steady-state kinetic parameters. To do so, either the concentration of 

AcCoA was fixed and the oxaloacetate concentrations were varied or the contrary was 

performed. The slopes (Abs/min) corresponding to the different concentrations of 

substrate allow the determination of the initial velocities when using the Beer-Lambert 

law and the molar extinction coefficient of TNB (14,150 M-1 cm-1)177, 178.  

First, a two-dimensional grid was attempted. A range of oxaloacetate 

concentrations from 0 µM to 250 µM was used while AcCoA was varied from 25 µM to 

200 µM. DTNB was used at a concentration of 300 µM. Lineweaver-Burk plots were 

represented graphically to determine the kinetic parameters Km and Vmax. However, the 

double-reciprocal plot was inconclusive; intersecting lines should represent the formation 

of a ternary complex, but the lines were not all intersecting in our assay. The different Km 

values were calculated using non-linear regression analysis on Prism 5 software (equation 

4-1). The initial velocity (µM/min) was plotted versus the concentration of oxaloacetate 

(Figure 4-12).  

 
 

€ 

V =
Vmax × [S]
Km + [S]       

(Equation 4-1) 

 
 

V represents the initial velocity while Vmax corresponds to the maximal velocity 

theoretically reached by the enzyme. [S] is the concentration of the substrate. Km is the 

Michaelis-Menten constant. 
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At a saturating concentration of 200 µM of AcCoA, the apparent Michaelis-

Menten Km value for oxaloacetate was found to be 91.92 µM. The Km value for AcCoA 

was then determined using a fixed concentration of oxaloacetate (200 µM) and a range of 

AcCoA concentrations from 0 to 500 µM. DTNB was used at a concentration of 600 µM.  

When performing this experiment, substrate inhibition was observed. Indeed, it is 

documented in literature that citrate synthase can be inhibited by its own substrate 

AcCoA179, 180. In this case, the substrate binds as a competitive inhibitor in the active site 

to promote inhibition. When plotting a Michaelis-Menten curve for AcCoA, the initial 

 

Figure 4-12: Michaelis-Menten curves for oxaloacetate. The oxaloacetate 
concentration was varied from 0 to 250 µM while the concentration of AcCoA was 
fixed at 25 µM (A), 50 µM (B), 100 µM (C) or 200 µM (D). The error bars (standard 
deviations) were calculated from triplicate reactions. 
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velocity rises to a maximum, and then suddenly decreases as the AcCoA concentration is 

increased (Figure 4-13). 

 

 

In order to calculate the Km and the Ki (inhibition constant) values, the software 

Prism 5 uses the same equation that can be used for a competitive inhibition. The 

equation is displayed as equation 4-2. V, Vmax, [S], Km and Ki values correspond to the 

values previously described. 

 

€ 

V =
Vmax × [S]

Km + [S] × (1+
[S]
Ki

)
      (Equation 4-2) 

 

 

Figure 4-13: Michaelis-Menten curve for AcCoA. AcCoA concentration was varied 
from 0 to 500 µM. The error bars (standard deviations) were calculated from triplicate 
reactions. 
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However, when this equation was applied in Prism 5, the Km and Ki values could 

not be accurately determined. The reason is likely that we do not have sufficient data 

points above 200 µM; thus the program is unable to fit the data to the substrate inhibition 

equation. Experiments are ongoing to determine accurate Km and the Ki values for the 

substrate AcCoA.  

 

4.3.2.2 Z’ value determination 

Upon the determination of reasonable values for the kinetic parameters, 

experiments were performed to determine a Z’ value for this assay. A Z’-factor is a 

statistical parameter used in the validation of assays for high-throughput screening 

purposes; it describes the signal-to-background ratio89. This factor is calculated using 

equation 4-3 giving a value between 0 and 1; a value closer to 1 indicates an assay with 

higher signal-to-noise and better precision. If the value is below 0.5, it indicates that 

optimization of the assay is required before pursuing screening. An assay is usually 

considered suitable for high-throughput screening when the Z’ value is above 0.5. 

 

€ 

Z '=1− 3σc+ + 3σc−

| µc+ − µc− |
      (Equation 4-3) 

 

The terms σc+ and σc- correspond to the standard deviation values of positive 

controls and negative controls, respectively; while the terms µc+ and µc- represent the 

mean of positive controls and negative controls, respectively. 
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A set of 48 reactions was performed using the absorbance-based assay described 

in section 4.3.2.1. The experiment includes 24 negative controls that lack citrate synthase 

and 24 positive controls that contain enzyme. Each of the reactions were carried out using 

near Km values for both substrates; oxaloacetate was used at 100 µM while the apparent 

Km value for AcCoA was estimated to be 100 µM based on the Michaelis-Menten curve 

described in section 4.3.2.1. DTNB was used at a concentration of 300 µM and the citrate 

synthase concentration was 10 nM. The Z’-factor was calculated to be 0.72. 

Work continues to determine again the Z’-factor using 1 % DMSO in the reaction, 

because the drugs from the NIH Clinical Collection and other compound libraries are 

stored in DMSO. Thus, it is necessary to determine whether or not the enzyme activity is 

affected by the presence of DMSO prior to screening any library for potential inhibitors.  

 

4.3.2.3 Test inhibition of citrate synthase by NADH 

Based on bioinformatic analysis, M. tb citrate synthase is hypothesized to be a 

type II enzyme. Since NADH is a known allosteric inhibitor for some type II enzymes, 

we tested whether or not NADH exhibits such an effect on the activity of citrate synthase. 

The absorbance-based assay was used. Each of the reactions contained 100 µM 

oxaloacetate, 100 µM AcCoA, 300 µM DTNB and 10 nM citrate synthase. The 

concentration of NADH was varied between 0 and 10 mM; however, no inhibition was 

observed. This result is in agreement with the study by Viollier et al.181. They 

demonstrated that NADH does not inhibit the Streptomyces coelicolor citrate synthase 

enzyme encoded by citA, which is another Gram-positive bacteria related to 

mycobacteria. Indeed, citrate synthase of Gram-negative bacteria such as E. coli are the 
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species typically affected by this allosteric inhibitor182. Other known allosteric inhibitors 

of citrate synthase such as ATP/ADP, NAD+, isocitrate or α-ketoglutarate will be tested 

in order to ascertain whether or not they affect the M. tb citrate synthase activity. 

 

4.3.3 Determination of citrate synthase structure 

4.3.3.1 Citrate synthase in complex with oxaloacetate 

To gain more insight about M. tb citrate synthase, we crystallized the enzyme to 

solve its structure. Preliminary crystals of the enzyme were obtained with oxaloacetate 

and CoA (Figure 4-14). The rod shape crystals were analyzed at the APS and diffraction 

data was obtained to 2.9 Å resolution. The protein crystallized in a primitive hexagonal 

space group (unit cells: a = b = 150.3 Å, c = 200.1 Å, α = β = 90 °, γ = 120 °). Molecular 

replacement was attempted using various models of type II citrate synthases available in 

the RCSB Protein Data Bank. Based on sequence alignment, M. tb citrate synthase shares 

approximately 30 % sequence similarity with Thermus thermophilus (T. thermophilus) 

citrate synthase (PDB accession code 1IXE). The structure 1IXE was one of the main 

templates used for molecular replacement but no solution was obtained in any of the 

related space groups among the primitive hexagonal family. We attempted to index the 

diffraction data as a lower symmetry space group but once again, no molecular 

replacement solution was obtained.  

Crystals of citrate synthase were obtained with NADH in the crystallization 

solution (Figure 4-14). These crystals were subjected to X-ray diffraction experiments at 

the APS before the absorbance-based assay was developed; the lack of inhibition of M. tb 

citrate synthase by NADH was not yet characterized. The enzyme crystallized in a P21 
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space group (unit cell: a = 75.6 Å, b = 121.3 Å, c = 100.1 Å, α = γ = 90 °, β = 95.0 °) to 

2.4 Å. Once again, molecular replacement was inconclusive. 

Thus, a selenomethionine derivatized protein was prepared. M. tb citrate synthase 

possesses eleven methionine residues. Crystals of selenomethionine derivatized protein 

co-crystallized with CoA and oxaloacetate were optimized primarily through utilizing the 

detergent screen. Most of the crystals analyzed at the APS diffracted poorly. However, 

one crystal of the complex grown in presence of CYMAL-6 provided data to 2.1 Å 

(Figure 4-14). Data were collected at the peak of the selenium K-edge to carry out a SAD 

experiment. Information about data collection and refinement statistics is displayed in 

table 4-2. 

 

 

Figure 4-14: Crystals of M. tb citrate synthase. A) Citrate synthase in complex with 
CoA and oxaloacetate. B) Citrate synthase in presence of NADH. C/D) 
Selenomethionine derivatized citrate synthase in complex with oxaloacetate and CoA. 
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Table 4-2: Data collection and refinement statistics for selenomethionine derivatized 
citrate synthase in complex with oxaloacetate and CoA. Refinement of the model is 
still ongoing. 

Data Collection 

Citrate SeMet in 
complex with 

oxaloacetate and 
CoA 

Space Group P21 
Unit Cell 
Dimensions  

a, b, c (Å) 75.7, 130.0, 92.4 
α, β, γ (°) 90.0, 107.1, 90.0 

Resolution Range 
(Å) 50.0-2.1 

Wavelength (Å) 0.97856 
Rsym (Highest shell) 12.0 (82.0) 
I/σI 21.4 (2.3) 
Completeness (%) 
(Highest shell) 100.0 (100.0) 

Redundancy 
(Highest shell) 7.6 (7.7) 

Refinement  
Total Reflections 
(Unique) 758160 (99459) 

Rwork /Rfree 20.4/23.7 
Wilson B factor 31.7 
R.m.s. deviations  
    Bond lengths (Å) 0.009 

 Bond angles (°) 1.132 
Ramachandran plot  
    Favored (%) 97.07 
    Outliers (%) 0.34 
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The final refined crystal structure contains four molecules in the asymmetric unit. 

Based on the results from size exclusion chromatography and the X-ray crystallographic 

model, it is clear that the functional biological unit of M. tb citrate synthase is a tetramer. 

Each monomer possesses 15 α-helices and 4 β-sheets (Figure 4-15). Contrary to what 

was expected from the mass spectrometry data, electron density was observed for the N-

terminus of each monomer, except for a few residues in two of them. 

 

Figure 4-15: Overall structure of selenomethionine derivatized citrate synthase. The 
enzyme forms a tetramer. The positions of the N-terminus and C-terminus are 
indicated, as well as the location of the active site. The red star highlights the position 
of an unknown electron density that will be discussed further in this section.  



 108 

The fold is similar to that of T. thermophilus citrate synthase (low RMS 

displacement of 4.02 Å when superimposing the Cα atoms) but differences between the 

two structures illustrate why the attempted molecular replacement failed. Specifically, the 

interface between two molecules of T. thermophilus citrate synthase involves 4 α-helices 

while only 3 α-helices are interacting between 2 molecules of M. tb citrate synthase 

(Figure 4-16). The fourth α-helix in the T. thermophilus citrate synthase structure forms a 

random coil in the M. tb citrate synthase that consists of several proline residues, 

phenylalanine residues or other hydrophobic residues (Figure 4-17). These four 

interfacial helices are found in all citrate synthase structures from diverse organisms that 

are available in the RCSB Protein Data Bank.  

No electron density was observed in the active site that can account for 

oxaloacetate or CoA. However, an unknown electron density is observed in each 

monomer structure and is located in the center of the tetramer (Figure 4-15). The pocket 

in which this electron density is found contains two arginine residues (R149 and R153) 

and a glutamine residue (Q137) that might stabilize a negatively charged molecule. We 

first hypothesized that the density corresponded to oxaloacetate. However, the electron 

density does not match perfectly the structure of oxaloacetate. The crystallization 

condition does not contain any component that could account for this density. We then 

hypothesized that a component from E. coli might have been purified along with the 

protein. We hypothezized that the density corresponds to pyruvate, a compound typically 

converted to AcCoA prior entering the TCA cycle. Pyruvate could act as an allosteric 

regulator of M. tb citrate synthase as the location is close to that one where NADH binds 

in other citrate synthase structure in complex with NADH137, 139, 183. The improvement of 
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this model of M. tb citrate synthase is ongoing, as well as the identification of the 

unknown electron density. 

 

Figure 4-16:  Comparison of T. thermophilus citrate synthase structure (A) and M. tb 
citrate synthase structure (B). CoA and citrate are represented as sticks in the T. 
thermophilus citrate synthase active site. The black boxes indicate the 4 helices at the 
interface between two T. thermophilus citrate synthase monomers (A) or the 3 helices 
at the interface between two M. tb citrate synthase momomers (B). 
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The structure of M. tb citrate synthase crystallized in presence of NADH was 

solved using the model of the selenomethionine derivatized protein. As it was expected 

based on the data obtained with the absorbance-based assay, NADH was not present in 

the structure. NADH is an allosteric inhibitor of citrate synthase type II that generally 

promotes a conformational change to inactivate the enzyme. Since the structure does not 

show any evidence of bound NADH, nor does it display any conformational change when 

compared to the complex with oxaloacetate, this structure suggests that the M. tb citrate 

 

Figure 4-17: Superimposition of T. thermophilus citrate synthase monomer (green) 
and M. tb citrate synthase monomer (blue). The black circle highlights the major 
difference in secondary structures between both structures (A). A close up view of this 
region is displayed in B (Residues N60-V80 in M. tb citrate synthase; residues R54-
H90 in T. thermophilus citrate synthase.  
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synthase does not strongly bind NADH. Additionally, when comparing the residues 

involved in the NADH binding pocket in the E. coli citrate synthase with the 

corresponding residues from M. tb citrate synthase, it is noticeable that only few of the 

residues are conserved (Figure 4-18/19). Combined with the kinetic data showing that 

citrate synthase enzymatic activity is not affected by NADH, it can be conclusively stated 

that NADH concentration does not directly regulate citrate synthase activity and that any 

attempts to modulate citrate synthase activity will likely require competitive ligands. 

 

 

 

Figure 4-18: Sequence alignment of M. tb citrate synthase (top) with E. coli citrate 
synthase. * represents identical residues. Residues in red are the ones involved in the 
NADH binding pocket.  
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Figure 4-19: Superimposition of E. coli citrate synthase monomer (green) and M. tb 
cytrate synthase monomer (blue). The binding site for NADH, as well as the N-
terminal and C-terminal regions, are highlighted. 
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4.3.3.2 Crystallization attempts with CoA and citrate 

Since we were not able to observe any density for CoA in our previous structure 

of citrate synthase co-crystallized in presence of oxaloacetate and CoA, we attempted to 

crystallize citrate synthase in the presence of CoA and citrate. Both molecules are 

products of the reaction catalyzed by citrate synthase. This strategy has been successful 

for both the chicken and pig citrate synthases (PDB accession codes 2CTS and 3CTS) as 

well as the for T. thermophilus citrate synthase (PDB accession code 1IXE). 

To accomplish this, the protein was dialyzed against a buffer containing 50 mM 

Tris pH 8.0, 10 mM sodium citrate and 0.3 mM TCEP. The protein appears less stable in 

this buffer since some precipitation was typically observed after dialysis. The enzyme 

(16.5 mg/mL) was incubated with 5 mM CoA for 2 hours. An index screen (Hampton 

Research) was set up with this complex using the hanging-drop vapor diffusion 

technique. Excessive precipitation was observed in the drops. Crystals were produced; 

however, mainly clusters of needle type crystals were obtained. Condition 76, composed 

of 0.2 M lithium sulfate, 0.1 M HEPES pH 7.5 and 25 % w/v PEG 3350, appeared 

promising, producing single needle/plate type crystals. These crystals are displayed in 

figure 4-20. Optimization of these crystals was attempted using detergent and additive 

screens (Hampton Research), while the well solution corresponded to condition 76. 

Several additives or detergents provided rod shape crystals, as well as triangular crystals 

(Figure 4-20). The most promising crystals were obtained with the following additives or 

detergents: deoxycholic acid (detergent 5), ANAPOE-X-305 (detergent 9), betaine 

hydrochloride (additive 37), sarcosine (additive 41) and EDTA (additive 49). Although 

the rod shaped crystals form between 1 and 4 days and appeared single, however, 
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satellites form off the main crystal after a few days. Several of these rod shaped crystals, 

as well as the crystals obtained with deoxycholic acid, were analyzed at the APS. 

Unfortunately, they diffracted poorly. Optimization of these crystals is on going.  

 

Since the citrate synthase does not appear to be stable in a buffer containing 

sodium citrate, we attempted to crystallize citrate synthase with only CoA. Citrate 

synthase was concentrated to 24 mg/mL and incubated for two hours with 20 mM CoA 

on ice. An index screen was set up using the hanging-drop vapor diffusion technique. 

Interestingly, only few crystals were obtained with the index screening and each of them 

grew in conditions containing organic acids similar to citrate (Figure 4-21). The 

 

Figure 4-20: Crystals of citrate synthase with citrate and CoA. A) Cond. 76. B) Det. 5. 
C) Det. 9. D) Add 37. E) Add 41. F) Add. 49. 
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conditions were as followed: condition 63 (5 % Tacsimate™ pH 7.0, 0.1 M HEPES pH 

7.0 and 10 % w/v PEG MME 5000), condition 87 (0.2 M sodium malonate pH 7.0 and 20 

% w/v PEG 3350), condition 88 (0.2 M ammonium citrate tribasic pH 7.0 and 20 % w/v 

PEG 3350) and condition 91 (0.15 M DL-malic acid pH 7.0 and 20 % w/v PEG 3350). 

Tacsimate™ (Hampton Research) consists of different organic salts that include malonic 

acid, ammonium citrate tribasic, succinic acid, DL-malic acid, sodium acetate trihydrate, 

sodium formate and ammonium tartrate dibasic. Optimization of these different 

crystallization conditions to obtain larger single crystals and to minimize nucleation 

continues. To this purpose, a microbatch crystallization technique (crystallization under 

mineral oil) was used. This crystal tray was stored at 4 °C to minimize nucleation and 

minimize protein precipitation during crystallization. Thus far, no crystals have been 

obtained for the crystallization under oil. 

 

 

 

Figure 4-21: Crystals of citrate synthase with CoA. A) Cond. 63. B) Cond. 87. C) 
Cond. 88. D) Cond. 91. 
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4.4 Conclusion and future work 

M. tb citrate synthase was purified and crystallized for the first time. In order to 

solve the crystal structure, a selenomethionine derivatized protein was prepared. The 

crystal structure of citrate synthase in complex with oxaloacetate, one of its substrate, 

provides insight about the enzyme. Unfortunately, the product CoA was not observed in 

this model; thus, we cannot conclude which residues are involved in the catalytic reaction 

performed by the enzyme. Further work is necessary to obtain crystal structures of M. tb 

citrate synthase in complex with CoA alone or with both products, CoA and citrate.  

An absorbance-based assay using DTNB was developed. This assay allowed us to 

kinetically characterize the M. tb citrate synthase. The assay confirmed the role of this 

enzyme in the TCA cycle of M. tb. Although this protein is predicted to be a type II 

enzyme, we demonstrated that NADH does not inhibit M. tb citrate synthase. 

Experiments continue to improve this assay. Upon optimization, the assay will be used to 

screen the chemical libraries with the goal of discovering potential inhibitors of this 

enzyme. Inhibiting the enzyme’s activity could be used as a tool to study the metabolism 

of M. tb, as we could inactivate the TCA cycle to study the carbon sources. Additionally, 

virtual screening will be performed using the GLIDE program (Schrodinger) to identify 

commercially available compounds that could inhibit the M. tb citrate synthase. 
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Chapter 5 

Enhanced intracellular survival protein as a potential 
therapeutic target 
 

 

5.1 Background 

A characteristic difference between non-pathogenic mycobacterial species, such 

as M. smegmatis, and pathogenic mycobacteria (M.tb) is the ability to thrive following 

phagocytosis by human macrophages. However, the mechanism by which the 

mycobacterium is able to survive macrophage killing is yet unknown. Several 

mechanisms have been hypothesized such as the inhibition of phagosome-lysosome 

fusion or the acidification of phagosome29, 30. Another hypothesis is the resistance against 

reactive oxygen and nitrogen intermediates. In the past ten years, studies have shown that 

the Enhanced Intracellular Survival (Eis) protein possesses the ability to regulate the 

immune response184. However, the mechanism of action in pathogenesis as well as the 

identity of its substrates is still unknown.  

 In 2000, Friedman et al. infected the human macrophage-like cell line U-937 

with M. smegmatis transformants containing a genomic plasmid library from M.tb H37Rv 

DNA. The experiment led to the identification of a gene (Rv2416c) with an enhanced 

intracellular phenotype184, 185.  The presence of the eis gene only in pathogenic strains 
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(M.tb H37Rv, H37Ra, M. bovis BCG) suggests that the eis gene product, Eis, a 42 kDa 

protein, contributes to the survival of mycobacteria to macrophage killing. Furthermore, 

fractionation of M.tb by differential centrifugation revealed the subcellullar localization 

of Eis in the cytoplasm. Nevertheless, reduced levels of Eis were also localized in the cell 

envelope and the culture supernatant185. Examination of blood serum from patients with 

TB showed that Eis is released across the mycobacterial cell wall as 40 % of the cases 

generated antibodies to the protein. Data suggest that Eis is a non-glycosylated protein185. 

Mariani et al. showed evidence in 2001 that activation of infected human macrophages 

causes an increase in Eis expression186. 

Work in 2006 by Friedman et al. and Sharma demonstrated that Eis regulates the 

immune response187, 188. Indeed, it modulates the secretion of cytokines produced by T-

cells, particularly tumor necrosis factor α (TNF-α) and interleukin-10 (IL-10). The 

presence of Eis inhibits the production of TNF-α (promotes inflammation) and increases 

the levels of IL-10 (anti-inflammatory cytokine, inhibits the production of TNF-α) 20-

fold. Not surprising, the Δeis deletion mutant showed the opposite trend. Also, levels of 

interferon γ (IFN-γ) in the Δeis deletion mutant were also enhanced187. This event affects 

the cross regulation of T-cells, hence inhibiting macrophage activation and apoptosis. In 

addition, Friedman and co-workers confirmed that Eis was released in the macrophages 

less than 4 hours after infection of the patient, implying that Eis plays a role in the 

virulence of M.tb188. Some new evidence suggests that Eis can inhibit the production of 

reactive oxygen species (ROS) to suppress the host innate immune response (i.e. 

macrophage autophagy, inflammation, and cell death)189. 



 119 

Bioinformatic analysis revealed that Eis is a member of the GCN5 superfamily of 

N-acetyltransferases (GNAT)188. The structure of Eis solved in our lab shows that the 

protein presents similar fold and similar domain organization to Anabaena variabilis 

GNAT family, an uncharacterized protein; a sequence alignment confirms the similarities 

between the two proteins (Figure 5-1).  

 

 

Figure 5-1: Sequence alignment of Eis with AvGNAT. The top sequence represents 
Eis from M.tb while the bottom sequence represents AvGNAT, a member of the 
GCN5 superfamily of N-acetyltransferases. * represents identical residues. The 
regions in red indicate those of highest conservations while the blue ones are the most 
variables. 
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Hence, the acetyl moiety from AcCoA is transferred to an amine of an acetyl 

acceptor using the proposed mechanism below (Figure 5-2)190. The mechanism 

undergoes the formation of a ternary complex with the addition of AcCoA and the co-

substrate; then a general base deprotonates the amine of the acetyl acceptor, allowing a 

nucleophilic attack of the thioester on AcCoA and releasing a free thiol (CoA). Posey et 

al. have shown that Eis is able to transfer an acetyl group from AcCoA to kanamycin 

(KAN) and amikacin (AMK), two aminoglycosides used as second-line TB drugs191. 

 

 

The aim of this research was to understand the mechanism by which Eis allows 

M.tb to survive within the macrophage. To this purpose, our laboratory crystallized Eis 

and solved its structure. Tsodikova and co-workers solved the Eis structure with CoA 

bound192, confirming our proposed structure and the similarities with other N-

acetyltransferases. The second goal for this project was to determine the co-substrate(s) 

of Eis, i.e. the acetyl acceptor(s) in macrophage, and to characterize the interactions 

 

Figure 5-2: Proposed N-acetyltransferase mechanism 
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between Eis and its co-substrates using diverse tools such as binding studies, steady-state 

kinetics and X-ray crystallography. 

 

5.2 Experimental procedures 

5.2.1 Purification of Eis 

The eis gene was amplified from H37Rv genomic DNA and ligated into pET28 

plasmid (EMD biosciences) between the restriction sites NdeI and BamHI by a former 

student in the laboratory90. The construct contains an N-terminal poly-histidine tag that is 

potentially cleavable by a PreScissionTM protease. The purified plasmid containing eis 

was used to transform T7 express cells (New England BioLabs®). Cultures were grown in 

Luria Broth (Research Products International) at 37 °C in presence of 50 mg/L of 

kanamycin (Gold Biotechnology) and 30 mg/L of chloramphenicol (Alfa Aesar). Once an 

OD600 nm of 0.6 was reached, the cells were induced at 16 °C between 16 and 36 hours by 

addition of 1 mM IPTG (Gold Biotechnology). The cells were then harvested by 

centrifugation and resuspended into 20 mM Tris pH 7.5, 25 mM imidazole, 0.3 M NaCl, 

5 mM β-Me. The cells were lysed using 1 mM of lysozyme and 0.1 mM of DNase, as 

well as a sonication step. The crude lysate was pelleted by centrifugation at 11,000 rpm 

(fixed-angle rotor, 5810-R Centrifuge, Eppendorf). The filtered supernatant was loaded 

onto a 5 mL HisTrapTM HP column packed with Ni SepharoseTM (GE Healthcare) and 

washed with 15 column volumes of resuspension buffer. The protein was eluted from the 

column using a linear gradient of imidazole from 25 to 250 mM over 20 column volumes 

(Figure 5-3). 
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The fractions containing Eis were pooled and dialyzed overnight against the 

binding buffer. PreScissionTM protease was added to cleave the polyhistidine tag. The 

dialyzed protein was again subjected to nickel affinity chromatography to eliminate the 

poly-histidine tag, as well as the protease. Anion exchange chromatography using a 

HiTrapTM Q FF column was necessary to further purify Eis; the elution was carried out 

using a linear gradient of NaCl from 0 to 1 M (Figure 5-4). If necessary, size exclusion 

steric was performed as a polishing step. 

 

Figure 5-3: Chromatogram and SDS-PAGE gel from nickel affinity purification of Eis. 
The blue line corresponds to the absorbance monitored at 280 nm while the green line 
represents the concentration of buffer B (higher concentration in imidazole). The brown 
line corresponds to the conductivity measured. 
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A selenomethionine derivatized Eis protein was also prepared in order to obtain 

phasing information on Eis and to create a model. This protein was purified using the 

same protocol. 

 

 

Figure 5-4: Chromatogram and SDS-PAGE gel from anion exchange purification of 
Eis. The blue line corresponds to the absorbance monitored at 280 nm while the green 
line represents the concentration of buffer B (higher concentration in imidazole). The 
brown line corresponds to the conductivity measured. 
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5.2.2 Crystallization studies of Eis 

The protein was concentrated by ammonium sulfate precipitation (2.6 M). The 

pellet obtained was resuspended in crystallization buffer (10 mM Tris pH 8.5, 2 mM 

EDTA, and 1 mM DTT or TCEP). The purified protein was then dialyzed against the 

same buffer. Between 1 and 5 mg/mL of Eis were obtained, depending on the duration of 

the induction.  Eis was co-crystallized with CoA and KAN as following: 1 mg/mL of 

recombinant protein was allowed to incubate on ice for 30 minutes in presence of 25 mM 

KAN and different concentrations of CoA; then, 1 µL of the mixture was added to 1 µL 

of the crystallization condition determined from an index screening HR2-144 

commercialized by Hampton Research (0.1 M Tris pH 8.5, 0.2 M MgCl2, 14 % w/v PEG 

3350). The process was enhanced by the addition of 1 % glycerol.  Further, the 

recombinant protein was co-crystallized with CoA alone. The crystals obtained 

(rhombohedral form) took about 2 weeks to grow under mineral oil. The 

selenomethionine derivatized protein was crystallized using the same crystallization 

condition. 

The crystals were flash-frozen using liquid nitrogen prior to data collection. All 

the diffraction data were collected at the LS-CAT beamline at the APS-ANL. 

 

5.2.3 Structure determination of Eis 

X-ray data were indexed, integrated and scaled using HKL200092. A 

multiwavelength anomalous dispersion (MAD) experiment was also carried out in the 

case of the selenomethionine derivatized Eis.  
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Using the model built from the MAD experiment as a template, rigid body 

refinement, simulated annealing, positional and B-factor refinement were carried out 

using the refine tool in PHENIX95. COOT was used to manually correct the model96.  

 

5.2.4 Identification of Eis co-substrate in vivo: first approach 

5.2.4.1 Analogs of myristoyl-CoA and AcCoA: synthesis 

The synthesis was carried out using the procedure of Darley and co-workers193 

(Figure 5-5). 

 

 

In a 10 mL flask, 10 mg of the starting material in dry tetrahydrofuran (THF) was 

stirred with triethylamine (12 µL) and ethylchloroformate (12 µL) for 30 minutes. A 

white residue appeared. The solvent was then evaporated. The residue was resuspended 

in THF (1.4 mL) and centrifuged for 2 minutes at 13000 rpm. The supernatant solution 

was added to Coenzyme A trilithium salt dihydrate purchased from MP Biomedical (16 

mg) in 1 mL aqueous sodium bicarbonate (100 mM). The mixture was stirred for 40 

minutes then extracted with ethyl acetate (3x1 mL). Aqueous layers were acidified to pH 

3 by small addition of Dowex x50 (H+ form) and washed with ethyl acetate (3x1 mL). 

The water was removed by evaporation. The white residue was resuspended into 10 mM 

 

Figure 5-5: General scheme for the synthesis of AcCoA and myristoyl-CoA analogs 
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Tris pH 8.5, 2 mM EDTA, 1 mM TCEP and stored at -70°C. Products were characterized 

by ESI using a Hewlett-Packard Esquire Ion Trap LC-MS. 

The compounds are presented in a later section (Figure 5-11-A). The starting 

materials were chloroacetic acid to synthesize chloroacetyl-CoA (abbreviated as 

ClAcCoA in following sections), and tetradec-13-ynoic acid for tetradec-13-ynoyl-CoA 

(abbreviated as Alk-CoA in following sections). To synthesize ClAcCoA, chloroacetic 

acid was directly reacted with CoA. 

 

5.2.4.2 Cloning of gfp, expression and purification of Green Fluorescent Protein 

The gene encoding Green Fluorescent Protein (GFP) was amplified by PCR using 

the primers described in table 5-1 (Integrated DNA Technology). The 3’ primer was 

designed to encode a 6X-Histidine tag at the C-terminus of the protein, followed by a 

serine, an alanine and a cysteine residue. The thiol moiety on the cysteine will be used to 

react with the ClAcCoA compound. The gene was ligated into a pET28-based vector 

(EMD biosciences) between the restriction sites NcoI and BamHI (New England 

BioLabs). The sequence was confirmed using nucleotide sequencing conducted at the 

DNA Sequencing Core (University of Michigan, MI).  

 

Table 5-1: Primers used for the amplification of gfp gene 

GFP-NcoI AAGGAGATATACCATGGTGAGCAAGGGCGAGGAGC 

GFP-BamHI TCGAATTCGGATCCTCAGCACGCGCTATGATGATGATGATGGTG 
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The plasmid containing the gene encoding GFP was used to transform E. coli T7 

express cells (New England BioLabs). Bacterial cells were cultured in Luria Broth 

(Research Products International) at 37 °C in presence of kanamycin (Gold 

Biotechnology) and chloramphenicol (Alfa Aesar). At an OD600 nm 0.6, 1 mM of IPTG 

was added to induce protein expression at 16 °C for 16 hours. The cells were harvested 

by centrifugation and resuspended in the same resuspension buffer as Eis. Lysis and 

nickel affinity were carried out using the same protocol as Eis. Finally, GFP was dialyzed 

against 20 mM Tris pH 7.5, 0.3 M NaCl, 5mM β-Me (Figure 5-6). 

 

 

 

 

 

Figure 5-6: SDS-PAGE gel showing purity of GFP after nickel affinity purification 
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5.2.4.3 Proteomic experiment using CoA analogs and GFP 

BCG and H37Ra strains were used. The cells were grown to an OD600 nm 0.2, and 

then harvested. The cell pellets were resuspended into 1 mL of phosphate buffered saline 

(10 mM sodium phosphate pH 7.5, 150 mM sodium chloride). The cells were lysed, split 

in 5 aliquots for each strain and stored at -70°C. This procedure was performed by Dr. 

Liem Nguyen’s laboratory (Case Western University, Cleveland, OH). 

Only ClAcCoA and Alk-CoA were used. For each strain, 5 reactions were 

performed: 

1- Control A: only Eis 

2- Control B: Alk-CoA 

3- Control C: ClCoA 

4- Reaction A: Eis + Alk-CoA 

5- Reaction B: EIS + ClCoA 

First, 5 µM of EIS and 100 µM of the modified CoA compounds were added to 

the lysates and allowed to sit for two hours at room temperature. Then, 0.2 mM TCEP, 

0.2 mM copper sulfate and 100 µM biotin dPEG azide were added to the control B and 

the reaction A whereas 200 mM Tris buffer solution pH 8.5, 100 µM GFP labelling 

protein and 0.2 mM TCEP were added to the control C and the reaction B. The reactions 

were incubated for 2 hours at room temperature. The first reaction (A) was purified using 

Streptavidin MagneSphere® Paramagnetic Particles (Promega) while the second (B) was 

purified using nickel affinity chromatography. A native PAGE gel was run to visualize 
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the GFP protein using a blue-light transilluminator in the case of the first reaction. The 

second reaction used a SDS-PAGE. 

 

5.2.5 Identification of Eis co-substrate in vivo: second approach 

Dr. Choong-min Kang (Wayne State University, Detroit, MI) provided cell pellets 

from monocyte-derived human macrophages that were used in the bisubstrate inhibitor 

approach, as well as the substrate profiling experiment. The cell pellets were resuspended 

in 5 mM sodium phosphate pH 7.5 and 0.3 mM TCEP. The macrophages were lysed 

using liquid nitrogen and sonication (30 seconds). 

 

5.2.5.1 Bisubstrate inhibitor approach 

The bisubstrate inhibitor approach was carried out using the protocol developed 

by Xu et al194. Briefly, ClAcCoA was incubated in presence of Eis in a macrophage 

lysate for an hour at room temperature. An excess of CoA was then added and the 

reaction was allowed to process for 5 hours at room temperature. The lysate was 

subjected to nickel affinity purification using a batch method and the different fractions 

obtained during the purification were analyzed by SDS-PAGE. 

 

5.2.5.2 Substrate profiling experiment 

The procedure was described by Blanchard and co-workers in 2006195. First, 

ClAcCoA was incubated in presence of Eis in a macrophage lysate for an hour at room 

temperature. A peptide containing a poly-histidine tag, an N-terminal fluorescein label 
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and a terminal cysteine (Peptide 2.0) was incubated with the lysate for 5 hours at room 

temperature. A nickel affinity step was carried out to purify the lysate and isolate the 

acetylated co-substrate(s) of Eis. The eluted product(s) were analyzed by SDS-PAGE. 

The fluorescent band(s) were subjected to trypsin digestion and analyzed on MALDI-MS. 

 

5.3 Results and Discussion 

5.3.1 Solving Eis structure 

The first aim of this project was to optimize the crystallization of Eis in order to 

improve the diffraction quality of the crystals. To do so, different screens in which the 

percentage of PEG 3350 was varied were attempted. The addition of glycerol was used to 

enhance the process. The crystals obtained have a rhombohedral shape (Figure 5-7). 

Diffraction data to 2.2 Å were obtained at the APS.  

 

 

 

Figure 5-7: Crystals of Eis co-crystallized in presence of different concentrations of 
CoA 
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Dr. Julie Boucau and Dr. Donald Ronning performed a MAD experiment to create 

the original model of Eis; however, the data only extended to 3.0 Å. For this reason, the 

experiment was repeated to improve the resolution of the data. A new crystal of 

selenomethionine derivatized Eis (Eis SeMet) was obtained and diffraction data was 

extended to 2.6 Å. Table 5-2 summarizes the data collected, as well as the refinement and 

phasing statistics.  

 

 

The Eis structure was refined to 2.20 Å with a Rwork of 21.0 % and a Rfree of 26.1 

%. Data show that Eis forms a hexamer as does the Anabaena variabilis GNAT 

(AvGNAT) protein (PDB: 2OZG) (Figure 5-8-A). As expected, Eis presents a similar 

fold to other N-acetyltransferase.  Figure 5-8-B highlights the similarities between the 

monomer AvGNAT and our structure. In addition to the similarities in the fold of the 

Table 5-2: Data collection, phasing and refinement statistics. 

Data Collection Eis SeMet Eis 
Space Group R32 R32 
Unit Cell Dimensions   
      a, b, c (Å) 161.7, 161.7,172.9 162.9,162.9,176.2 
      α, β, γ (°) 90.0, 90.0, 120.0 90.0, 90.0, 120.0 
Resolution (Å) 50.0-2.60 50.0-2.20 
Completeness (%)  96.9  99.9 
Refinement   
Resolution (Å) 50.0-2.60 50.0-2.20 
Unique Reflections  26705 45682 
Rwork /Rfree  20.9/30.0 21.0/26.1 
B-factors (Å2) 46.2 33.6 
R.m.s. deviations   
      Bond lengths (Å)  0.009 0.008 
      Bond angles (°) 1.293 1.176 
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monomer, the rather unique domain organization and oligomeric structure observed in the 

AvGNAT protein is mirrored in the Eis structure.  

 

 

 

 

Figure 5-8: Comparison of Eis and AvGNAT (PDB: 2OZG). A) Eis (left) shows a 
similar hexamer form as AvGNAT (right). B) The model of Eis with CoA bound 
(left) exhibits the same fold and the same domain organisation as AvGNAT (right). 
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Although the active site is well resolved, almost no density is visible for CoA, 

except a small region of density that could potentially correspond to one of the 

phosphates or more likely the diphosphate moiety of CoA based on the position of CoA 

in other N-acetyltransferase structures (Figure 5-9). Higher concentrations of CoA (5-75 

mM CoA) were used for both co-crystallization and soaking immediately prior to X-ray 

diffraction studies, but a structure of an Eis-CoA complex eludes us.  

 

In 2011, Tsodikova et al. published the structure of Eis with CoA and acetylated 

hygromycin (HYG), an aminoglycoside, bound192. The complex crystallized in a different 

condition than ours (0.1 M Tris pH 8.5, 8-12 % w/v PEG 8000) for the native Eis in 

 

Figure 5-9: Active site of Eis. The active site of Eis is well resolved as displayed with 
this 2FoFc map (orange); however, no density is observed for CoA, except for a density 
that possibly corresponds to one of the phosphates or the diphosphate moiety of CoA 
(blue).  
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complex with CoA and acetylated HYG. The purification protocol used was also 

different. The amount of protein used for crystallization was 3.5 mg/mL while our lab 

was using 1 to 2 mg/mL. We attempted to reproduce the conditions indicated in the 

article but only small and multiple crystals were obtained. Optimization of the conditions 

using additive screen (HR2-428, Hampton Research) and detergent screen (HR2-408, 

Hampton Research) were attempted. Two detergents (Det. 50: n-octyl-b-D-thiuglucoside; 

Det. 60: n-heptyl-b-D-thioglucopyranoside) allowed us to obtain larger crystals. In 

addition, the crystal obtained in the detergent 60 was single (Figure 5-10). The crystals 

took approximately 3 weeks to a month to grow. Attempts to reproduce these crystals 

were unsuccessful. Using a higher concentration solution of Eis in complex with CoA 

(8.8 mM) and KAN (10 mM), a new index screening (Hampton Research) was set up 

using hanging-drop vapor diffusion. Diverse conditions led to single large crystals 

(Figure 5-10), in particular conditions 56 (0.2 M KCl, 0.05 M HEPES pH 7.5, 35 % v/v 

pentaerythritol propoxylate (5/4 PO/OH)), 62 (0.2 M Trimethylamine N-oxide dihydrate, 

0.1 M Tris pH 8.5, 20 % w/v PEG MME 2000) and 63 (5 % w/v Tacsimate pH 7.0, 0.1 M 

HEPES pH 7.0, 10 % w/v PEG MME 5000). These crystals took approximately 3 weeks 

to grow. Diffraction data for some of these crystals were obtained, but again no density 

for CoA was observed. 

 

Figure 5-10: New crystals of Eis co-crystallized with CoA and KAN. Detergent 
Screen: A) Det. 50; B) Det. 60. Index Screening: C) Cond. 56; D) Cond. 62; D) Cond. 
63. 
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5.3.2 Identification of Eis co-substrate in vivo: first approach 

The second aim of this project was to identify the acetyl acceptor of Eis in vivo. 

One noticeable difference between the structures of AvGNAT and Eis is that the active 

site of AvGNAT is narrower in comparison to Eis. Bioinformatic analysis of the 

preliminary structure using the Dali server indicates that Eis has a fold and organization 

similar to N-acetyltransferases as expected196. Nevertheless, this analysis also reveals that 

the structure is comparable to N-myristoyltransferases (Table 5-3). As the Eis active site 

in our structure is larger than typical N-acetyltransferase active sites, we hypothesized 

that the active site could accommodate the 14-carbon chain of myristoyl-CoA.  

 

Table 5-3: Bioinformatic analysis of the preliminary structure indicates that Eis has a 
fold and organization similar to N-acetyltransferases and N-myristoyltransferases. 

Access code Z score rmsd Description 

2OZG 37.7 2.7 
Hypothetical N-

acetyltransferase 

2I00 37.4 2.4 N-acetyltransferase 

1NMT 16.8 5.5 N-myristoyltransferase 

2P6F 15.6 5.7 
Glycylpeptide N-

tetradecanoyltransferase 

2WUU 15.0 4.9 N-myristoyltransferase 

 



 136 

In order to determine the co-substrate of Eis in vivo, two compounds were 

synthesized, an analog of Ac-CoA and an analog of myristoyl-CoA. The compound 

structures are presented in figure 5-11-A. Both molecules were synthesized using the 

synthesis developed by Darley et al.193. Then, two strategies were attempted to identify 

the acetyl or myristoyl acceptor(s) of Eis. With the collaboration of Dr. Liem Nguyen’s 

laboratory (Case Western University, Cleveland, OH), cell lysates from BCG and H37Ra 

strains were used to perform the following experiments.  

First, Eis and either ClAcCoA or Alk-CoA were allowed to incubate in a 

mycobacterial cell lysate, leading to the formation of an acetylated or myristoylated 

protein, i.e. the co-substrate of Eis. Then the lysate containing the myristoylated protein 

was reacted with biotin dPEG azide through click chemistry, leading to the formation of a 

1,2,3-triazole product (Figure 5-11-B). The biotin moiety can then be used to bind to 

Streptavidin MagneSphere® Paramagnetic Particles to isolate the protein that was 

originally myristoylated. In a second reaction, the chloracetylated protein is incubated 

with GFP (Figure 5-11-C). When primers were design to amplify the gene encoded GFP, 

the GFP-BamHI primer was designed to provide a 6X-Histidine tag at the C-terminus of 

the protein, followed by a serine, an alanine and a cysteine residue. The thiol moiety on 

the cysteine was used to promote a nucleophilic attack on the carbon possessing the 

chloride in ClAcCoA. Since GFP has a poly histidine tag, nickel affinity purification can 

be carried out to isolate the acetylated protein. Appropriate controls in which only the 

compounds were added to the lysate without Eis were run in parallel to these reactions. 

The samples for the myristoylation were analyzed by SDS-PAGE while the acetylation 

reaction was analyzed using a native gel. The native gel was used to maintain GFP folded 
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correctly, so that the gel could be visualized with a blue light and a fluorescent band 

corresponding to the modified protein would be observed.  

Nonetheless, no result was obtained from these experiments. No fluorescence was 

observed for the second experiment. In addition, the click chemistry was attempted in a 

control reaction with different experimental conditions (different types of reductants for 

instance). However, based on ESI-MS data, the expected 1,2,3-triazole product was never 

observed. Degradation of the Alk-CoA was hypothesized to be the cause. To replace this 

compound, a bromoundecanoylCoA (BrCoA) was synthesized using the same protocol as 

the other analogs. This new compound was used to run an experiment similar to the one 

using ClAcCoA, but again, the results were inconclusive. 

While optimizing these two proteomic experiments, the structure of Eis was 

solved by Tsodikova and co-workers as mentioned in the previous section192. Based on 

their structure, and knowing exactly how CoA was bound in the active site, we attempted 

to model myristoyl-CoA in their structure. However, the 14-carbon chain did not appear 

to fit. Thus, we concluded that Eis is likely an acetyltransferase, and not a 

myristoyltransferase. For this reason, the myristoyl-CoA analogs were not pursued in 

future proteomic experiments carried out for Eis.  
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Figure 5-11: First approach to identify Eis co-susbtrate in vivo. A) Myristoyl and 
AccoA analogs synthesized. B) First reaction using Alk-CoA, biotin dPEG azide and 
click chemistry to isolate the target protein of Eis. C) Second approach using 
ClAcCoA and GFP.  
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5.3.3 Identification of Eis co-substrate in vivo: second approach 

5.3.3.1 Preliminary results 

To confirm that Eis acetylates a target in the macrophages, a preliminary 

experiment was carried out with the collaboration of Dr. Kang at Wayne-State University 

(Detroit, MI). AcCoA was incubated in the macrophage lysate in presence of Eis. Then a 

Western Blot with specific antibodies for acetylated proteins was performed to identify 

potential target(s) of Eis. A control reaction in macrophage lysate without Eis was also 

carried out. As shown in Figure 5-12 (red box), a small molecular weight protein 

(estimated to approximately 15 kDa after performing the substrate profilling experiment) 

was acetylated in presence of Eis. Attempts to identify the protein by mass peptide 

fingerprinting were unsuccessful due to the low concentration of the samples. 

 

Figure 5-12: 2D Western Blot gels. The experiment shows that a protein, not present 
in the control (top gel), was acetylated in presence of Eis. The red boxes highlight the 
location of this protein. (Courtesy of Dr. Kang) 
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The two following approaches also use a macrophage lysate. A scheme is 

summarized in figure 5-13. 

 

 

5.3.3.2 Bisubstrate inhibitor approach 

A bisubstrate inhibitor approach developed by Xu et al was successfully used to 

determine the substrate of another acetyltransferase from M. tb, MsPat194. The 

experiment was carried out using the ClAcCoA compound. 

 

Figure 5-13: Proposed experimental scheme for the identification of the acetyl 
acceptor. The pathway on the left uses the bisubstrate inhibitor approach while the one 
on the right shows the substrate profiling experiment that uses a poly-histidine peptide 
containing FITC and a C-terminal cysteine. 
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The ClAcCoA compound used in section 5-3-2 was allowed to react with the co-

substrate in presence of Eis in a macrophage lysate. Subsequently, an excess of CoA was 

added to promote a substitution reaction with ClAcCoA to allow the formation of a 

ternary complex trapped within the active site of Eis. The lysate was then subjected to 

nickel affinity purification; the non-acetylated proteins should be washed away while the 

acetyl acceptor, trapped within the active site of Eis that contains a poly-histidine tag, 

should bind to the resin. The products were then eluted from the column and analyzed by 

SDS-PAGE. The aim was to analyze the band corresponding to the co-substrate by mass 

peptide fingerprinting on MALDI and identify the co-substrate. However, we were 

unable to isolate the ternary complex trapped within the active site of Eis. 

 

5.3.3.3 Substrate profiling experiment 

A substrate profiling experiment was developed by Blanchard and co-workers and 

allowed the determination of substrates of GCN5-related N-acetyltransferase195. 

In a second aliquot of human macrophage lysate containing the reaction between 

ClAcCoA and the unknown co-substrate in presence of Eis, a peptide that contains a 

poly-histidine tag, an N-terminal fluorescein label and a C-terminal cysteine, was added 

to the lysate. A nucleophilic attack by the C-terminal cysteine present on the peptide 

should occur on the chloride of ClAcCoA. A nickel affinity purification was performed in 

order to isolate the acetylated co-substrate(s) of Eis. Consequently, several fluorescent 

band(s) were observed on a SDS-PAGE. However, the bands corresponded to the 

flowthrough and the wash, meaning that the peptide did not bind to the nickel resin. The 

bands were subjected to trypsin digestion and analyzed by MALDI in order to identify 
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the chloroacetylated protein(s). Nonetheless, the mass peptide fingerprinting was 

inconclusive due again to low concentration of the samples. In order to increase the 

concentration of the samples, an acetone precipitation was carried out on the fraction and 

a new SDS-PAGE was run (Figure 5-14). The observed bands were more intense and 

mass peptide fingerprinting was again attempted. The software MASCOT provided 

Histone H2A as a solution for the band observed at around 15 kDa (score = 60), but 

MS/MS on the different peaks observed were inconclusive and we were unable to 

reproduce that result. 

 

 

 

Figure 5-14: SDS-PAGE corresponding to substrate profiling experiment. The 
samples were run after acetone precipitation, P corresponds to the pellet and S the 
supernatant. The black boxes indicate the bands analyzed by mass fingerprinting.  
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5.4 Conclusion 

The crystal structure of Eis was successfully solved. This structure confirmed the 

previous hypothesis that Eis is a member of the GCN5 superfamily of N-

acetyltransferases (GNAT): the acetyl moiety from AcCoA is transferred to an amine of 

an acetyl acceptor. Although the protein was co-crystallized in presence of CoA and an 

acetyl acceptor, we were unable to resolve any density for CoA. Tsodikova and co-

wokers published the structure of Eis with CoA resolved in 2011192. They hypothesized 

that Eis plays a role in the aminoglycoside resistance in TB and acetylates one or several 

amine(s) of common aminoglycosides197-203. However, this hypothesis does not explain 

how Eis promotes the intracellular survival of M.tb within the macrophages or how it 

regulates the immune response in all M. tb strains.  

In order to identify the molecular function of Eis in TB pathogenesis and its co-

substrate(s), potentially a peptide or a protein present in human macrophages, several 

experiments were attempted. A bisubstrate inhibitor approach, as well as a substrate 

profiling experiment, was carried out in human macrophage lysates. The latter 

experiment led to the identification of human Histone H2A as a potential acetyl acceptor 

of Eis. However, attempts to reproduce this result or further characterize the reaction 

between AcCoA and human histone(s) in presence of Eis were inconclusive. 

More recently, Kim et al. published a study that demonstrates Eis acetylates a 

lysine (K55) of dual-specificity protein phosphatase 16 (DUSP-16)/mitogen-activated 

protein kinase phosphatase-7 (MKP-7), a JNK-specific phosphatase204. They showed that 

the acetylation of K55 by Eis leads to the suppression of LPS-induced JNK 
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phosphorylation. The inactivation of JNK phosphorylation results in a reduced 

production of TNF-α and IL-6, two cytokines that promote inflammation. Thus, they 

hypothesized that the acetylation of K55 by Eis causes the inhibition of the host innate 

immune response (macrophage autophagy, phagosome maturation, inflammation, ROS 

generation).  
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