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 Tuberculosis (TB) kills over two million people every year, and one third of the 

world’s population is infected with Mycobacterium tuberculosis (Mtb), the organism 

that causes TB. Fatty acids are key components of cell membranes. Bacterial fatty 

acid biosynthesis (FAS II) has been repeatedly validated as a drug target due to its 

lack of similarity to the mammalian fatty acid synthase system (FAS I). Acyl carrier 

protein (ACP) is a necessary cofactor in fatty acid biosynthesis and other acyl transfer 
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reactions, since all fatty acyl intermediates are covalently attached to it. Despite 

considerable effort, there are no reported crystal structures of FAS II enzyme-ACP 

complexes.  

 

The structure of the E. coli enoyl-ACP reductase, FabI, in complex with ACP has 

been determined using X-ray crystallography and molecular dynamics simulation. In 

order to further investigate the role of specific FabI residues involved in ACP 

recognition, site-directed mutagenesis was used on selected FabI residues which were 

predicted to be at the FabI-ACP protein-protein interface based on the crystal 

structure. In agreement with the proposed model, steady state kinetics analysis of 

these mutants resulted in a dramatic effect on the reduction of ACP substrate but not 

CoA substrate. Fluorescence titration experiments were also used to investigate the 

interaction of ACP and FabI. 

 

InhA, the homolog of FabI in M. tb, is a key regulator of fatty acid biosynthesis. 

InhA is a validated target for drug discovery and we are investigating the interaction 

of InhA with inhibitors as well as with the natural acyl carrier protein substrate 

(AcpM). The expression and purification of AcpM (a 13 kDa protein) is challenging 

given that there are 3 forms of the protein in cells (apo, holo and acyl). A significant 

amount of effort was devoted to developing the ability to purify Apo-AcpM which 

was then used for the synthesis of the appropriate enoyl-AcpM substrate using 

Holo-ACP synthase. Based on studies with the E. coli homolog, it was hypothesized 
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that three basic residues close to the substrate binding loop in InhA, R195, R225, and 

K233, interact with acidic residues in the AcpM recognition helix. Site-directed 

mutagenesis together with enzyme kinetics were used to evaluate the importance of 

the residues for AcpM recognition. These residues were extended to include R45, R49, 

and R53 in helix α2 and Q214, Q224, and E220 at the proposed interface. Based on 

the studies, it was concluded that AcpM interacts with InhA in a fundamental 

different way than FabI-ACP interaction site.  

 

 While most of the FASII components have been characterized, the enzyme 

responsible for catalyzing the dehydration of (3R)-hydroxyacyl-AcpM still remain to 

be identical. Based on sequence analysis, it was proposed the Rv0636 encoded the 

FASII (3R)-hydroxyacyl-AcpM dehydratase. This protein was cloned and expressed. 

However, while activity was observed when CoA substrate, no activity was detected 

using AcpM substrate. 
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Chapter 1: Tuberculosis and fatty acid synthesis 

 

1.1 Tuberculosis overview 

 

Tuberculosis (TB) describes an infectious disease that has plagued humans since 

Neolithic times. Two organisms cause TB, Mycobacterium tuberculosis（M. tb） and 

Mycobacterium bovis (M. bovis) (1). M. bovis is pathogenic for many animal species, 

especially bovidae, cervidae, and occasionally carnivores. Most cases of TB are 

caused by M. tb (2). M. tb is thought to be a human-specialized form of M. bovis 

developed among milk-drinking Indo-Europeans who then spread the disease during 

their migration into western Europe and Eurasia. By 1000 BC, M. tb and pulmonary 

TB had spread throughout the known world (3). The WHO estimates the two million 

deaths annually are caused TB. There are around one third of the world’s population 

is infected with M. tb. The tubercle bacillus was first isolated and established as an 

infectious disease by Robert Koch in 1882. He won the Nobel Prize for his 

contribution in 1905.  

 

The search for a cure of TB began after the cause was established. In the 19th 

century, patients were isolated in sanatoriums and given treatments such as injecting 

air into the chest cavity. In addition, attempts were made to decrease lung size by a 

surgery called thoracoplasty. No effective treatment was available during the first half 

of the 20th century. Streptomycin was the first antibiotic to fight TB in 1946. All of 
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the current first-line drugs were discovered in the following 20 years, such as 

isoniazid (Laniazid, Nydrazid) (4-11).  

 

M. tb is a rod-shaped, slow-growing, gram positive bacterium. The M. tb cell wall 

has a high fatty acid content, which makes it hydrophobic and resistant to oral fluids. 

The cell wall absorbs a methylene-blue dye and maintains a red color despite attempts 

at decolorization, hence the name acid-fast bacilli.  

 

TB is a highly contagious disease and can be passed from person to person via 

droplets. Tiny droplets of saliva or mucus are expelled into the air which are then 

inhaled by another person when someone with TB infection coughs, sneezes, or talks. 

Once infectious particles reach the alveoli in the lungs, the TB bacteria are engulfed 

by macrophages. Generally, a cough with a progressive increase in production of 

mucus, coughing up blood, fever, loss of appetite, and weight loss are common 

symptoms of TB. Purified protein derivative (PPD) is an easy way to detect if a 

person has been exposed to TB. PPD skin test-negative individuals (i.e. individuals 

who do not develop an indurative reaction in the 48–72 h following the intradermal 

injection of a standardized amount of PPD) have long been described among 

immune-competent subjects previously vaccinated with bacille Calmette–Guérin 

(BCG) or infected M. tb. Additionally, a chest X-ray is the most common diagnostic 

test that can confirm suspicion of infection. A combination of a positive PPD result 

with a negative chest X-ray is indicative of a latent or inactive form of the disease.  
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Most immunologically healthy persons who are infected with M. tb do not 

develop active TB but remain infected with inactive organisms (latent TB infection); 

only about 10% of infected persons develop active disease during their lifetimes. 

Persons with HIV infection have much higher rates of active TB and develop active 

diseases at a rate approximating 10% per year. HIV and TB cause more deaths than 

any other infectious diseases worldwide, each claiming millions of lives annually. A 

biologic synergy exists between these infections: HIV-induced immunosuppression 

increases susceptibility to TB infection, and active TB infection enhances HIV 

replication through immunologic stimulation. The populations infected by these two 

pathogens overlap in many respects, creating epidemiologic synergy. Poverty, 

crowded living conditions, and inadequate efforts to reduce transmission combine to 

enhance the transmission of both organisms. The recent emergence of 

multidrug-resistant tuberculosis (MDR-TB) strains of the bacteria can occur when 

drugs are misused or mismanaged, which adds to the severity of the disease. 
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1.2 Treatment of TB 

 

TB is usually treated with four different antimicrobial first line drugs which last 

from 6-9 months. The most commonly used drugs are rifampicin (RIF) (12-14), 

isoniazid (INH), pyrazinamide (PZA) (15-18), and ethambutol (EMB) (19-22) or 

streptomycin (SM) (23-25) (Figure 1.1). When adherence to this four-drug is assured, 

it is highly effective. Based on the prevalence and characteristics of drug-resistant 

organisms, at least 95% of patients will receive an adequate regimen (at least two 

drugs to which their organisms are susceptible) if this four-drug regimen is used at the 

beginning of therapy. Furthermore, a patient who is treated with the four-drug 

regimen, but who defaults therapy, is more likely to be cured and not relapse when 

compared with a patient treated for the same length of time with a three-drug regimen. 
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Figure 1.1. The five first-line anti-TB antibiotics: Isoniazid, Ethambutol, 
Pyrazinamide, Rifampicin, and Streptomycin. 

 

Streptomycin, introduced in 1943 by England’s Medical Research Council, is the 

first antibiotic remedy for TB. Streptomycin binds to the 16S rRNA of the bacterial 

ribosome to interfere with the binding of formyl-methionyl-tRNA to the 30S subunit 

so that it stops bacterial growth by inhibiting cell membranes and protein synthesis. 

However, it can result in temporary hearing loss because of its toxicity. 

 

Isoniazid was discovered in 1952 by Roche and is a first-line anti-TB medication 

used. Isoniazid (26) is a potent, highly selective agent that is still a centrepiece of 

therapy (27-29) some 50 years after its discovery yet with mechanisms of action that 
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have remained contentious. It is a prodrug and must be activated by 

catalase-peroxidase enzyme KatG to form the isonicotinic acyl-NADH complex 

(Figure 1.2) (9, 30). The complex binds tightly to enoyl reductase known as InhA and 

inhibits the natural enoyl-AcpM substrate so it can prevent the synthesis of mycolic 

acids in the mycobacterial cell wall.  
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NH2
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N N

O O _
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N
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InhA inhibitor

 

Figure 1.2. Activation of isoniazid. 

It has been shown that around 50% of all isoniazid-resistant clinical isolates 

contain mutations in the KatG gene (31, 32). Therefore, a lot of inhibitors have been 

developed which do not require activation by KatG, such as triclosan (2, 4, 

4’-trichloro-2’-hydroxydiphenyl ether) (31-34).  

 

Pyrazinamide was proposed to inhibit M. tb in 1954. Pyrazinamidase converts 

pyrazinamide to the active form, pyrazinoic acid (35, 36). Pyrazinoic acid is thought 

to inhibit the enzyme fatty acid synthetase I, which is required by the bacterium to 

synthesise fatty acids, although this has been disputed (35, 37). 
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Ethambutol and rifampicin were discovered in 1964 and 1967, respectively. 

Ethambutol is a bacteriostatic antimycobacterial drug (38, 39). Traditionally, mycolic 

acids attach to the 5'-hydroxyl groups of D-arabinose residues of arabinogalactan and 

form mycolyl-arabinogalactan-peptidoglycan complex in the cell wall. Disruption of 

the arabinogalactan synthesis inhibits the formation of this complex and leads to 

increased permeability of the cell wall. Rifampicin is a semisynthetic compound 

derived from Amycolatopsis rifamycinica. It is a transcriptional inhibitor that binds to 

the RNA polymerase β-subunit rpoB.  

 

Standard therapy for active TB consists of a 6-9 month regimen including 2 

months with Rifater (isoniazid, rifampicin, and pyrazinamide) following by 4 months 

of isoniazid and rifampicin (rifamate, rimactane). Ethambutol (myambutol) or 

streptomycin will be added until the drug sensitivity is known. Treatment takes that 

long because the disease organisms grow very slowly and, unfortunately, also die very 

slowly. Furthermore, MDR-TB has emerged as a possible threat to global TB control 

efforts in recent years (40-46). It is a challenge not only from a public health point of 

view but also in the context of global economy, especially in the absence of treatment 

for MDR-TB at national-level programs in developing countries (47). MDR-TB is 

defined as TB that is resistant at least to isoniazid and rifampicin. Isolates that are 

multiply-resistant to any other combination of anti-TB drugs but not to INH and RIF 

are not classed as MDR-TB (48). The treatment and prognosis of MDR-TB are much 

more akin to that for cancer than to that for infection. It has a mortality rate of up to 
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80%. MDR-TB is more difficult to treat than drug-susceptible strains of TB. The 

success of treatment depends upon how quickly a case of TB is identified as drug 

resistant and whether an effective drug therapy is available. The second-line drugs 

used in cases of MDR-TB are often less effective and more likely to cause side effects. 

According to WHO, it estimates that up to 50 million persons worldwide may be 

infected with drug resistant strains of TB which bring the urgency for the 

development of novel drugs to cure TB. 

 

More recently, extensively drug resistant TB (XDR-TB) has emerged and is a 

relatively rare type of MDR-TB (49-53). XDR-TB is defined as TB which is resistant 

to isoniazid and rifampin, plus resistant to any fluoroquinolone and at least one of 

three injectable second-line drugs (i.e., amikacin, kanamycin, or capreomycin). It has 

been shown that 10% of MDR-TB isolates are in fact XDR-TB (53). Because 

XDR-TB is resistant to first-line and second-line drugs, patients are left with less 

effective treatment options, and cases often have worse treatment outcomes. Proper 

treatment and new drug discovery are critical with the development of resistant strains 

to more of the anti-TB drugs. A Global Plan to Stop TB has been developed with the 

objective to save 14 million lives between 2006 and 2015 by the Stop TB Partnership.  

 

 

 

 



9  

 

1.3  Fatty acid biosynthesis  

 

 M. tb has a unique cell wall which is a major determinant of virulence for the 

bacterium (54). Cell wall biosynthesis is a good drug target of antibacterial agents. 

The mycobacterial cell wall complex contains a very thick waxy, complex lipid-rich 

membrane which consists of a covalently linked complex of peptidoglycan, 

arabinogalactan, and mycolic acids (Figure 1.3), which are α-alkyl, β-hydroxy 

branched long chain fatty acid (C60-C90). The mycolic acids are attached to the 

mycolylarabinogalactan polymer, which is attached to peptidoglycan by 

diglycosylphosphoryl (54). Immunogenic lipoarabinomannan (LAM) is another major 

component of the cell wall to which is attached via a phosphatidylinositol anchor (55). 
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Figure 1.3. structure of mycobacterial cell wall. 
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They are strong hydrophobic molecules to be slow growing, facilitate survival in 

the hostile environment of the macrophage (56), and retain acid-fast staining. Also, 

mycolic acids are thought to be the virulence in M. tb by cationic proteins, oxygen 

radicals, and lysozyme to prevent attack of the mycobacteria. Common antibiotics are 

ineffective against M. tb because of the permeability barrier presented by this cell 

envelope (54, 57). Mycolic acids are synthesized from long chain lipid produced by 

the fatty acid synthesis (FAS) pathway (Figure 1.4). Fatty acid synthesis is critical for 

the survival and can be divided into two distinct types, FAS-I and FAS-II.  

 

 
 

Figure 1.4. FASII system in M. tb. The cycle consists of four steps β-keto reduction, 
dehydration, enoyl reduction and condensation after the initial condensation by FabH. 

 

The fatty acid synthase (FASI) (58, 59), typically found in eukaryotes, is a large 

multifunctional polypeptide composed of distinct enzyme domains, each having a 

different enzymatic function, including β-ketoacyl synthase, β-ketoacyl reductase, 

dehydrase, and enoyl reductase (60-63). C24-C26, short chain acyl-CoA precursors 

which are released from the complex by thioesterase (64, 65), are produced by this 



12  

pathway which utilizes both acetyl-CoA and malonyl-CoA substrates. Mammalian 

FASI, known as the “associated” system, is a 550 kDa homodimer with multiple 

structural and functional domains including an acyl carrier protein (ACP) domain. 

 

 In contrast, in FASII, found in bacteria, plants, and parasites, fatty acid synthesis 

is carried out by a series of separate polypeptide, each performs one enzymatic 

process to elongate the products of the FASI pathway (66, 67). Initially, acetyl-CoA is 

carboxylated by AccABCD (68) to form malonyl-CoA, which is, in turn, transferred 

to AcpM (69) by FabD (70). Fatty acid synthesis is initiated by the condensation of 

malonyl-AcpM and acetyl-CoA to yield β-ketobutyryl-AcpM and CO2. The reaction 

is catalyzed by FabH, the β-ketoacyl-AcpM synthase III (71) supplying substrates 

(acetoacetyl-AcpM) to the fatty acid elongation cycle, which includes MabA (72), 

InhA (73-75), and KasA/B (76, 77). In the cycle, the keto group of β-ketoacyl-AcpM 

is reduced to a hydroxyl group by NADPH-dependent reductase MabA and then the 

β-hydroxyacyl-AcpM is dehydrated by an unknown dehydratase. The double bond of 

trans-2-enoyl-AcpM is reduced by NADH-dependent reductase InhA, which feeds the 

substrate back to KasA/B, which in turn adds an additional acetate unit (two carbons), 

and the cycle iterates (58). In the FASII pathway, the growing fatty acids are attached 

to the phosphopantetheine through a thioester bond.  

 

The last reaction in the elongation cycle is catalyzed by the enoyl-ACP reductase. 

InhA in which the trans double bound between the C2 and C3 of the fatty acyl is 
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reduced (Figure 1.5). Bacterial enoyl ACP reductases (ENR) belong to the SDR 

family which shares the signature tyrosine and lysine residues in the active sites. The 

structure of enoyl-ACP reductase has been determined from different organisms, E. 

coli (34, 78-80), B. napus (81), and M. tb (75, 82). Their structure and active sites are 

very similar. Rafferty and coworkers (81) suggested a hydride was transferred to the 

C3 carbon of the C2-C3 double bond and an enolate anion on the C1 carbonyl oxygen 

accepted a proton from the tyrosine hydroxyl. Tonge and coworkers (83) utilized 

isotope substitute to indicate that hydride transfer is promoted by pseudoaxial 

positioning of the NADH pro-4S bond. The resulting enol yields the final product by 

undergoing tautomerization.  

 

R S-ACP

O NADH NAD+

R S-ACP

O

 

 

Figure 1.5. Reduction catalyzed by Enoyl-ACP reductase. 

 

FabI, the enoyl ACP reductase in E. coli, shares 37% sequence identity with InhA. 

FabI has been demonstrated to be the only enoyl-ACP reductase in E. coli (70) which 

makes this pathway a good drug target for TB (59). There are three types of 

enoyl-ACP reductase inhibitors: diazaborines, triclosan, and isoniazid. All three 

inhibitors bind to ENRs in a similar way by forming a tight complex with the cofactor 

NADH. Diazaborines contain a heterocyclic 1,2-diazine ring and inhibit maturation of 
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rRNAs for the large ribosomal subunit. Triclosan (2, 4, 

4’-trichloro-2’-hydroxydiphenyl ether) has been used in soaps, deodorants, toothpastes, 

shaving creams, and cleaning supplies as the proprietary microban treatment for 30 

years. Triclosan is a small hydrophobic molecule and is assumed to cause a general 

and non-specific membrane disruption to make the bacterial envelop more porous and 

prevent the uptake of nutrients. In the triclosan bound FabI complex, the chlorine 

atom on the phenol ring corresponds to the beginning of the growing acyl chain. 

Diazaborines and triclosan bind to the ENR·NAD+ form of the enzyme and interact 

with the 2’-hydroxyl group of the cofactor. The structure of the InhA·NAD+·isoniazid 

complex reveals that isoniazid occupies slightly different position in the active site of 

InhA in which the isonicotinic moiety forms a covalent adduct with the 4-position of 

the nicotinamide ring which is believed to participate as a hydride donor in catalysis. 

Similar to diazaborines, isoniazid forms covalent bonds with the cofactor, while 

triclosan does not.  
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1.4  Acyl Carrier Protein (ACP) 

 

1.4.1 Background and significance 

 

The acyl carrier protein (ACP) plays an important role in a diverse array of 

metabolic pathways including the biosynthesis of fatty acids (84, 85), polyketides (86), 

membrane-derived oligosaccharides (87), lipopolysaccharides (88, 89) and 

phospholipids (90). ACP is in all the fatty acid synthase reactions and transfers the 

growing fatty acyl chain between the enzyme active sites. It was first demonstrated 

that a protein can act as a coenzyme in the fatty biosynthesis system (91, 92). All 

enzymatic components in the FAS system have been identified since 1961. Lynen and 

coworkers proposed that FAS intermediates are protein bound after a series of 

experiments to isolate the free intermediates in the synthetic process catalyzed by a 

purified fatty acid (93). This protein was later designated acyl carrier protein. Studies 

to elucidate ACP structure and function were initiated once the importance of ACP in 

fatty acid synthesis was realized. 

 

The carrier proteins attach the growing substrate via a thioester to the ACP 

phosphopantetheine group via a central serine residue. The carrier proteins interact 

with a wide variety of enzymes to load carbon units, condense these units and modify 

the product. ACPs functioning in FASII mediated biosynthesis vary in molecular mass 
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from 7.5 kDa (E. coli) to 13 kDa (M. tb). The solution structure of ACP has been 

resolved by NMR spectroscopy (94) (Figure 1.6). In addition, based on X-ray 

crystallographic analysis, ACP has been demonstrated to adopt two major 

conformations: either as an integral domain to deliver the acyl chain to the target 

enzyme (type I) or as a discrete protein to transport the growing acyl chain to 

constitute a multienzyme synthase complex (type II) (95). Because of its flexibility in 

solution, ACP has lower affinity for target proteins, so the structural analysis of ACP 

protein complex is sparse. Somers and coworkers (96) have determined the crystal 

structure of ACP in complex with holo-ACP synthase (AcpS). AcpS catalyzes the 

addition of a 4’-phosphopantetheine group from a CoA molecule to a conserved serine 

reside to produce the holo or modified form of AcpM (97, 98). It is upon the 

phosphopantetheine moiety which initial malonyl group or the growing acyl chain is 

attached via a thioester bond (99).  

 

In each case the growing substrate is attached via a thioester to the ACP 

phosphopantetheine group. ACPs must therefore be able to recognize and interact, in 

an acyl group-dependent manner, with a wide variety of enzymes. In eukaryotic type I 

fatty acid synthesis (FASI) and in polyketide biosynthesis, the ACP occurs as part of a 

larger polypeptide that is also associated with other catalytic activities. In contrast, in 

bacterial type II fatty acid biosynthesis (FASII), each of the enzyme activities as well 

as the ACP are encoded by separate polypeptide chains. ACPs that function in 

FASII-mediated biosynthesis are small, highly soluble, acidic proteins that vary in 
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molecular weight.   

 

AcpM, the acyl carrier protein in M. tb, has an extended C-terminal tail to 

solubilize and accommodate the longer acyl chain which makes it is distinct from 

other ACPs, such as the E. coli ACP. AcpM is 115 amino acid in length and composed 

four α helices (100).  

 

 

 

Figure 1.6. The growing fatty acid chain attached to phosphopantetheine prosthetic 
group linkage to Serine 41 of Acyl Carrier Protein (AcpM) in M. tb.  
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1.4.2  Role of ACP in fatty acid biosynthesis 

 

Due to its central importance, there is a great deal of interest in ACP. ACP is a 

necessary cofactor in all FAS reaction and it is responsible for acyl group activation 

(62, 101-103). The structure of the Acyl-AcpM molecule with an acyl 

phophopantetheine chain attached to S41 is given in Figure 1.6. The 4’- 

phophopantetheine moiety serves as a point of attachment of the acyl groups and 

provides a flexible chain that can reach into the active sites of ACP-recognizing 

enzymes (104).  

 

It is important to understand protein-protein interaction in a variety of biological 

processes like cellular structure, signal transduction, immune response, and apoptosis 

to programmed cell death (105). ACP has been identified as being essential for the 

survival of E. coli (106). The fact that no crystal structures of ACP in complex with 

any FAS enzymes are available means that it is difficult to understand the details of 

the molecular recognition of ACP by the FAS enzymes. Since, fatty acid biosynthesis 

enzymes are important antibacterial target by a great deal of genetic, biochemical, and 

crystallographic evidence. Hence, drug development is an exciting new area to 

identify the specific interaction which governs ACP recognition by the FAS enzymes. 

Designing small molecules or small peptide antagonists of ACP·protein interfaces 

would result in the inhibition of fatty acid synthesis and eventually in bacterial growth 

inhibition. 
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1.5 overview of my research 

 

My research has focused on three areas. I have used kinetics to study the 

interaction of the E. coli FabI with ACP. FabI-ACP model has been constructed by 

X-ray crystallography and molecular dynamics simulation. I have extended the study 

of ACP-protein recognition to the FASII from M. tb system. In addition, I have 

studied the dehydratase in the FASII pathway. 

 

1.5.1 Elucidation of the structure of Acyl Carrier Protein bound to FabI, the 

FASII enoyl Reductase from E. coli using site-direct mutagenesis, UV-kinetics 

and fluorescence titration. 

 

Out of a total of 77 residues in E. coli ACP, 14 are glutamic acids and 8 are 

aspartic acids, which correspond to about 29% of the total amino acid composition. 

Here we report the protein-protein interface between the ACP and the E. coli fatty 

acid biosynthesis enoyl reductase enzyme (FabI) and how the enzyme recognizes the 

substrate based on a combination of site-direct mutagenesis, UV kinetics, and 

fluorescence titration. The kinetics data are in agreement with the structural studies 

and reveal how the acyl carrier protein interacts with FabI through acidic residues in 

the ACP helix α2 and a patch of basic residues adjacent to the FabI substrate-binding 

loop. FabI is a good target for drug discovery and the present structure provides 

insight into the molecular determinants that regulate the interaction of ACPs with 
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target proteins. This study was collaborated with Salma Rafi and Polina Novichenok. 

 

1.5.2 Understanding the substrate binding loop in the M. tb enoyl reductase InhA 

with the natural substrate:AcpM 

 

Keen observation of the different crystal structures and crystal contacts led us to 

identify a patch of basic residues in InhA which may play an important role in 

interaction with AcpM. AcpM has a very high structure similarity to the ACP in E. 

coli, and it is predicted that they have similar binding modules with the FabI-ACP 

system. However, site-direct mutagenesis and kinetics show they have different 

binding loops. This is very important as the residues participating in this key 

interaction are different to than those participating in the similar interaction of FabI 

with ACP, the protein that brings the substrate to FabI. Why the similarly functioning 

proteins have different binding modules will elucidate the importance of 

protein-protein interaction in FAS. 

 

1.5.3 Protein engineering dehydratase in FASII pathway. 

 

The enzyme responsible for dehydration of (3R)-hydroxyacyl-ACP during the 

elongation cycles of the mycobacterial FASII pathway is unknown (107). In E. coli 

bacterial, FabZ and FabA, catalyze the dehydration step (108), but no such proteins 

are present in M. tb (109). It was challenging to identify the candidate protein cluster 
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by bioinformatics analyses and an essentiality study. Rv0635-Rv0636-Rv0637 has 

been cloned as the long-sought (3R)-hydroxyacyl-ACP dehydratases, which belongs 

to the hydratase 2 family (107). The four enzymes corresponding to the four steps 

β-keto reduction, dehydration, enoyl reduction and condensation have now been 

cloned and expressed, so it is possible to initiate the FASII cycle reaction in vitro by 

introducing the four enzymes.  
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Chapter 2: Biochemical studies of FabI·ACP complex 

 

2.1 Introduction 

 

Acyl carrier protein (ACP) is a small protein that interacts with diverse enzymes 

in both fatty acid and polyketide biosynthesis with the growing chain bound during 

synthesis as a thiol ester at the distal thiol of a 4'-phophopantethiene moiety (110-115). 

The protein is expressed in the inactive apo form and the 4'-phophopantethiene 

moiety must be post-translationally attached to a conserved serine residue on the ACP 

by the action of holo-acyl carrier protein synthase (AcpS), a phosphopanththeinyl 

transferase (70, 116). AcpS transfers the 4’-phosphopantetheine group from CoA to 

apo-ACP and ACP phosphodiesterase cleaves the prosthetic group from the protein. 

AcpS is a homotrimer and forms a tight complex with apo-ACP and it was stimulated 

as a potential drug target (117, 118). The role of the acyl carrier protein as a necessary 

cofactor in fatty acid biosynthesis has been extensively reviewed (85, 91, 93, 103, 

119-121). ACP first sequesters the growing acyl chain from the aqueous environment, 

and second, it releases its grip in the fatty acid to insert into the active site cavity of 

the enzyme when it binds to one of the type II proteins (112).   

 

    The ACPs are a group of highly related, small acidic proteins with molecular 

weights of about 9 kDa (100). The E. coli ACP has been the most extensively studied 

among the ACPs. The protein consists of helical elements and is refolded to native 
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conformation after heating or pH-induced denaturation (122). Furthermore, ACP 

makes up 0.25% of the total soluble protein in E. coli (122). 

 

James and coworkers first reported the NMR structure of E. coli ACP in the late 

1980s (94, 118, 123-125). The structures of eight other ACPs have been studied by 

both NMR and X-ray crystallography methods (126-129). They have very similar 

secondary structure elements. E. coli ACP is a rod-shaped protein consisting of a 

preponderance of acidic residues grouped into four α helices with a long but 

structured loop which links the first and the second helices (100) (Figure 2.1). 

 

               

Figure 2.1. The NMR and X-ray structure of E. coli ACP. 

 

The acyl intermediates of fatty acid biosynthesis are bound to ACP through a 

thioester linkage attached to the terminal sulfhydryl of the 4’-phosphopantetheine 

prosthetic group(100, 101). The sulfhydryl group is the only thiol group of E. coli 

Helix α2 
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ACP and is attached to Ser36 of the Asp-Ser-Leu motif at the end of helix α2 via a 

phosphodiester linkage (94, 122, 125). The Asp-Ser-Leu motif is conserved in all ACP 

structures. The prosthetic group rapidly exchanges between a state that is bound to the 

ACP and another state which is solvent exposed in the holo form of ACP. Chemical 

shift perturbation experiments have shown that the binding site for the prosthetic 

group on the surface of the ACP is near the extended hydrophobic pocket around the 

Ser 36 (106, 129). 

 

Molecular modeling was used to dock the NMR structure of ACP with the crystal 

structure of FabH in an attempt to understand the molecular details that govern the 

specific interactions between ACP and the type FAS II enzymes (104). Rock and 

coworkers experimentally tested this model by constructing site-directed FabH 

mutants and using both ACP-dependent and ACP-independent assays. The docking 

experiment revealed a positively charged/hydrophobic patch exists adjacent to the 

active tunnel of FabH and clearly showed a conserved arginine (Arg249) on FabH is 

required for the ACP-FabH interaction. These studies revealed the presence of a 

positively charged hydrophobic patch adjacent to the active site cavity in each FASII 

enzyme and that this binds the highly conserved ACP helix containing the invariant 

Glu41. Furthermore, the crystal structure of ACP-AcpS binary complex shows the 

same binding interaction between Glu41 of ACP and a surface arginine AcpS (96). All 

the experiments suggest the similarity of the binding mode of ACP to all of the E. coli 

enzymes. In addition, there is a high degree of sequence conservation of negatively 
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charged residues along helix α2 of ACP (120). Fourteen acidic and no positive 

residues between position 30 and 60 contribute to conformational flexibility of ACP 

in this very acidic central region by electrostatic repulsion (111). The flexibility is 

important in facilitating rapid association and dissociation of ACP with various 

enzymes. In conclusion, it has been shown that the conserved acidic helix α2 of ACP 

is a “recognition helix” for universal enzyme interaction by mutagenic studies and 

computational docking analyses with E. coli fatty acid synthase components and other 

enzymes (104, 112, 120, 130). 

 

Two types of fatty acid biosynthesis pathway are FASI and FASII. Most 

eukaryotes contain the type I where all the catalytic domains reside on a single 

polypeptide chain, while, prokaryotes and plants contain the FASII system where each 

step is catalyzed by different functional enzyme. Mycobacteria contain both FASI and 

FASII systems. Acetyl-Coenzyme A (CoA) (Figure 2.2) is converted to malonyl-CoA 

by acetyl-CoA carboxylase (AccABCD) as the starting step (120). The malonyl 

moiety is tranferred from CoA to ACP by malonyl-CoA:ACP transacylase (FabD). 

The initial condensation reaction is catalyzed to acetoacetyl-ACP by β-ketoacyl-ACP 

synthase III (FabH). The next enzymes in the following cycle are β-ketoacyl-ACP 

reductase (FabG) and β-hydroxyacyl-ACP dehydratase (FabA or FabZ), which 

catalyze the NADHP-dependent formation of β-hydroxyacyl-ACP and enoyl-ACP, 

respectively. Finally, the last step is catalyzed by the NADH-dependent enoyl-ACP 

reductase (FabI, FabK or FabL) which reduces the enoyl-ACP to acyl-ACP. The 
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product is elongated further by β-ketoacyl-ACP synthase FabB or FabF until the 

appropriate chain length of fatty acid is reached.  
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Figure 2.2. Structure of Coenzyme A (CoA) 

 

   Acyl carrier protein is synthesized in the cell as apo-ACP which is a biologically 

inactive form of the protein. AcpS transfers the 4’-phosphopantetheine moiety from 

Acyl-CoA to Ser36 of apo-ACP in a magnesium-dependent reaction by 

post-translationally modifying the apo-ACP to its active form, acyl-ACP (118, 131, 

132) (Figure 2.3). Trans-2-Dodecenoyl-CoA (DD-CoA) was synthesized from 

trans-2-dodecenoic acid using the mixed anhydride method (76, 77).  
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Figure 2.3. The route to synthesize a natural substrate of FabI: 

trans-2-dodecenoyl-ACP 

 

A second enzyme, acyl-ACP synthase (Aas), can accomplish the synthesis of 

acyl-ACP in vitro. Aas is an E. coli inner membrane protein and functions as a 
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2-acylglycerophosphoethanolamine (2-acyl-GPE) acyltransferase. It incorporates 

exogenous fatty acids into membrane phospholipids (133).  

 

The efforts in my research are focused on the FASII enoyl reductase enzyme FabI, 

a target for antibacterial diazaborine compounds and triclosan (32-34, 80, 134, 135). 

Rock and coworkers stated the enoyl-ACP reduction reaction is the rate-limiting step 

of fatty acid biosynthesis (70). FabI, FabK, and FabL genes have been identified as 

three distinct classes of ENR enzymes (32, 71, 72). The structure of FabI has been 

determined from three organisms, E. coli,(34, 78, 136) M. tb (InhA) (75, 82), and the 

oilseed rape plant B. napus (81). Their structures and their active sites are very similar. 

The significant tyrosine and lysine residues, Tyr156 and Lys163, have the usual roles 

for an SDR family member. A hydride is transferred to the C3 carbon of the C2-C3 

double bond and an enolate anion on the C1 carbonyl oxygen accepts a proton from 

the tyrosine hydroxyl (81). The final product is formed by undergoing tautomerization. 

The conserved critical lysine stabilizes the binding of the cofactor through hydrogen 

bond interactions with the hydroxyl groups on the nicotinamide ribose. Suitably 

positioned hydroxyl and amine groups on the two active site residues, two adjacent 

hydroxyl groups on the nicotinamide ribose, and a number of bound water molecules 

which communicate with the bulk solvent play an important role in the catalytic 

mechanism (100) 

 

Based on the information provided by the interaction of ACP with 
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β-ketoacyl-ACP synthase III, FabH and β-ketoacyl-ACP reductase, FabG (104, 112), 

modeling studies suggest that ACP should interact with a cluster of basic residues 

adjacent to the FabI substrate binding loop (137). The loop is disordered in binary 

FabI-NADH complexes, and becomes ordered in the ternary FabI:NAD+:triclosan 

complex (138) (Figure 2.4). Two entries into the active site termed the major and 

minor portals are created by the ordered loop. Sacchettini and coworkers (75) have 

determined the structure of a C16 NAC substrate bound to InhA and proposed that 

substrates enter the InhA active site through the major portal.  

 

 

Figure 2.4. Inhibition Of E. coli FabI And Ordering Of The Substrate Binding 
Loop 

 

Kisker and coworkers used X-ray crystallography to study the structure of ACP 

bound to the E. coli FabI enzyme (137). Most of the main chain electron density for 

both FabI and ACP was present. However, Ser36 of ACP is too far from the active site 

to deliver the substrate through the major portal with the observed relative orientation 

of ACP and FabI. Computational methods were employed by modeling the missing 

Triclosan 

binding 

to ecFabI 
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details and, importantly, to ascertain how the ACP could deliver substrate into the 

FabI active site in the complex. Dr. Salma Rafi generated a model for a productive 

complex between ACP and FabI through molecular dynamics (MD) simulations. This 

suggested the ACP deliveries substrate through the minor portal and the ACP thioester 

carbonyl group does not form a hydrogen bond to Y156. Three key basic residues, 

K201, R204 and K205 located in the helix α8 of FabI, are proposed to interact with 

the helix α2 acidic patch of ACP’s recognition loop. In order to study the model, I 

used a series of mutagenesis studies to provide the first detailed description of ACP 

recognition. We used mutagenesis studies to provide the first detailed description of 

ACP recognition (137). 
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2.2 Materials and Methods 

 

   X-ray crystallography and the MD simulations was performed by Dr. Kolappan 

and Dr. Rafi respetively.  

 

2.2.1 Materials.  

 

Coenzyme A (CoA) as a lithium salt was purchased from Sigma. Triethylamine 

was purchased from Aldrich (Milwaukee, WI). 15% SDS-PAGE pre-made gels were 

from Bio-Rad. Q-Sepharose and SP-Sepharose were purchased from Pharmacin 

Biotech Company. DE-52 resin was from Whatman. trans-2-dodecenoic acid was 

from TCI Chemicals (Portland, OR). β-NADH from Leuconostoc mesenteroides (type 

XXIV), and ethyl chloroformate were purchased from Aldrich. 

Oligonucleotides(primers) were purchased from IDT, Inc. Restriction enzymes (NdeI 

and BamHI) were purchased from Stratagene (La Jolla, CA). T4 ligase, calf intestinal 

alkaline phosphatase (CIP), and T7 cloned pfu polymerase were purchased from New 

England Biolabs Inc. (Beverly, MA). DNA purification and gel extraction kits were 

from Qiagen Inc. (Valencia, CA). His-Bind Resin, streptavidin-agarose, pET15(b) 

plasmid and biotinylated thrombin were purchased from Novagen. All other buffer 

salts (reagent grade or better), solvents (HPLC grade or better), and chemicals were 

purchased from Fisher Scientific Co.  

 



32  

2.2.2 Preparation of CoA substrates 

 

trans-2-Dodecenoyl-CoA (DD-CoA) was synthesized from trans-2-dodecenoic 

acid using the mixed anhydride method (Figure 2.3) (77). Briefly, 252 µM (50 mg) of 

acid was dissolved in 10 mL of anhydrous THF with 315µM (32 mg) of triethylamine 

(TEA). Yellow salt crystals formed and the solution was stirred at room temperature 

under nitrogen for 2 hours followed by 315 µM (34 mg) of ethyl chloroformate (ECF) 

which was added to the solution very slowly. The mixed anhydride was then filtered 

and added slowly to a solution of 25 mg CoA in 50 mM Na2CO3 (pH 8.0) with 

stirring at room temperature. The reaction progress was monitored by following the 

concentration of free thiol in solution using 5,5’-dithiobis(2-nitrobenzoic acid) 

(DTNB) (139). The solution was purified by HPLC (Shimadzu) using a Phenomenex 

Primesphere 5 C18-HC 250 mm × 4.60 mm (5 µm) preparative column when no free 

thiol was detected by UV. Chromatography was performed using 20 mM ammonium 

acetate/ 1.75% acetonitrile as buffer A and running a 0 to 100% gradient of 95% 

acetonitrile/5% H2O as buffer B over the course of 60 minutes at a flow rate of 4 

mL/min. Shimadzu SPD-10A UV-vis detector was used to monitor the elution at 260 

and 285 nm. The fractions containing DD-CoA were pooled and lyophilized. The 

retention time for DD-CoA was around 23 min. The lyophilized white solid was 

redissolved in water and relyophilized twice to remove all ammonium acetate. The 

desired product was obtained in 40% yield as a flaky white powder with UV-vis 

extinction coefficient (ε260) 20.4 mM-1·cm-1. ESI-MS ([M+H]+) was explored to 
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characterize DD-CoA: calculated 947.2, found 948.2. 

 

2.2.3 Preparation of E. coli apo-ACP 

 

The E. coli apo-ACP plasmid was a kind gift from Dr. Booker at Pennsylvania 

State University. Apo-ACP was expressed from plasmid pBHF-5 (140, 141). After 

growing cultures at 37 °C until an A600 of 0.6 was reached, casamino acids were 

added to a final concentration of 2 g/liter and expression was induced by the addition 

of 500 µM isopropyl β-D-thiogalactoside. Following an additional 4 h of growth at 30 

°C, centrifugation yielded 8 g/liter of wet cell paste that was subsequently frozen. 

Frozen cell pellets (50 g) were then resuspended in 50 ml of 25 mM MES, pH 6.1, 

containing 200 mM NaCl (buffer A) and sonicated for 6 min using 30-s pulses at 4 °C. 

Cellular debris was removed by centrifugation at 33,000 rpm for 1 h at 4 °C and the 

supernatant was loaded onto a Q-Sepharose column (8 ml) preequilibrated with 25 ml 

of buffer A. The column was washed with 50 ml of buffer A and ACP was eluted 

using a linear gradient (50 ml) of NaCl from 200 to 850 mM NaCl in buffer A. 

Fractions were analyzed by 18% SDS-PAGE and ESI-MS, pooled, concentrated using 

an Amicon membrane (YM3, NMWL 3,000) and stored at -80 °C. Conformationally 

sensitive SDS-PAGE indicated that the ACP was predominantly in the apo form and 

ESI mass spectrometry revealed that the apo-ACP sample was comprised of two 

forms in which the N-terminal Met was present or had been cleaved. The apo-ACP 

was used without further purification for the synthesis of trans-2-dodecenoyl-ACP 
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(DD-ACP) (137). 

 

2.2.4 Overexpression and purification of AcpS 

 

A pET22(b) expression plasmid containing the gene for AcpS was a kind gift 

from Dr. Drueckhammer at Stony Brook University (Stony Brook, NY). The 

overexpression and purification of AcpS from E. coli has been published previously 

(70). The plasmid encoding its AcpS gene was transformed into E. coli BL21(DE3) 

pLysS cells for overexpression. Cultures were grown in 1 L of 2×YT medium 

containing 50 µg/mL ampicillin at 37℃ to an optical density of 0.8-1.0. AcpS was 

expressed in a soluble form by induction of mid-log phase cultures with 0.3 mM 

IPTG at 30℃ for 3 hours. The cells were harvested by centrifugation at 5000 rpm for 

20 min at 4 ℃ and were resuspended (5 mL/g) in 50 mM Tris-HCl, 10 mM MgCl2, 

5% glycerol, pH 8 solution and sonicated. Cellular debris was removed by 

centrifugation at 33000 rpm for 1 hour. Then the cell-free extract was treated with 1 g 

of DE-52 slurry in 50 mM Tris-HCl buffer (pH 8.0) and mixed gently for 15 min at 

4℃. The DE-52 was removed by centrifugation at 33000 rpm for 30 min. This step 

was repeated twice and the pH of the supernatant was adjusted to 6.5 with a saturated 

MES solution and the protein was loaded onto an 8 mL SP Sepharose column which 

preequilibrated with the buffer containing 50 mM MES, 10 mM MgCl2, 5% glycerol 

(pH 6.1). Three column volumes of the buffer washed the column and AcpS was 

eluted with a linear gradient of 0-1 M NaCl buffer. SDS-PAGE was used to identify 
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the fractions containing AcpS. All AcpS fractions were pooled and concentrated with 

Centricon-10 (Millpore). The concentration of protein was calculated from the UV 

absorption at 280 nm using a ε280 18.5 M
-1·cm-1. 

 

2.2.5 Natural substrate synthesis of E. coli: trans-2-dodecenoyl-ACP (DD-ACP) 

 

DD-ACP was synthesized from DD-CoA and apo-ACP using E. coli AcpS (99), 

which was overexpressed and purified from E. coli as described previously (70, 137). 

Briefly, 0.9 mg of apo-ACP was incubated with 50 µM DD-CoA (1.4-fold excess) 

and 50 µg of AcpS in 1.4 ml of 50 mM Tris-HCl, 25 mM MgCl2, 1 mM dithiothreitol, 

pH 7.5, buffer for 1 h at 30 °C, followed by quenching the reaction by placing it into a 

dry ice/ethanol bath for 5 min. Subsequently, an equal volume of isopropyl alcohol 

was added and the reaction mixture was incubated for 2 h at 10 °C. AcpS was 

removed by centrifugation at 6000 rpm for 15 min and the supernatant was applied to 

a 1-ml Q-Sepharose column, equilibrated with 20 mM Bis-Tris, 1 mM dithiothreitol, 

pH 6.5 (Buffer A), containing 50% isopropyl alcohol. The column was washed three 

times with Buffer B containing 50% isopropyl alcohol, and then five times with 

Buffer A alone. DD-ACP was eluted with 5 column volumes of Buffer A containing 

600 mM NaCl. The fractions containing DD-ACP were identified by SDS-PAGE and 

ESI-MS, pooled, concentrated, dialyzed into 20mM Tris-HCl, pH 7.0, and stored at 

-80 °C. The concentration of protein was determined by a kinetic assay. 
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2.2.6 Construction of Expression Plasmids for Wild-Type and mutual FabI 

 

A pET15(b) expression plasmid containing the FabI gene was used as a template 

for FabI mutagenesis utilizing the QuikChange mutagenesis kit (Stratagene). A list of 

primers that were used for mutagenesis is given in Table 2.1. The plasmids encoded 

wild type and mutant FabI were purified from XL1 blue cells (Stratagene) using a 

DNA purification and gel extraction kit from Qiagen Inc. All the plasmids were 

transformed into BL21(DE3)pLysS cells (Novagen) for protein expression. 
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Table 2.1. Primers used for mutagenesisa 

Mutant                                          Primerb 

K201E (forward, F) 

K201E (reverse, R) 

K201A (F) 

K201A (R) 

R204E (F) 

R204E (R) 

R204A (F) 

R204A (R) 

K205E (F) 

K205E (R) 

K205A (F) 

K205A (R) 

5’-TCCGGTATCGAAGACTTCCGCAAAATGCTG -3’ 

5’-GCGGAAGTCTTCGATACCGGAGGCCGCCAG -3’ 

5’-TCCGGTATCGCAGACTTCCGCAAAATGCTG -3’ 

5’-GCGGAAGTCTGCGATACCGGAGGCCGCCAG-3’ 

5’-AAAGACTTCGAAAAAATGCTGGCTCATTGC -3’ 

5’-CAGCATTTTTTCGAAGTCTTTGATACCGGA-3’ 

5’-AAAGACTTCGCCAAAATGCTGGCTCATTGC -3’ 

5’-CAGCATTTTGGCGAAGTCTTTGATACCGGA -3’ 

5’-GACTTCCGCGAAATGCTGGCTCATTGCGAA -3’ 

5’-AGCCAGCATTTCGCGGAAGTCTTTGATACC -3’ 

5’-GACTTCCGCGCAATGCTGGCTCATTGCGAA -3’ 

5’-AGCCAGCATTGCGCGGAAGTCTTTGATACC -3’ 

aForward and reverse primers are listed. bMutation site is underlined in bold 

 

2.2.7 Overexpression and purification of wild-type and mutant FabI 

 

Cultures of BL21(DE3)pLysS cells carrying the wild-type and mutant plasmids 

were growing in 1 L of LB-ampicillin (200 µg/mL) medium at 37 ℃ to an OD600 of 

1.2 (31, 32). FabI was expressed in a soluble form by induction of mid-log phase 

cultures with 1 mM IPTG at 25℃ overnight. The cells were harvested by 
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centrifugation, resuspended in 40 mL of His-bind buffer (20 mM Tris-HCl, 0.5 M 

NaCl, 5 mM imidazole, pH 7.9), and lysed using sonication. Cell debris was removed 

by centrifugation (33000 rpm for 1 hour) and the supernatant applied to a His-bind 

resin column (8 mL bed volume). The His-bind column was washed successively with 

His-bind buffer and His-wash buffer (20 mM Tris-HCl, 0.5 M NaCl, 60 mM 

imidazole, pH 7.9), and the protein was eluted using a gradient of 0 to 1 M imidazole 

in 20 mM Tris-HCl and 0.5 M NaCl (pH 7.9). Fractions containing His-tagged FabI 

were immediately pooled and applied to a 2 cm × 50 cm Sephadex G-25 column 

(Pharmacia) preequilibrated with 30 mM PIPES, 150 mM NaCl, and 1 mM EDTA 

(pH 8.0). SDS-PAGE and ESI-MS were used to determine the purity of protein. The 

eluted protein is not allowed to remain in the high concentration of imidazole elute 

buffer because it caused the protein to precipitate. Fractions containing the His-tagged 

protein from the G-25 column were pooled and concentrated with a Centricon-30 

(Millpore). The concentration of protein was calculated from the UV absorption at 

280 nm using an absorption coefficient of 16.5 M-1·cm-1 for the wild type and the 

mutant enzymes. The protein was stable at 4℃ for 3 months. 

 

2.2.8 Kinetics of DD-CoA and DD-ACP with FabI and mutants 

 

The kinetic measurements were performed on a Cary 300 Bio (Varian) 

spectrophotometer at 25 ℃ in 30 mM PIPES and 150 mM NaCl (pH 6.8) (142-144). 

Specifically, the enzyme concentration was 10 nM and the DD-CoA concentration 
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was varied from 5 to 150 µM while NADH was maintained at a fixed concentration of 

250 µM. Higher concentrations of DD-CoA could not be used since they result in a 

decrease in rate due to substrate inhibition (145). Steady-state Km and kcat values for 

WT FabI were determined at variable concentrations of one substrate and at fixed 

concentration of NADH. The enzyme concentration of mutants FabI, K201E, K201A, 

R204E, R204A, K205E and K205A were fixed to 100 nM when the natural substrate 

was used, no substrate inhibition was detected even DD-ACP concentration was up to 

300µM. The initial velocities were obtained by following the oxidation of NADH to 

NAD+ at 340 (ε=6.3 mM-1 cm-1) or 370 nm (ε=2.4 mM-1 cm-1). Each initial velocity 

was measured in triplicate and at least five different substrate concentrations were 

used. All the data were plotted to equation 1 using Grafit 4.0 software to determine 

the Km and kcat where [S] is the concentration of the varied substrate and [E]0 is the 

total enzyme concentration.  

 

          v = kcat [E]0[S] / (Km + [S])                           (1) 

 

2.2.9 Fluorescence Titration of FabI and mutant FabI by DD-ACP 

 

Fluorescence titration (145) was conducted with a model PTI spectrofluorimeter. 

The measurements were carried out in 100 mM PIPES, pH 8.0 and at 25 ℃. FabI and 

mutants were excited at 290 nm (5 nm slit widths), the emission wavelength was fixed 

to 340 nm (1 nm slit width). Normally, 1 µL aliquots of 460 µM FabI or mutants was 
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added to a 1 mL buffer, the titrations were making with concentrated DD-ACP stock 

solution to the 1 mL buffer cuvette. Dilution of protein caused by InhA was kept to < 

1%. Data were fit to a quadratic equation (eq 2) (76) instead of a simple hyperbolic 

function for a second order binding process. 
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Bound is the fluorescence intensity change when DD-ACP was added, [E]0 is the 

initial FabI concentration, Kd is the dissociation constant and [DDACP] is the 

concentration of added DD-ACP. Data fitting was achieved by software programs 

Grafit 4.0. 
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2.3 Results 

 

2.3.1 Mutagenesis, overexpression and purification of wild-type and mutant 

proteins 

 

All proteins were expressed with an N-terminal His-tag sequence which enabled a 

single-step purification using metal affinity chromatography. 12% SDS-PAGE was 

used to analysis the purity of all proteins (Figure 2.5). The molecular weight of FabI 

is 27.7 kDa without a His-tag. The strong bands in the gel are FabI with His-tag, 

around 30 kDa.  

 

                   1   2   3  4  5  6   7  8  9   10  11 

 

 

Figure 2.5. 12 % SDS-PAGE of FabI purification. Lane 1 represents original 
supernatant before His-tag affinity chromatography column; Lane 2: wash solution 
from His-tag column; Lane 3: MW Ladder; Lane 4-7: Fractions from the His-tag; 

Lane 5-11: FabI fractions from G-25 column. 
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2.3.2 Overexpression and purification of AcpS 

 

Holo-ACP synthase (AcpS) catalyzes the conversion of apo-ACP to acyl-ACP 

which is the substrate for the enoyl reductase enzymes. AcpS is a basic protein (PI 9.3) 

and it was purified using SP Sepharose cation exchange chromatography. The protein 

purification was monitored using 15% SDS-PAGE (Figure 2.6). The molecular weight 

of AcpS is 14 kDa which agrees with the molecular weight shown in the gel. 

 

                    1   2   3    4   5   6   7    8 

 

Figure 2.6. 15% SDS-PAGE of AcpS purification. Lane 1: Cells after induction; Lane 
2: Cells before induction; Lane 3: MW marker; Lane 4-8: SP-Sepharose elution 

fractions. 
 

2.3.3 Overexpression and purification of apo-ACP and synthesis of nature 

substrate of FabI: DD-ACP 

 

E. coli apo-ACP plasmid was cloned into a vector containing the T7 lac promoter 

for constitutive expression of lac repressor (pBHF-5), cells were capable of growth 

and expression of ~105 mg L-1 ACP (141). The culture density reached a maximum 
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~2 h after induction with lactose at 37 ℃ during the fermentations. The growth period 

could be extended to ~4 hours by decreasing the temperature to 30 ℃ during 

induction. The majority of ACP expressed from pBHF-5 cells was in the apo form. 

18% SDS-PAGE determined the purity of apo-ACP (Figure 2.7). 

 

                         1    2     3      4 

 

 

Figure 2.7. 18% SDS-PAGE of apo-ACP. Lane 1: MW ladder; Lane 2-4: Fractions of 
Apo-ACP from Q-Sepharose column. 

 

ESI-MS also revealed that the purified apo-ACP contained two different 

molecular weight. Specifically, one with a MW 8637 Da, consistent with apo-ACP 

with N-terminal Met, and the other is 8506 Da lacking Met (Figure 2.8) (113, 116).  
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Figure 2.8. ESI-MS data for Apo-ACP. The peaks were deconvolved and assigned. 
774.4, 851.7, 946.2, and 1064.5, were deconvolved to 8506 Da and assigned to 

apo-ACP without Methionine at the N-terminal. 768.2, 864.9, 960.7, and 1080.8, were 
deconvolved to 8637 Da and assigned to apo-ACP with Methionine residue. 

 

DD-ACP was synthesized from apo-ACP and DD-CoA using AcpS as the 

transferase and was purified by Q-Sepharose column. ESI-MS characterized the MW 

of DD-ACP (Figure 2.9). There were two forms DD-ACP (with methionine and 

without methionine) corresponding to the two forms of apo-ACP. After deconvolution, 

peaks 821.3, 903.7, 1003.9, 1129.6 were deconvolved to 9027 Da which is 521 Da 

higher than apo-ACP without methionine. 
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Figure 2.9. ESI-MS data for DD-ACP. The peaks were deconvolved and assigned. 
821.3, 903.7, 1003.9, 1129,6, were deconvolved to 9027 Da and assigned to DD-ACP 

without Methionine at the N-terminal. 833.2, 918.3, 1018.8, and 1145.8, were 
deconvolved to 9138 Da and assigned to DD-ACP with Methionine residue. 

 

2.3.4 Kinetics analysis of wild type and mutant FabIs 

 

Kinetics parameters for the wild type and the mutant FabIs with DD-CoA and 

DD-ACP substrate are given in Table 2.2 and 2.3.  
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Table 2.2: Steady state kinetics data for DD-CoA substrate 

DD-CoA  

FabI Km (µM) kcat (min-1) kcat/Km 

(min-1·µM-1) 

Ratio 

Wild Type 24.2±3.2 797±37 33±2 1 

K201E 29.8 ± 0.2 987±56 33±2 1 

K201A 22.3±1.5 733±20 33±2 1 

R204E 16.1±2.3 1300±70 80.7±4 2.4 

R204A 18±2 1470±53 81±5 2.4 

K205E 21.5±1.0 439±8 20.4±0.4 0.6 

K205A 24±5 716±38 29.8±2 0.9 

Y156F 19±1 1160±35 61±5 1.8 

Y146F 10±1 24±1 2.4±0.3 0.07 
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Table 2.3: Steady state kinetics data for DD-ACP substrate 

DD-ACP  

FabI Km (µM) kcat (min-1) kcat/Km 

(min-1·µM-1) 

Ratio 

Wild Type 3.3±0.2 896±16 271±5 1 

K201A 13.2±0.6 582±12 44±2 0.16 

R204E 89.5±8.8 94±4 1.05±0.04 0.004 

R204A 291±31 1546±87 5.3±0.5 0.02 

K205E 48±2 1027±17 21.3±1 0.07 

K205A 14.3±1.5 857±26 57±2 0.2 

Y156F 4.6±0.5 1140±50 250±40 0.9 

Y146F 2.4±0.2 14±1 6±1 0.02 

 

The data in Table 2.2 and 2.3 demonstrate that replacement of K201, R204, and 

K205 with Ala or Glu has little or no effect on the kinetic parameters for reduction of 

DD-CoA, whereas kcat/Km for reduction of DD-ACP is reduced 5 (K201 and K205) to 

50 (R204)-fold. In addition, replacement of R204 and K205 with Glu causes a further 

reduction in kcat/Km for reduction of DD-ACP without affecting kcat/Km for the 

DD-CoA substrate. Similar to the Ala mutants, substitution of Glu for R204 has a 

larger impact on substrate reduction (250-fold) compared with K205 (14-fold). 

Finally, replacement of K201 with Glu resulted in an enzyme with little activity 

toward either substrate (data not shown) and we were unable to determine accurate 
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kinetic parameters for this mutant (137). 

 

We have also examined the importance of Y156 and Y146, the two active site Tyr 

residues, in substrate reduction. Replacement of Y156 with Phe has no effect on 

substrate reduction in agreement with previous studies on both FabI (32) and InhA 

(33, 76), which questioned the importance of Y156 (Y158 in InhA) in catalysis (59). 

In contrast, mutagenesis of Y146 has a larger impact on catalysis, with kcat and kcat/Km 

for DD-ACP decreasing by around 50-fold compared with wild-type FabI. A similar 

decrease in kinetic (146) parameters for Y146F was also observed for the DD-CoA 

substrate (137). 

 

2.3.5 Equilibrium Binding of DD-ACP to Wild-Type and Mutant FabI Proteins  

 

The direct binding data were measured using a fluorimeter and analyzed using a 

quadratic equation (eq 3). The results are shown in Table 2.4. FabI binds tightly with 

DD-ACP from the direct binding experiments. When K201, R204, and K205 are 

mutated, the Kd decrease 4-5 fold binding affinity with ACP.  

 

Table 2.4: Fluorescence titration of FabI and mutants by DD-ACP 

 FabI K201E K201A R204E R204A K205E K205A 

Kd (nM) 38.3±6.4 171±17 99±19 200±21 158±15 139±47 73±35 
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2.4 Discussion 

 

The formation and dissociation of protein complexes plays an important role in 

numerous biological processes (147). Questions have been addressed including how 

the binding site on a protein can be identified and how a protein-protein interface can 

be predicted. Improved shape complementarity, van der Waals contacts, hydrogen 

bonding, increased buried surface area, and entropic restriction of interacting residues 

have been addressed to increase affinity of protein-protein complex (148). The 

accurate prediction of protein complex structure can provide the direct information for 

drugs or inhibitor design and for protein engineering (149). However, the principles of 

protein-protein interactions still are unclear because protein interfaces vary greatly in 

size, composition, shape and solvent content (150).  

 

ACPs are small, acidic proteins that fulfill an essential role in metabolism through 

their interactions with a diverse array of target enzymes. Despite their central role, the 

nature of the proper recognition and precise alignment between the protein moieties of 

ACP and its many interactive proteins is not understood (130). Residues conserved 

among ACPs from numerous plants and bacteria were predicted as being crucial to 

ACP’s function, protein-protein interaction (151, 152). Based on a combination of 

X-ray crystallography, computational modeling, and site-direct mutagenesis, we 

report first structural data for the direct interaction of an acyl-ACP substrate with the 

FASII FabI enzyme. The FabI:ACP structure not only gives us a general insight into 
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how target proteins recognize and bind to ACP, but also provides a foundation for the 

development of novel FabI inhibitors that antagonize the fatty acid biosynthesis 

pathway. 

 

   The structure of the final FabI-ACP structure is shown in Figure 2.10. ACP 

interacts with FabI helix α8 and delivers the substrate to the active site between helix 

α8 and a loop comprised of FabI residues 152-156 (137).  

 

 

 

Figure 2.10. The Structure of ACP Bound to FabI Following MD Simulations 
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Several important interactions at the FabI-ACP interface and also between the 

phosphopantetheine and the FabI protein were revealed by the analysis of the 

structure (Figure 2.11). Residues K201, R204, and K205 from helix α8 of FabI 

interact with residues D35, D38, E41, and E48 of ACP helix α2, while FabI K201 

also interacts with Q14 in ACP. The side chain amino group of FabI K205, which 

interacts with D35 in ACP helix α2, is hydrogen bonded to the phosphopantetheine 

phosphate (O-7). In addition, the backbone carbonyl of FabI K205 forms a hydrogen 

bond to the pantetheine hydroxyl group (O-10) while Hε2 of H209 is hydrogen 

bonded to the pantetheine 4” amide carbonyl oxygen. Finally, the pantetheine 2” 

amide nitrogen forms a hydrogen bond to the backbone carbonyl of D202 (Figure 

2.11). The FabI-ACP complex is stabilized by these interactions between the ACP 

pantetheine which positions the substrate within the active site. In the final structure, 

the distance between the crotonyl C3 and the NADH pro4(S) proton is 3 Å. Analysis 

of the structure also reveals that the crotonyl thioester carbonyl is located 4 Å from 

the Y146 hydroxyl group, suggesting that Y146 may form a hydrogen bond to the 

thioester during substrate reduction (Figure 2.11) (137).  
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Figure 2.11. Interactions between FabI and ACP. Interactions between ACP (cyan) 
and FabI (green) at the helix2 (ACP) and helix8 (FabI) interface. 

 

Sacchettini and coworkers have stated there were two entry points for substrates 

into the active sites of enoyl reductases, the major and minor portals (75, 137). The 

present structure indicates that binding of ACP to FabI delivers the acyl-pantetheine to 

the active site between loops comprised of residues 192-206 and 152-156 so that the 

fatty acid enters the active site through the minor portal. Rock and coworkers also 

proposed the same ACP-FabI binding interface which is consistent with our 

mutagenesis and fluorescence data (104, 112). The experimental results confirmed the 

hypothesis that K201, R204, and K205 of FabI are important for binding ACP. The 
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mutants retained the same kcat and Km values for the CoA bound substrate which 

indicated that the enzymes were still catalytically active and that these residues are 

not important for CoA binding. However, when tested with DD-ACP, the binding of 

ACP is much weaker to R204E and K205E than to the wild type FabI.  

 

In summary, the crystal structure of E. coli enoyl reductase, FabI in complex with 

E. coli DD-ACP has been determined and it has been showed that the basic patch 

located in helix α8 of FabI interacts with the acid patch located in helix α8 of ACP by 

hydrogen bonding interaction. The conclusion from the crystallography analysis has 

been confirmed by mutagenesis and steady state kinetics studies. Future studies on the 

interaction of M. tb AcpM with InhA leads us to the question of whether all 

enoyl-ACP reductase interact with ACP in the same way. 

 

 

 

 

 

 

 

 

 

 



54  

Chapter 3: Substrate recognition of AcpM with InhA 

 

3.1 Introduction 

 

The mycobacterial FASII system is responsible for the elongation of fatty acids to 

form mycolic acids which are very long chain (60-90 carbons) α-alkyl, β-hydroxy 

fatty acids (55, 56). The specifics of mycolic acid synthesis are not known. The 

enzymes of the FASII pathway in M. tb use an acyl carrier protein, AcpM, for 

substrate delivery (99, 153-155). Thus, AcpM plays an important role in the 

production of mycolic acids. AcpM shares a high degree of similarity to typical 

bacterial ACPs, especially around the serine residue where the 4’-phophopantethiene 

moiety is attached and along helix α2. Solution structures derived from NMR indicate 

that AcpM contains the standard four-helix ACP fold along with an unfolded 

C-terminal extension. This random coil at the C-terminal is the most obvious 

difference between AcpM and the ACPs of most other organisms. An exception is the 

ACP from Rhizobium leguminosarum. The C-terminal tail of this organism’s ACP 

functions in the biosynthesis of long chain Acyl-ACPs which are used to synthesize 

the nodulation factor (156, 157).  

 

The random coil at the C-terminal of AcpM is a natively unfolded domain. There 

are two possible roles for the this extension in the function of AcpM. The C-terminal 

domain may interact with the long chain fatty acid intermediates which are carried by 
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the protein. More than half of the residues of AcpM are hydrophobic and are proposed 

to sequester the long acyl chain from solvent. Another possible function for this long 

C-terminal tail is in protein-protein interactions. The M. tb genome contains at least 

three ACP sequences. AcpM gene (Rv2244) is located in an operon together with 

several other FASII genes all involved in the FASII mycolic acid elongation system 

(158, 159). The biosynthesis and assembly of these structures offer potential targets 

for chemotherapeutic intervention because mycolic acids are essential for the 

intracellular survival of M. tb (121, 153). Targeting the mycolic acid biosynthetic 

pathway has been validated. InhA, the enoyl-reductase from M. tb, is already the 

target of several antimicrobial drugs (160, 161).  

 

ACPs interact with a wide variety of enzymes to load carbon units, condense them 

and modify the product. ACPs function in FASII mediated biosynthesis and vary in 

molecular mass from 7.5 kDa (E. coli) to 13 kDa (M. tb) (93, 103, 121). The 

structures of ACP and AcpM have been solved by both X-ray crystallography and 

NMR spectroscopy (94). The structures reveal a common four-helix with a long loop I 

connecting helices I and II (106, 162). In contrast to Ser36 of ACP from E. coli, the 

Ser41 of M. tb AcpM attaches the 4’-phosphopantetheine prosthetic group to the 

active site of InhA (129). In addition, based on X-ray crystallographic analysis, ACP 

has been shown to adopt two major conformations: either as an integral domain to 

deliver the acyl chain to the target enzyme (type I) or as a discrete protein to transport 

the growing acyl chain to constitute a multi-enzyme synthase complex (type II) (95). 
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Because of its flexibility in solution, ACP has a lower affinity for the target protein, so 

the structural crystallography of ACP interacting with target proteins is sparse. 

Somers and coworkers (96) have determined the crystal structure of ACP in complex 

with Holo-ACP synthase (AcpS). AcpS connects the phosphopantetheine to the serine 

of ACP. They confirmed the importance of some acidic residues located at the ACP 

recognition helix α2 in interacting with a patch of basic residues on the E. coli 

β-ketoacyl-ACP synthase (FabH) and the β-ketoacyl-ACP reductase (FabG) enzymes 

(104, 112).  

 

InhA (163-172) catalyzes the last step of the fatty acid synthesis pathway (77). 

FabI in E. coli and InhA in M. tb are both members of the short chain 

dehydrogenase/reductase (SDR) family of enzymes, which are in turn members of the 

well-established family of oxidoreductase enzymes. Over 30 three-dimensional 

structures of SDR enzymes have been published in the protein sequence database. 

They display highly similar α/β folding patterns with a central β-sheet even through 

their sequence identity is low (about 15-30%). Most of the SDR enzymes are 250-350 

amino acid residues in length. Furthermore, the cofactor binding domain and the 

active site residues of SDRs are highly conserved as seen by sequence alignment of 

the different enzymes in the SDR family. The glycine rich T-G-X3-G-X-G motif near 

the N-terminal is the cofactor binding region. Another Y-X3-7-K motif is found at the 

active site where the reaction is catalyzed (33, 144, 173).  
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All members of the SDR family contain a conserved catalytic triad which includes 

a tyrosine and a lysine residue. In InhA, these residues are Y158 and K165. The 

tyrosine residue forms a hydrogen bond with the thioester carbonyl moiety to interact 

with the substrate directly. Sacchettini and coworkers solved the crystal structure of 

InhA in complex with NAD+ and the substrate analog, 

trans-2-hexadecenoyl-(N-acetylcysteamine)-thioester (C16-NAC) (75). Similar to 

FabI, there is a hydride transfer from the C4 position of NADH to the C3 position of 

the substrate double bond which yields an enolate intermediate. An enol is formed 

when a proton is added to the enolate oxygen. Tyr158 of InhA does not function as a 

proton donor in the reaction but is proposed to serve as an electrophilic catalyst 

stabilizing the transition state for hydride transfer by hydrogen bonding to the 

substrate carbonyl (76). Similar to the dehydrogenases, structural and kinetic studies 

have revealed that K165 in InhA functions primarily in cofactor binding, forming 

hydrogen bonds with the nicotinamide ribose 2’ and 3’ hydroxyl groups (Figure 3.l) 

(76, 83, 174).  
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Figure 3.1. Crystal structure of the isonicotinic acyl-NADH adduct bound inside the 

InhA active site. 

 

The third residue in the catalytic triad of the dehydrogenases is a Ser or Thr 

residue in dehydratases or a Phe or Tyr (F149 in InhA) in the enoyl reductases. The 

role of the conserved Phe/Tyr in the reductases is less clear. The side chain of F149 is 

above the nicotinamide ring from the crystal structure of NADH-InhA complex. Our 

lab used Raman spectroscopy and isotope effect to investigate the role of F149 in the 

catalytic reaction (83).  

 

The chain length substrate specificity of the two reductases is different, where 

FabI catalyzes no more than 16 carbons but the maximum carbon substrate can reach 

Y158 
F149 

K165 

NAD
+ 



59  

60-90 for InhA. Rock et al. proposed an ACP-FabI binding interface (104, 112). We 

have determined the structure of ACP bound to the FabI enzyme (137) using X-ray 

crystallographic data and computational methods to model in the missing details. 

However, the ACP Ser36 residue is too far from the active site to deliver the substrate. 

Modeling studies show that ACP interacts with a patch of basic residues located in the 

helix α8 of FabI. They showed that Lys201, Arg204, and Lys205 in FabI hydrogen 

bond with the Asp35, Asp38, and Glu41 of ACP. Mutation studies agree with the 

model. Replacement of Lys201, Arg204, or Lys205 by Ala or Glu shows a significant 

decrease in kcat/Km for DD-ACP reduction and without affecting the kinetics 

parameters for DD-CoA substrate (137). 

 

Similar to ACP, AcpM contains lot of acidic Glu and Asp residues. The 

importance of these acidic residues in the α-helix binding has been confirmed and the 

basic residues on the M. tb InhA identified. The interaction of four important acidic 

residues, Asp53, Glu46, Asp40, and Asp38 with the basic patch of helix α8 of InhA 

has been investigated.  

 

We already have analyzed the FabI-ACP interaction. The question must be 

addressed is whether InhA interacts AcpM in the same way. However, InhA does not 

have the same basic patch as FabI. Arg195, Arg 225, and Lys233 are very close to the 

helix α8 of InhA. In addition, InhA has other basic patches, Arg53, Arg49, Arg45, and 

Arg43 are located at helix α2 of InhA, another basic patch is located at helix α6 of 
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InhA including Lys181, Arg177 and Arg173 (Figure 3.2). All these residues will be 

investigated using kinetics and fluorescence. 

 

 

 

Figure 3.2. The basic patches around InhA. R195, R225 and K233 are located near the 
minor portal. R45, R49 and R53 are adjacent to major portal and another three basic 
residues (R173, R177 and K181) in another α helix opposite to the major portal. 

 

 

Our lab focuses on the binding experiments between the FASII enoyl reductase 

Helix α2 
Helix α6 

Helix α8 
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enzyme InhA with the natural substrate AcpM. Our previous studies on InhA have 

utilized trans-2-dodecenoyl-CoA (DD-CoA), an unsaturated C12 fatty acid which is 

esterified to coenzyme A. However, in order to make the assay system as relevant as 

possible, we want to extend the studies to the natural substrate AcpM. This is 

challenging because there are three forms AcpM: Apo-, Holo- and Acyl-AcpM 

(Figure 3.3).  
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Figure 3.3. Three forms AcpM: Apo-, Holo-, Acyl-AcpM 

 

Purification methods (such as HPLC, FPLC etc.) to separate the three different 

AcpM forms are needed because Apo-AcpM is the only active form to synthesize a 

natural substrate of InhA, DD-AcpM. We can then synthesize DD-AcpM substrates 
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using the Holo-ACP synthase to transfer the acyl-pantetheine from DD-CoA to 

Apo-AcpM. The method to synthesize DD-AcpM is the same as DD-ACP (Figure 

2.3).  

 

 Kinetics studies using UV spectroscopy and the cofactor NADH support the 

detailed interaction of AcpM with InhA and mutants. Fluorescence is another direct 

method to determine the dissociation constant between the InhA and AcpM in the 

absence of NADH. Mutagenesis studies demonstrate the details of the interaction 

between AcpM with InhA in the resulting models. 
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3.2 Materials and Methods 

 

3.2.1 Materials.  

 

Coenzyme A (CoA) as a lithium salt was purchased from Sigma. 15% 

SDS-PAGE pre-made gels were from Bio-Rad. Q-Sepharose and SP-Sepharose were 

purchased from Pharmacia Biotech Company. DE-52 resin was from Whatman. 

trans-2-Dodecenoic acid was from TCI Chemicals (Portland, OR). β-NADH from 

Leuconostoc mesenteroides (type XXIV), and ethyl chloroformate were from Aldrich. 

Oligonucleotides(primers) were purchased from IDT, Inc. His-Bind Resin, 

streptavidin-agarose, pET15b plasmid and biotinylated thrombin were purchased from 

Novagen. All other buffer salts (reagent grade or better), solvents (HPLC grade or 

better), and chemicals were purchased from Fisher Scientific Co. 

 

3.2.2 Preparation of Substrates: trans-2-Dodecenoyl-Coenzyme A and 

dodecenoyl-AcpM 

 

trans-2-Dodecenoyl-CoA (DD-CoA) was synthesized from trans-2-dodecenoic 

acid using the mixed anhydride method (76). A stock of pET24 AcpM plasmid was 

transformed into BL21(DE3) cells (99). AcpM was expressed in a soluble form by 

induction of mid-log phase cultures (A600=0.7) with 0.3 mM IPTG at 37℃ for 2.5 

hours. Cells were harvested by centrifugation at 5000 rpm for 20 min at 4 ℃, 
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resuspended in 20 mL buffer C (20 mM Bis-Tris, 200 mM NaCl, 1 mM DTT, pH 6.5) 

and lysed by 3 cycles of freezing and thawing after adding 2 mg/mL lysozyme. The 

pH of the cell-free supernatant was adjusted to 8.5 using 1 M Tris base, and MgCl2 

and MnCl2 were added to final concentrations of 10 and 2 mM, respectively. The 

lysate was centrifuged at 11,000 rpm for 30 min following 2 hour incubation at 35℃. 

An equal volume of isopropanol (IPA) was added slowly to the supernatant which was 

then stirred for 2 h at 4 ℃. The sample was centrifuged at 6000 rpm for 10 min at 4 

℃ to remove the precipitate. The pH of the 50 % IPA-soluble lysate was adjusted to 

6.5 with acetic acid and loaded onto an 8 mL Q Sepharose column, which had been 

pre-equilibrated with buffer C. The column was washed with 5 column volumes of 

buffer C and eluted with a 60 mL linear gradient of buffer D (20 mM Bis-Tris, 700 

mM NaCl, 1 mM DTT, pH 6.5). Fractions containing AcpM were identified on 15% 

SDS-PAGE gels and ESI-MS. The concentration of AcpM was determined by 

measuring the absorption at 276 nm using an extinction coefficient of 2900 M-1cm-1. 

The enzyme was concentrated using a Centricon-10 and was dialyzed into buffer E 

(20 mM Tris-HCl, pH 8.0) to remove the salt in the sample. Subsequently, the sample 

was injected onto a Pharmacia Biotech Mono Q FPLC column and chromatography 

was performed with buffer E and running 0 to 100% gradient of buffer F (20 mM 

Tris-HCl contains 1 M NaCl, pH 8.0) over 100 min at a flow rate of 1.8 mL/min. The 

concentration of the fractions was determined by UV and the species were 

characterized by 15% SDS-PAGE gels. Pure Apo-AcpM was dialyzed overnight 

against 2L buffer G containing 50 mM Tris-HCl, 25 mM MgCl2, 5 mM DTT pH 7.5.  
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In a typical assay (26), dialyzed Apo-AcpM, 50 µM DD-CoA, 100 µg AcpS in a 

final volume of 1.9 mL were incubated at 37 ℃ for 30 min in a 2 ml microcentrifuge 

tube. The reaction was quenched by placing it into a dry ice/ethanol bath. AcpS was 

removed by centrifugation at 5000 rpm for 10 min after 2 hours stirring on 4 ℃ 

when 1.9 mL isopropanol was slowly added to the solution. The mixture sample was 

dialyzed in the InhA buffer (30 mM pipes, 150 mM NaCl, 1 mM EDTA pH 6.8) to 

remove IPA. Dodecenoyl-AcpM (DD-AcpM) was concentrated with Centricon-10. 

ESI and InhA assay were used to characterize DD-AcpM. 

 

3.2.3 Overexpression and purification of wild-type and mutant InhAs 

 

Plasmid for wild-type InhA was available from a previous study (32, 135). The 

R195E, R195Q, R195A, R225E, R225Q, K233E, Q214E, Q224E, E220K, K181E, 

R177E, F149A, R53E, R53A, R49E, R49A, R45E, R45A and R43E InhA mutations 

were introduced using the QuikChange mutagenesis kit (Stratagene). The primers are 

listed in Table 3.1. Wild-type and mutant InhA proteins were overexpressed and 

purified as described previously (76). The concentration of the protein was calculated 

using an ε280 of 37.5 mM-1 cm-1. 
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Table 3.1: Primers used for mutagenesis 

Mutant                                          Primerb 

R195E (forward, F) 

R195E (reverse, R) 

R195Q (F) 

R195Q (R) 

R195A (F) 

R195A (R) 

R225E (F) 

R225E (R) 

R225Q (F) 

R225Q (R) 

K233E (F) 

K233E (R) 

Q214E (F) 

Q214E (R) 

Q224E (F) 

Q224E (R) 

E220K (F) 

E220K (R) 

K181E (F) 

K181E (R) 

5’-GCCGCAGGCCCTATCGAGACGCTGGCGATG-3’ 

5’-CATCGCCAGCGTCTCGATAGGGCCTGCGGC-3’ 

5’-CCTATCCAAACGCTGGCGATGAGTGCGATC-3’ 

5’-CGCCAGCGTTTGGATAGGGCCTGCGGCAAC-3’ 

5’-CCTATCGCCACGCTGGCGATGAGTGCGATC-3’ 

5’-CGCCAGCGTGGCGATAGGGCCTGCGGCAAC-3’ 

5’-GATCAGGAGGCTCCGATCGGCTGGAACATG-3’ 

5’-CGGAGCCTCCTGATCCCAGCCCTCCTCGAG-3’ 

5’-GATCAGCAAGCTCCGATCGGCTGGAACATG-3’ 

5’-CGGAGCTTGCTGATCCCAGCCCTCCTCGAG-3’ 

5’-AACATGGAAGATGCGACGCCGGTCGCCAAG-3’ 

5’-CGCATCTTCCATGTTCCAGCCGATCGGAGC-3’ 

5’-GCCGGCGCCGAGATCCAGCTGCTCGAGGAG-3’ 

5’-CAGCTGGATCTCGGCGCCGGCCTCCTCGCC-3’ 

5’-GGCTGGGATGAGCGCGCTCCGATCGGCTGG-3’ 

5’-CGGAGCGCGCTCATCCCAGCCCTCCTCGAG-3’ 

5’-CTGCTCGAGAAGGGCTGGGATCAGCGCGCT-3’ 

5’-ATCCCAGCCCTTCTCGAGCAGCTGGATCTG-3’ 

5’-GAGGCCGGCGAATACGGTGTGCGTTCGAAT-3’ 

5’-CACACCGTATTCGCCGGCCTCGCGCGCCAC-3’ 
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R177E (F) 

R177E (R) 

F149A (F) 

F149A (R) 

R53E (F) 

R53E (R) 

R53A (F) 

R53A (R) 

R49E (F) 

R49E (R) 

R49A (F) 

R49A (R) 

R45E (F) 

R45E (R) 

R45A (F) 

R45A (R) 

R43E (F) 

R43E (R) 

R43A (F) 

R43A (R) 

5’-TTCGTGGCGGAAGAGGCCGGCAAGTACGGT-3’ 

5’-GCCGGCCTCTTCCGCCACGAACCTGTTGAC-3’ 

5’-GGCATGGACTACGACCCGAGCCGGGCGATG-3’ 

5’-GCTCGGGTCGTAGTCCATGCCGACGATGGA-3’ 

5’-ATCACCGACGAGCTGCCGGCAAAGGCCCCG-3’ 

5’-TGCCGGCAGCTCGTCGGTGATGCGCTGAAT-3’ 

5’-ATCACCGACGCCCTGCCGGCAAAGGCCCCG-3’ 

5’-TGCCGGCAGGGCGTCGGTGATGCGCTGAAT-3’ 

5’-CTGATTCAGGAGATCACCGACCGGCTGCCG-3’ 

5’-GTCGGTGATCTCCTGAATCAGCCGCAGCCG-3’ 

5’-CTGATTCAGGCCATCACCGACCGGCTGCCG-3’ 

5’-GTCGGTGATGGCCTGAATCAGCCGCAGCCG-3’ 

5’-GACCGGCTGGAGCTGATTCAGCGCATCACC-3’ 

5’-CTGAATCAGCTCCAGCCGGTCGAACCCGGT-3’ 

5’-GACCGGCTGGCCCTGATTCAGCGCATCACC-3’ 

5’-CTGAATCAGGGCCAGCCGGTCGAACCCGGT-3’ 

5’-GGGTTCGACGAGCTGCGGCTGATTCAGCGC-3’ 

5’-CAGCCGCAGCTCGTCGAACCCGGTGAGCAC-3’ 

5’-GGGTTCGACGCCCTGCGGCTGATTCAGCGC-3’ 

5’-CAGCCGCAGGGCGTCGAACCCGGTGAGCAC-3’ 

aForward and reverse primers are listed. bMutation site is underlined in bold 
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3.2.4 Kinetics of DD-CoA and DD-AcpM with InhA and mutants  

 

Kinetic studies were performed using a Cary 300 Bio (Varian) spectrophotometer at 

25 ℃ in 30 mM PIPES and 150 mM NaCl (pH 6.8). The enzyme concentration was 

60 nM and NADH was maintained at 250 µM. The DD-CoA concentration was varied 

from 5 to 150 µM. Higher concentrations of DD-CoA could not be used due to 

substrate inhibition possibly due to competition between the adenine of DD-CoA and 

that of the NADH cofactor (145). Steady-state Km and kcat values for WT InhA were 

determined at variable concentration of one substrate and several fixed concentrations 

of the other. The enzyme concentration of mutants InhA, R53E, R53A, R49E, R49A, 

R45E and R45A was fixed at 200 nM when natural substrate was used. No substrate 

inhibition was detected even when the concentration of DD-AcpM reached 300µM. 

The initial velocities were determined by following the oxidation of NADH to NAD+ 

at 340 (ε=6.3 mM-1 cm-1) or 370 nm (ε=2.4 mM-1 cm-1). Each initial velocity was 

measured in triplicate and at least five different substrate concentrations were used. 

The data were plotted using Grafit 4.0 software to determine the Km and kcat. Data was 

plotted in Lineweaver-Burk reciprocal form and fitted to eq 1. 

 

      v = VA/(K + A)                                (1) 

 

The data for intersecting initial velocity patterns were fitted to eq 2 (77). 
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     v = VAB/(KiaKb + KaB + KbA +AB)                 (2) 

 

Equation 1 can be reduced to equation 3 if K>>A. 

 

                     kcat/Km = v/(E0A)                              (3) 

 

kcat and Km values were obtained by fitting the data to eq 2, V is the Vmax of the 

reaction and Ka and Kb are the Km of substrate A and B respectively, Kia is the Kd of 

for substrate A. A, B are concentrations of substrate A and B, respectively. E0 is the 

initial enzyme concentration.  

 

3.2.5 Synthesis of 4(S) and 4(R)-NADD  

 

4(S)-NADD was synthesized enzymatically by the reduction of NAD+ with L. 

mesenteroides glucose-6-phosphate dehydrogenase as described previously (175, 176). 

4(R)-NADD was synthesized from NAD+ and ethanol-d6 in the presence of equine 

liver alcohol dehydrogenase as described previously (83). Both reduced nucleotides 

were purified as described previously (76) except that the stability of the NADD 

during purification was improved by performing the anion exchange chromatography 

(FPLC, MONO Q HR10/10) at pH 9.0 using 10 mM triethanolamine, rather than pH 

7.8.  
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3.2.6 Kinetic Isotope Effects  

 

Primary kinetic isotope effects on V (DV) and V/K (D(V/K)) were determined at 25 

°C in 30 mM PIPES and 150 mM NaCl (pH 6.8) at a fixed, saturating concentration 

of NADH or 4(S)-NADD (250 µM) and by varying the concentration of DD-ACP 

(0-24 µM). Alternatively, the kinetic isotope effects were determined at a fixed, 

saturating concentration of DD-ACP (24 µM) and by varying the concentration of 

NADH or 4(S)-NADD (0-250 µM). Kinetic isotope effects were calculated by fitting 

the initial velocity data to equation 4 using Grafit 4 10.  

 

vi = V[A]/(KA(1+fi.EV/K)+[A](1+fi·EV))            (4)  

 

In equation 4, V is Vmax, [A] is the concentration of the varied substrate, fi is the 

fraction of deuterium in NADD, and EV/K and EV are the isotope effects minus 1 on 

V/K and V, respectively. A value of 0.95 was used for fi.  

 

3.2.7 FluroAcpM Preparation and Fluorescence Titration Experiments 

 

The fluorescent maleimide 

7-diethylamino-3-(4’-maleimidylphenyl)-4-methylcoomarin (177-179) was dissolved 

in DMSO at 10 mM concentration, and 400 µL solution was added to a solution of 

coenzyme A disodium salt (4 mg) in 1.6 mL Tris-HCl and 25 mM MgCl2 at pH 7.5. 
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The resulting solution was vortexed briefly and reacted at room temperature for 2 

hours. 400 µL Apo-AcpM (600 µM stock) and 200 µL AcpS (450 µM stock) were 

added to the solution and incubated at 35℃ with shaking for another 2 hours. 50:50 

IPA was added to the reaction mixture and incubated in ice for 2 hours followed by 

centrifugation to remove the precipitate. The supernatant was applied to a 2 mL Q 

sepharose column. The column was washed by 5 column volumes of 20 mM Bis-Tris 

containing 1 mM DTT (pH 6.5). FluroAcpM was eluted with 3 column volumes of 20 

mM Bis-Tris, 600 mM NaCl containing 1 mM DTT (pH 6.5). The fluroAcpM was 

characterized by 20% SDS-PAGE gel and mass spectrometry. 

 

Fluorescence titration was conducted with a model PTI spectrofluorimeter. The 

measurements were carried out in 100 mM PIPES, pH 7.0 and at 25 ℃. FluroAcpM 

was excited at 360 nm (5 nm slit width) and fluorescence was detected using an 

emission wavelength 412 nm (1 nm slit width). Standard assay involved the addition 1 

µL aliquots of 460 µM fluroAcpM to a 1 mL buffer containing 5 µM NADH, the 

titrations were making with concentrated Wild-type InhA or mutant stock solution to 

the 1 mL buffer cuvette. Dilution of protein caused by InhA was kept < 1%. The 

control experiments were determined, following exactly the same procedure, by 

omitting the fluorescence changed by InhA titrated to NADH. Data were fit to a 

quadratic equation (eq 4) (180, 181) instead of a simple hyperbolic function for a 

second order binding process. 
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Bound is the fluorescence intensity change when InhA or mutants were added, 

[E]0 is the total fluroAcpM concentration, Kd is the dissociation constants and [InhA] 

is the concentration of added enzymes. Data fitting was performed by Software 

programs Grafit 4.0. 

 

3.2.8 2,4,6-Octatrienoic-AcpM Preparation and Analytical Ultracentrifugation 

(AUC) 

 

2,4,6-Octatrienoic-CoA was synthesized using 2,4,6-octatrienoic acid as stating 

material. The method is similar to the preparation of DD-CoA (77, 139). The desired 

product was obtained in 40% yield as a flaky white powder with UV-vis ε260 16.3 

mM-1·cm-1. ESI-MS ([M+H]+) was explored to characterize 2,4,6,-octatrienoic-CoA: 

calculated 988.1, found 988.2. 2,4,6-octatrienoic-AcpM was synthesized from 

2,4,6-octatrienoic-CoA and Apo-AcpM using E. coli holo ACP synthase (AcpS) 

which was overexpressed and purified from E. coli as described previously (97). The 

fractions containing 2,4,6-octatrienoic-AcpM were identified by SDS-PAGE and 

ESI-MS, pooled, concentrated, dialyzed into 20mM Tris-HCl, pH 7.0, and stored at 

-80 °C. The concentration of protein was calculated from the UV absorption at 330 

nm using a ε330 16.5 M
-1·cm-1. 
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All protein samples were dialyzed into 20 mM Na2HPO4, 150 mM NaCl, pH 7.5, 

immediately prior to analysis. AUC experiments were performed at 20 ℃ using a 

Beckman Coulter Optima XL-1 analytical ultracentrifuge equipped with a scanning 

UV/VIS spectrometer to monitor absorbance during the scans. Sedimentation 

equilibrium (SE) was run using an 8 cell, An-45 Ti analytical rotor with six-channel, 

charcoal-filled Epon centerpiece. Samples were analyzed at different compositions: 

60 µM InhA, 30 µM 2,4,6-octatrienoic-AcpM and 60 µM InhA, 30 µM 

2,4,6-octatrienoic-AcpM and 60 µM InhA plus 60 µM NADH. SE was run at 10 k 

rpm to 25 k rpm and the data were collected for 72 h when scans at A330 nm remained 

constant. Partial specific volumes (0.7406) and solvent density (1.00727) were 

calculated using HeteroAnalysis software. 
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3.3 Results 

 

3.3.1 Comparison of AcpM with other ACPs  

 

A sequence alignment of the ACPs from M. tb and E. coli with other typical 

bacterial ACPs is shown in Figure 3.4. ACPs have a high degree of similarity, 

especially DSL motif around the serine residue where the phosphopanteheine is 

attached.  

 

 

 

Figure 3.4. Sequence alignment of ACP and AcpM. Sequences were aligned using 

Clustalw software. Primary sequences of ACP from representative prokaryotes and 

eukaryotes were compared, and the region containing the residues proposed to be the 

important amino acid for the interaction colored red. Abbreviations: M. tuberculosis, 

Mycobacterium tuberculosis; M. bovis, Mycobacterium bovis; M. Leprae, 

Mycobacterium leprae; E. coli, Escherichia coli; B. subtilis, Bacillus subtilis; S. 

aureus, Staphylococcus aureus. 
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AcpM differs from the E. coli ACP by the presence of a carboxyl terminal domain 

that extends 35 amino acids as a random coil. The alignment of AcpM with E. coli 

ACP reveals the important Ser41 of AcpM which corresponds to Ser36 of ACP from 

E. coli. Docking and site-directed mutagenesis (80, 104) have analyzed the interaction 

of ACP with two FASII enzymes, FabG (E. coli β-ketoacyl-ACP reductase) and FabH 

(E. coli β-ketoacyl-ACP synthase). It demonstrated the helix α2 of ACP is important 

for ACP target protein recognition. Some acidic residues which are important to the 

interaction with enoyl-ACP reductase, Glu 41, Glu 47 and Glu48 of E. coli ACP are 

replaced by Glu46, Glu52 and Asp 53. All ACPs have conserved acidic residues, such 

as ASP35, Glu41 and Glu47 (Figure 3.5). 
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Figure 3.5. Superposition of ACP (cyan) with AcpM (blue). The three acidic residues 

(D35, E41, and E47) located in helix α2 of ACP interact with basic residues of FabI. 

The corresponding residues in AcpM are D40, E46, and D53. 

 

3.3.2 AcpM overexpression and Apo-AcpM purification 

 

Unlike the E. coli ACP which was predominantly in the apo form and used for the 

synthesis of trans-2-dodecenoyl-ACP without further purification (137), AcpM was 

expressed as a mixture containing Apo-, Holo- and Acyl-AcpM when expressed in E. 



77  

coli cells at 37℃ under the control of the T7 promoter system. To minimize the 

conversion of Apo- to Holo-AcpM, the induction time was shortened to only 2.5 h at 

37 ℃ . Treatment of the lysate to induce the activity of an endogenous 

phosphodiesterase that is required to convert Holo- or Acyl-AcpM to Apo-AcpM was 

performed to further increase the yield of Apo-AcpM (182). Anion exchange 

chromatography was utilized to purify AcpM by eluting the Q Sepharose-bound 

protein with a linear gradient of 200 to 700 mM NaCl. The fractions were analyzed by 

conformational sensitive 15% SDS-PAGE gel (Figure 3.6) and characterized by 

ESI-MS (Figure 3.7).  

 

 

 

Figure 3.6. SDS-PAGE of AcpM fractions from Q Sepharose column. Lanes 1-5 

represent fractions containing significant amounts of AcpM. 
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Figure 3.7. ESI mss spectrometry of AcpMs species. Apo-, Holo-, Acyl-AcpM eluted 

from Q-sepharose column were analyzed by ESI. The peaks were deconvolved and 

assigned. 902.6, 972.0, 1052.8, 1148.5, 1263.3, and 1403.4 were deconvolved to 12 

622.3 Da and assigned to Apo-AcpM. Holo-AcpM, 926.9, 998.1, 1081.2, 1179.4, 

1297.4, and 1441.3 were deconvolved to 12 962.6 Da and assigned to Holo-AcpM. 

945.0, 1017.4, 1102.2, 1202.4, 1318.3, and 1464.4 were deconvolved to 13 206.3 Da 

and assigned to Acyl-AcpM 

 

AcpM can be further purified by Fast Performance Liquid Chromatography 

(FPLC) to separate the three species of AcpM, Apo-, Holo- and Acyl-AcpM as shown 

in the 15% SDS-PAGE gel (Figure 3.8) and as characterized by ESI-MS (Figure 3.9). 

 

 

 

 



79  

                     1    2  3    4   5    7    8   9   10 

 

 

Figure 3.8. SDS-PAGE of AcpM fractions from FPLC. Lanes 1 represent original 

concentrated AcpM mixture. Lane 2-4 represent Apo-AcpM which came first then 

followed by Acyl-AcpM showed in lane 5-7. Holo-AcpM was last one to wash out 

which showed in lane 8-9. 

 

 

 

Figure 3.9. Apo-AcpM purified by FPLC was characterized by ESI. 902.5, 971.8, 

1052.7, 1148.3, 1263.1, and 1403.3 were deconvolved to 12 620.5 Da and assigned to 

Apo-AcpM 
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The three AcpM species (apo, holo and acyl) which were eluted in the lane 1-3 of 

Figure 3.6 and Figure 3.8 were characterized by ESI-MS (Figure 3.7 and Figure 3.9 

respectively). The experimentally determined masses of AcpM match the predicted 

values from the gene sequence. The Apo-AcpM can be separated purely by Mono-Q 

FPLC which showed in the Figure 3.8, Apo-AcpM was eluted first, followed by 

Acyl-AcpM, then the Holo-AcpM mixtures.  

 

The acylated Holo-AcpM (DD-AcpM) was synthesized from Apo-AcpM and 

DD-CoA using the Holo-ACP synthase and analyzed by 15% pre-made SDS-PAGE 

gels (Figure 3.10).  

 

 

Figure 3.10. SDS-PAGE of dodecenoyl-AcpM reaction. Lane 1, Protein Ladder; 

Lane 2, pure Apo-AcpM; Lane 3, after reaction mixture (DD-AcpM and ACPS). 

 

The product (DD-AcpM) migrated faster than Apo-AcpM because the acyl chain 

interacts with SDS(183). Consequently, DD-AcpM appears to have a lower MW than 
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Apo-AcpM. Apo-AcpM exhibited a mass of 12,621 Da, while the DD-AcpM 

exhibited a mass of 13,142 Da, as expected for the addition of the dodecenoate and 

the phosphopantetheine moiety (mass 521) to the Ser 41 of Apo-AcpM. Holo-AcpM 

had a MW of 12,962 Da (Figure 3.11), 341 Da higher than apo- form corresponding to 

the covalently bound phosphopantetheine unit. FluroAcpM had a MW of 13,364 Da 

mass, 402 Da mass higher than holo- form as expected for the addition of the 

maleimide moiety.  

 

 

 

Figure 3.11. DD-AcpM synthesized by DD-CoA and Apo-AcpM was characterized by 

ESI mass spectrometry. 939.5, 1011.9, 1096.1, 1195.6, 1315.1 were deconvolved to 

13 140.6 Da (confirmed by MALDI MS) which contributed to DD-AcpM. 
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3.3.3 Binding loop between ACP and enoyl ACP reductase 

 

In the previous chapter, FabI, the homolog of InhA in E. coli, was shown to a 

tetramer with a central β-sheet that contains seven β-strands. Molecular dynamics 

simulation and X-ray crystallography were used to determine the structure of ACP 

bound to FabI, in which, four acidic residues interact with three basic residues of FabI. 

Lys201, Arg204 and Lys205 are located outside of helix α8 have the hydrogen 

bonding with the Asp35, Asp38, Glu41 and Glu48 of ACP helix α2. Some mutants of 

Lys210, Arg204 and Lys205 to Glu of FabI showed a significant reduction in kcat/Km 

of DD-ACP but not any effect for the DD-CoA substrate. InhA is an 114 KDa 

tetramer and has 37.3% similarity with FabI. Based on the crystal structure of ACP 

binding with FabI, we superimposed the AcpM with ACP and FabI with InhA (Figure 

3.12).  
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Figure 3.12. Superposition of ACP with AcpM and FabI with InhA. Red, ACP; blue, 

AcpM; grey, FabI; green, InhA. 
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From the overlay, AcpM superimposes very well with ACP but has a long tail 

which will be flexible in solution. Helix α8 of FabI is not in the same conformation 

with helix α8 of InhA. Comparing the interface between ACP with FabI, it was 

expected that some residues located in the helix α8 of InhA should interact with 

AcpM residues. This included Gln224, Glu220 and Gln214 located adjacent to helix 

α8 of InhA. In addition, there are additional basic residues close to this α helix, 

including Arg195, Arg225 and Lys233 (Figure 3.13).  

 

 

 

Figure 3.13. Interface between InhA with AcpM. The residues of Gln214, Glu220 and 

Gln224 located outside of the helix α8 of InhA. Another three basic residues Arg195, 

Arg225 and Lys233 near the α helix where Arg195 and K233 locate at the beginning 

and the end of the loop respectively and R225 is in the helix α8 of substrate binding 

loop. 
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Arg225 is located in helix α8 but Arg195 is at the beginning of the loop and 

Lys233 is at the end of the loop. All these residues have been mutated to Glu or Ala 

and the kinetic results are shown in Table 3.2.  

 

DD-CoA DD-AcpM  

Km 

µM 

kcat 

min-1 

kcat / 

Km 

Ratioa Km 

µM 

kcat 

min-1 

kcat / 

Km 

Ratioa 

WT 17.8±2.4 215±12 12±2 1 2.4±0.4 227±8 95±5 1 

Q214E 20.9±3.0 153±11 7.3±1.8 0.6 3.0±0.4 215±8 71±13 0.75 

Q224E 17.8±6.6 145±25 8.2±4 0.68 3.5±0.4 209±6 60±8 0.65 

E220K 16.6±3.3 132±13 8.0±2.4 0.67 N/Db 

R195E 18.5±1.2 208±4 11.2±0.5 0.93 37.8±3 263±8 6.9±1 0.07 

R225E 15.0±2.4 144±11 9.5±2 0.8 44.8±2.1 272±6 6.0±0.5 0.06 

K233E 17.9±1 101±2 6.0±0.5 0.5 25.3±3.5 167±8 6.6±1.3 0.07 

R195Q 26.1±4.2 297±21 11.4±2 0.94 7.9±1.3 212±12 26.8±1.5 0.28 

R225Q 36.5±2.3 343±11 9.4±1.2 0.8 9.44±1.0 125±5.7 13.2±0.8 0.14 

R195A 36.1±2.4 340±10 9.4±1.2 0.8 6.89±0.5 214±6.1 31±2 0.33 

R195E/R225E No activity 

a Ratio of kcat/Km values of wild type and mutant FabIs. 

bND = not determined 

Table 3.2. Kinetics data of wild-type InhA and all mutants by DD-CoA and 

DD-AcpM substrates. 
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The data in Table 3.2 demonstrates that replacement of the three residues located 

in the proposed interface between InhA and AcpM with acidic residues or basic 

residues (E220K) has no effect on the kinetics parameters for reduction of DD-CoA 

and DD-AcpM. Another three basic residues near the helix α8, Arg195, Arg225 and 

Lys233 reduced kcat/Km of DD-AcpM about 15 fold with no effect in reduction of the 

DD-CoA substrate. Replacement of Arg195 with Ala has a small impact (3 fold) on 

reduction of DD-AcpM substrate, while kcat/Km of R195Q and R225Q is reduced 3 to 

7 fold, respectively. 

 

3.3.4 Steady State Kinetics Analysis of Wild-Type InhA 

 

To distinguish between a sequential or a ping-pong mechanism, the initial 

velocity were determined using either DD-AcpM or NADH as variable substrates. 

Analysis of the Lineweaver-Burk reciprocal plots showed intersecting patterns for 

both substrates (Figure 3.14), suggesting a ternary complex mechanism with a 

sequential kinetic mechanism. The Km values of the recombinant InhA for DD-AcpM 

and NADH were 2.4 ±0.4 µM and 19.0 ±2.5 µM, respectively at pH 6.8 and kcat was 

227 min-1. 
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Figure 3.14. Initial velocity patterns for InhA with either DD-AcpM (A) or NADH (B) 

as the variable substrate. A, The DD-AcpM concentrations varied from 1.3 to 16.0 

µM, and fixed NADH concentration were 8.9 (△), 19.5 (■), 37.5 (□), 85 (●), and 177 

µM (○). B, The NADH concentrations various from 8.9 to 177 µM, and fixed 

DD-AcpM concentration were 1.34 (○), 2.67 (●), 5.34 (□), 10.7 (■), and 16.0 µM 

(△). 

 

3.3.5 Kinetics Analysis of Mutant InhA Enzymes 

 

Compared to the model of FabI binding with ACP, Arg204 and Lys205 are the 

A 

B 
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most important residues corresponding the interaction with the substrate, the 

maximum reduction decreases 250 fold of kcat/Km for the mutant R204E. However, 

none of the mutants had the dramatic effect on kcat/Km this was previously observed to 

FabI-ACP. Consequently, InhA structure is identified additional surface basic residue 

that could interact with AcpM. Arg53, Arg49, Arg45 and Arg43 are located in the 

same helix α2 adjacent to the active site of InhA (Figure 3.15). 

 

 

 

Figure 3.15. InhA tetramer (PDB 1BVR). Four basic patch in the helix α2 of each 
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monomer InhA, Arg53, Arg49, Arg45 and Arg43 which near the active site and the 

cofactor NADH. 

 

Furthermore, there is another basic patch opposite to the major portal of InhA, 

R173, R177, and K181 (Figure 3.2).  

 

All of the important basic residues were mutated to glutamates to introduce 

electrostatic repulsion between InhA and AcpM and to test whether AcpM associates 

with InhA over the entire system. Furthermore, the same positive residues were 

mutated to alanines to determine which residue significantly promotes the binding to 

AcpM. Because the high Kms of such mutants and paucity of DD-AcpM substrate, we 

only detected kcat/Km result using eq 3 by Grafit 4.0 and shown in Table 3.3.  
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DD-CoA DD-AcpM  

Km 

µM 

kcat 

min-1 

kcat / 

Km 

ratio Km 

µM 

kcat 

min-1 

kcat / Km ratio 

WT 17.8±2.4 215±12 12±2 1 2.4±0.4 227±8 95±5 1 

R53E 27.8±1.8 330±11 11.8±0.4 0.98 ND ND 0.46±0.12 0.005 

R53A 30.8±5.6 373±29 12.1±1 1 ND ND 1.1±0.4 0.011 

R49E 38±11 358±55 9.4±1.4 0.8 ND ND 0.4±0.1 0.004 

R49A 36.6±2.8 407±15 11.1±0.5 0.9 ND ND 10.1±0.8 0.106 

R45E 35.2±7.1 353±35 10±1 0.83 ND ND 1.55±0.12 0.016 

R45A 39.5±4.7 462±26 11.7±0.6 1 ND ND 11.2±0.6 0.117 

R177E 22.5±3.9 210±14 9.3±1.9 0.76 3.2±0.5 292±28 91±2 0.96 

K181E 18.5±1.5 151±12 8.2±1.2 0.68 2.4±0.2 260±16 108±10 1.13 

R43E 50±13 129±17 2.6±0.4 0.2 ND 

 

Table 3.3. Kinetics data of wild-type InhA and all mutants by DD-CoA and 

DD-AcpM substrates. 

 

The data in Table 3.3 shows that replacement of Arg53, Arg49 and Arg43 with 

Glu did not have impaired activity with DD-CoA, but kcat/Km for reduction of 

DD-AcpM is reduced 62 (Arg45), 200 (Arg53) to 250 (Arg49) fold. In addition, 

replacement of Arg53, Arg49 and Arg45 with Ala causes a smaller reduction in 

kcat/Km of DD-AcpM without affecting kcat/Km for the DD-CoA substrates. For 

example, substitution of Ala for Arg49 only has a reduction 9 fold compared with Glu 
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substitution (250 fold). Arg43 residue has 5 fold decrease reduction of kcat/Km of 

DD-CoA, so we believed R43 involved the chemical step. The other basic patch 

(R181, R177, and R173) do not important for the substrate interaction since the 

kcat/Kms are not change for CoA and AcpM substrate.  

 

3.3.6 Equilibrium Binding of FluroAcpM to Wild-Type and Mutant InhA 

Proteins 

 

The direct binding data were measured using fluorescence titration and plotted 

using the quadratic equation (eq 4). The results are given in Table 3.4. In the presence 

of cofactor NADH, InhA binds tightly with AcpM. Mutation of the three residues, 

R53, R49, and R45 showed a 16-18 fold decrease binding affinity with AcpM if 

mutated to alanines. No obvious fluorescence change was found for R53E and R49E 

mutants because the two mutants significantly decrease the binding affinity with 

AcpM. R43, which is not located in the binding interface between AcpM with InhA, 

doesn’t show a big effect when mutated to Glu.  

 

 WT R53E R53A R49E R45E R45A R43E 

Kd 

(µM) 
0.3±0.1 ND 4.8±0.3 ND 9.1±0.2 5.5±0.7 0.34±0.2 

Ratio 1 ND 16 ND 30 18 1.1 

 

Table 3.4. Fluorescence measures the dissociation constants of wild-type InhA and 

mutants. 
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3.3.7 Steady-state kinetics of F149A InhA protein and Kinetics isotope effects 

 

DD-ACP was used in the present work in order to facilitate evaluation of DV. 

Steady-state kinetic parameters obtained using DD-ACP synthesized from E. coli 

ACP showed that the F149A InhA mutant had a kcat value that was reduced 30-fold 

compared to wild-type InhA. The F149A mutation had only a small affect on the Km 

values for the two substrates and the kcat/KDDACP and kcat/KNADH values were reduced 

23 and 13, fold respectively, compared to wild-type InhA. To further investigate the 

role of F149 in substrate reduction, we measured the primary kinetic isotope effects 

for wild-type and F149A InhA (Table 3.5). While the DV and D(V/KDDACP) values for 

wild-type and F149A InhA were the same, within experimental error, D(V/KNADH) was 

increased two-fold for the F149A mutant.  

 

Enzyme DV D(V/KNADH) 
D(V/KDDCoA) 

Wild-type 1.87±0.36 2.16±0.82 2.23±0.21 

F149A 1.54±0.25 4.74±0.8 2.1±0.87 

 

Table 3.5. Primary Kinetic Isotope Effects for Wild-Type and F149A InhA 

 

 

 

3.3.8 Analytical Ultracentrifugation (Sedimentation equilibrium) 

 

Analytical ultracentrifugation (AUC) is a powerful technique that utilizes real 

time monitoring of protein sedimentation through the detection of protein 

concentration via a sensitive optical detection system. Sedimentation equilibrium (SE) 

is performed at lower speeds and measures the equilibrium between sedimentation of 

proteins and diffusion, equilibrium is defined when successive scans reveal a static 
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boundary. SE analysis was performed to determine the stoichiometry of InhA with 

AcpM. It has been shown that 2 ACP monomers bind to 1 tetramer of FabI from E. 

coli modeling studies. In the presence of NADH, 2,4,6-octatrienoic-AcpM will bind 

to AcpM (Figure 3.16) 

 

 

 

Figure 3.16. SE-AUC analysis shows unbound and bound forms of InhA. (A) InhA 

with NADH only. (B) InhA, 2,4,6-octatrienoic-AcpM, and NADH together 

A 

B 
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 In the top case, data analysis gave a MW (122.5 ± 2.3 kDa) within 5% of that 

expected for tetramer in the presence of NADH. The apparent molecular weight 

doesn’t change when 2,4,6-octatrienoic-AcpM is mixed with InhA in the absence of 

NADH. The MW was found to be around 148 kDa (Figure 3.16B) when 30 µM 

2,4,6-octatrienoic-AcpM and 60 µM InhA plus 60 µM NADH were mixed. It clearly 

shows the 2 AcpM monomers bind with 1 tetramer InhA in the presence of NADH, 

which agrees with the result of FabI:ACP system. 
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3.4 Discussion  

 

M. tb AcpM is similar to other ACPs, and the sequence identity between E. coli 

ACP and M. tb AcpM is 37%. Overlay studies show a high degree of structural 

similarity. However, AcpM is larger than most ACPs and has an about 35 amino acids 

on the carboxyl terminal which forms a random coil in the solution (Figure 3.4). 

Three acidic residues located in helix α2 of ACP are D35, E41, and E47, the 

corresponding residues in AcpM are D40, E46, and D53 (Figure 3.5). Two possible 

roles of the C-terminal random coil of AcpM have been considered (153). One 

possible function of the AcpM carboxyl terminal random coil is important for its 

interaction with very long chain mycolic acid intermediates carried by the protein. 

The random coil of AcpM contains more than half hydrophobic amino acids which 

may sequester the long acyl chain attached to the prosthetic group from the solvent. 

On the other hand, Rock and coworkers proposed another possibility that the 

C-terminal extension may be involved in protein-protein interaction.  

 

The yield of AcpM is low, one reason is that overexpression and induction of 

AcpM in E. coli cells is toxic to the cells, as expected E. coli ACP and other 

heterologous ACPs (184, 185). Another reason is the purity of AcpM. As seen with 

others ACPs, the majority of E. coli ACP is apo- form in its when expressed in E. coli 

(140, 141). However, expression of AcpM results in significant amount of holo- and 

acyl- forms (Figure 3.6). Only the unmodified apo- form can be used for the synthesis 
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of DD-AcpM, so purification of Apo-AcpM (FPLC) will further reduce the yield. 

 

We have determined the primary isotope effects on DV and D(V/K) using NADD as 

a substrate. We used DD-ACP to replace DD-CoA since the DD-ACP does not cause 

substrate inhibition. F149A mutant only gives significant change in the measure 

primary isotope effects on D(V/KNADH). The 
D(V/KNADH) can be accounted for by 

proposing the mutation has both decreased the external commitment factor for NADH 

and destabilized the transition state for hydride transfer, resulting in an increase in the 

primary kinetic isotope effect for this step (83). Raman data showed a direct link 

between the conformation of the NADH ring and the hydride transfer reaction. In 

addition, kinetics isotopes effect data indicate that the F149A is associated with the 

increase in energy barrier for a step following hydride transfer and it plays a key role 

in lowering the energy of the transition state (83).  

 

In our previous study, it was difficult to deliver the substrate through the major 

portal of ACP and FabI because the ACP Ser36 which connects with a long 

phosphopantetheine group was too far from the active site. So we used computational 

methods to model missing details and reconstruct how the ACP could deliver the long 

chain to the FabI active site. The residues in FabI interacting with ACP are K201, 

R204 and K205. But in the InhA-AcpM complex, there are no consecutive basic 

residues located at the helix α8. Compared with FabI, three amino acids (Q214, E220, 

and Q224) located in the α8 of InhA which are in the same position as three basic 
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residues (K201, R204, and R205) of FabI, another three basic residues are near the 

helix α8 of InhA, R195 and K233 locate in the beginning and the end of helix α8 loop 

respectively (Figure 3.13). R225 is in the helix α8 of InhA. No significant kcat/Km 

reduction was detected when three basic residues (R195, R225 and R233) were 

mutated to Glu residues. Furthermore, another three residues (N224, E220 and N214) 

have no any effect of the kinetic reduction of kcat/Km when mutated to acidic residue 

(N224E and N214E) or basic residue (E220K). Another basic patch (R173, R177, and 

K181) is not involved the interaction from the kinetics results.  

 

The NMR structure of AcpM (PDB code 1KLP) and crystal structure of InhA 

(PDB code 1ZID) were overlapped with the complex ACP binds with FabI by MD 

simulations respectively by Pymol (Figure 3.12). ACP overlaps with AcpM very well 

only a long C terminal random coil of AcpM which be flexible in the solution. InhA 

overlaps with FabI except for the helixes α8 are not in the same conformation. The 

optimal angle for this type protein protein interaction is a relative angle of -60° (186). 

The closest contact between the recognition helix α2 of AcpM with helix α8 of InhA 

is oriented at a round of -75°. Sacchettini et al. confirmed that the location of the 

substrate binding loop significantly differs between InhA with FabI (75). They 

mentioned the size of the substrate binding loop is a primary determinant of the 

enzymes ability to distinguish between shorter with longer chain substrates. From the 

crystal structure, they determined the long chain C16 fatty acyl substrate binds in the 

major portal instead of the minor portal for E. coli FabI (PDB code: 1BVR). So we 
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supposed the interaction interface between InhA and AcpM will be different with FabI 

and ACP. Another possibility is the amino acid Gln45. Zhang et al. proposed the 

Ala45 of E. coli ACP plays a key role on the surface of ACP that allows the target 

protein to approach more closely. However, it is Gln50 in M. tb AcpM compared with 

ACP. The polar residue breaks the enzyme-ACP interaction in AcpM. So it suggests 

that AcpM may interact differently with its target protein compared with E. coli ACP. 

In addition, Schaeffer et al. measured the apparent kcat for E. coli ACPS with apo- 

form AcpM was slower than that for E. coli Apo-ACP. This gives additional evidence 

than mycobacterial enzymes interact differently with E. coli ACP.  

 

In the FabI-ACP system, three acidic residues (D35, D38, and E41) in and close to 

the helix of α2 of ACP form strong hydrogen bonding interaction with three basic 

residues (K201, R204, and R205) located in the helix α8 of FabI binding interface. 

Kinetics showed an overall 250 fold decrease in kcat/Km for reduction of DD-ACP for 

the R204E mutants, but no any effect for the CoA substrate. Three similar acidic 

residues (D40, E46, and E52) located in the helix α2 of AcpM. There must be some 

consecutive basic residues in the InhA have interaction with AcpM compared with 

FabI-ACP complex. Two α helixes are in the each side from InhA tetramer. Four basic 

amino acids (R53, R49, R45 and R43) located in each α helix (Figure 3.2). The side 

chains of R53, R49, and R45 are outward of the tetramer and R43 is toward the 

tetramer. As mentioned before, it was too far for the Serine to deliver 

phosphopantetheine group to the active site of InhA (F149, Y158, and K165) if AcpM 
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binds with helix α8 of InhA. It is only 15 Å from the R45 to pro4(S) of cofactor 

NADH, so it was easy for Ser41 to deliver the phosphopantetheine group to the active 

sites to react. Kinetic results prove such binding position. Replacement of R53 and 

R49 by glutamic acid results an overall 200-250 fold decrease in kcat/Km for reduction 

of DD-AcpM, no effect of the corresponding DD-CoA substrate, which is similar as 

the R204 of FabI. A 62 fold decrease of kcat/Km for reduction of DD-AcpM was found 

for the R45E mutant. R43E has showed 5 fold decrease of an overall kcat/Km when 

using DD-CoA as substrate, so it was supposed not involved in the binding interaction 

with InhA. It was further proved by directly fluorescence binding results. R53E, R49E, 

and R45E have showed at least 16 fold’s decrease binding affinity compared with 

wild type InhA. The InhA-AcpM interaction position Ser41 carries the 

phosphopantetheine group to the active site through the minor portal and formed by 

the substrate binding loop. It was further discovered by kinetics of E. coli DD-ACP 

with InhA. Using DD-ACP which doesn’t have long random coil in C-terminal as the 

substrate, we measured the Km and kcat and calculated kcat/Km with WT InhA, the 

mutants in R53, R49 and R45, and the mutants in R225, R195. We found the similar 

results compared with M. tb DD-AcpM (data not shown). Based on all the results, we 

proposed the binding residues for InhA should be R53, R49 and R45. 

 

    More interesting observation was found in Figure 3.17. There are two types of 

basic patch with InhA and FabI respectively. FabI has a basic patch (K201, R204, and 

K205) adjacent to the minor portal but has an acidic patch (D42, E49, E50 and D58) 
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in helix α2 adjacent to major portal. However, InhA has the basic and acidic patch in 

the opposite way. Instead of basic patch in helix α8, InhA has the acidic patch (E209, 

E210, E209, and E220). The basic patch for InhA interacting with AcpM is located in 

helix α2.  

 

    

                (A)                                           (B) 

 

(C) 
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Figure 3.17. The basic and acidic patch of FabI and InhA. (A) The acidic and basic 

patch of FabI, 3 basic residues (K201, R204, and K205 colored magenta) and 4 acidic 

residues (D42, E49, E50 and D58 colored yellow). (B) The acidic and basic patch of 

InhA, 4 basic residues located in the helix α2 (R43, R45, R49, and R53 colored 

magenta) and 4 acidic residues located in the helix α8 adjacent to minor portal (E209, 

E210, E219, and E220 colored yellow). (C) Overlay the basic and acidic patch of 

InhA and FabI. 

 

The three basic residues correspond to R45, R49, and R53. Sequence alignment 

of FASII system enoyl-ACP reductases was shown in Figure 3.18 by ClustalW. All 

InhAs (such as M. leprae and M. tuberculosis InhA) which have longer carbon chain 

(up to 90) carried by ACP have a basic patch (R53, R49, and R45) in helix α2 instead 

of the basic patch located in substrate binding loop of helix α8 of FabI which has 

shorter carbon chain (up to 20) carried by ACP substrate (such as E. coli and S. 

aureus). Furthermore, all InhAs have the exactly same basic patch and acidic patch as 

M. tb InhA. FabIs share the similar basic patch and acidic patch in helix α8 and helix 

α2 respectively. In the SDR superfamily, the third residue in the catalytic triad is 

either a Phe (F149 in all InhAs) or a Tyr (around Y146 in all FabIs), which plays a 

key role in modulating both the structure and reactivity of NADH when bound to 

reductase (83). 
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Figure 3.18. Sequence alignment of InhA and FabI. Sequences were aligned using 

Clustalw software. Primary sequences of Enoyl-ACP reductase from bacteria and 

plants were compared. Basic and acidic residues in each conserved patches that are 

conserved in all InhA and FabI are colored red and blue respectively. 

 

There is limited direct structural information about the interactions of ACPs with 

enzymes in the FAS pathway because of the paucity of crystal structure of enoyl-ACP 

reductase with acyl carrier protein. One reason is the low affinity between them and 

another one is the flexibility of acyl carrier protein in solution which brings the 

difficulty for the crystal construction. We used kinetics and modeling to build the 

structure of AcpM bound to InhA (Figure 3.19).  

 

 

 

Figure 3.19. Proposed binding model of InhA-AcpM complex. InhA is shown in 

Raspberry. Residues R45, R49 and R53 are shown in blue. AcpM is shown in green 

and the residues R40 and R46 are shown in red. The interactions can help AcpM 

deliver the substrate to the active site of InhA through the major portal. 
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We proposed that InhA binds with AcpM in different way compared with 

ACP-FabI system. All the InhAs share the same binding priority and FabIs binds in 

the minor portal. One possibility is the length of the acyl chain carried by ACP can 

change the two-state equilibrium. The basic patch located in helix α2 of all InhA is 

adjacent to the major portal, where provides enough space for holding up to 90 

carbons of the acyl chain carried by AcpM. Rock has mentioned the major portal of 

InhA will become wider when substrate binding, which give another evidence why 

the InhA-AcpM binding system is different with FabI-ACP.  

 

In summary, we have purified the Apo-AcpM from the AcpM species and 

synthesized the natural substrate (DD-AcpM) for the enoyl-ACP reductase InhA in M. 

tb. Wild-type and mutants InhA have been measured the kinetics experiments using 

DD-CoA and DD-AcpM substrates. It shows that the R53, R49 and R45 amino acids 

located in the InhA α helix have interaction with acidic residues of AcpM and further 

been proved by fluorescence titration. The model of the InhA-AcpM binding interface 

is different with FabI-ACP module. 
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Chapter 4: Identification of the dehydratase component in the 

Fatty Acid Biosynthesis Pathway 

 

4.1 Introduction 

 

The M. tb FASII pathway has a special property of producing unusually 

long-chain fatty acids involved in the biosynthesis of mycolic acids. However, the 

enzyme that corresponds to dehydration of (3R)-hydroxyacyl-AcpM during the 

elongation cycles is still unknown. It remains difficult to identify the peptidic domains 

or proteins carrying this function within both multifunctional synthases and FASII 

systems because many similar functional enzymes exist (187, 188). In the E. coli 

system, FabZ (dehydratase) and FabA (dehydratase-isomerase) (Figure 4.1) catalyze 

this step, however, no such homolog are present in mycobacteria (107, 108).  
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Figure 4.1. FabA structure and active site. His70 acts as a catalytic base to abstract a 

proton from the C2 of the substrate, and Aps84 promotes the removal of the hydroxyl 

group to generate the enoyl-ACP product. 

 

FabA not only performs the dehydration step, but also has the ability to isomerize 

trans-2- to cis-3-decenoyl-ACP as an essential step in the formation of unsaturated 

fatty acids in E. coli (100, 189-192). FabA is always found in with its partner, FabB, 

which is a condensing enzyme that is also essential for unsaturated fatty acid 

biosynthesis (193). However, the FabA and FabB mutants still have the ability to 

catalyze fatty acid synthesis. This leads to the conclusion that an additional 

dehydratase and elongation condensing enzyme exists in E. coli. FabZ which is the 

second dehydratase found in E. coli was discovered in lipid A biosynthesis as a 

H70 
C80 

D84 
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suppressor of temperature sensitive mutants (69). FabZ homology are the only 

dehydratases which exist in most bacteria and cannot catalyze the isomerase reaction. 

Bioinformatic analysis divides FabA and FabZ as two subtypes even through they 

share highly conserved primary sequences, however, distinct differences exist in their 

active sites, an Asn in FabA and a Glu in FabZ. FabA functions in the metabolism of 

unsaturated fatty acids, while FabZ efficiently processes both saturated and 

unsaturated long chain acyl-ACPs (194). 

 

The Rv3389c in M. tb has been identified as a single candidate protein which 

belongs to the hydratase 2 family with a distinctive asymmetric double hot dog fold 

(109). The purified recombinant Rv3389c protein not only catalyzed the hydration of 

(C8-C18) enoyl-CoA substrates, but also catalyzed the dehydration of a 

3-hydroxyacyl-CoA in coupled reactions with both reductases (MabA and InhA) of 

the ACP-depended FASII involved in mycolic acid biosynthesis. However, Rv3389c 

decreases the activity of ACP substrate, versus CoA substrate. Derivative and 

Rv3389c knockout mutants show no change in its fatty acid biosynthesis. This 

suggested that Rv3389c is not the essential gene of the dehydration reaction.   

 

Backbro and coworkers proposed that another gene, Rv0216 is the dehydratase. 

This gene is conserved hypothetical protein from M. tb that is essential for bacterial 

survival during infection (195). They showed the structure exhibits the greatest 

similarity to bacterial and eukaryotic hydratases that catalyze the R-specific hydration 
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of 2-enoyl CoA. However, only part of the catalytic component is conserved in 

Rv0216 and no activity was measured for the substrate crotonyl-CoA. This suggests 

the occurrence of additional hydratase candidates. 

 

Besra and coworkers (196, 197) indicated two genes, Rv3538 and Rv0636 were 

essential for mycobacterial growth. They suggested Rv0636 was an essential gene 

involved in mycolic acid biosynthesis and encodes the FASII β-hydroxyacyl-ACP 

dehydratase. Furthermore, Quemard and coworkers investigated M. tb genome to 

identify 11 putative (R)-specific enoyl hydratases/3-hydroxyacyl dehydratases. They 

explored the structure determination and modeling of three of these dehydratases to 

illustrate that they all belong or are related to the hydratase 2 protein family. The 

underlying 3D structure of FabA/FabZ enzymes are maintained in the so called hot 

dog fold but the catalytic site is distinct (198). Bioinformatics analyses and an 

essentiality study (107) lead them to propose the Rv0635-Rv0636-Rv0637 is the 

candidate protein cluster for dehydration reaction. 

 

The purpose of present work was to use the PCR to clone the 

Rv0635-Rv0636-Rv0637 gene, insert into pET vector and to identify the specific 

enzymes corresponding to the dehydration reactions. Since we already have all the 

FASII enzymes, the availability of the dehydratase would allow us to reconstruct the 

FASII pathway in vitro.  
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4.2 Materials and Methods 

 

4.2.1 Construction of expression plasmids for Wild-type Rv0636 

 

The open reading frame coding for Rv0636, Rv0636-Rv0637, and Rv0635-Rv0637 

were amplified by PCR from total DNA of M. tb, strain H37Rv, using the primer pair 

5’-GGAATTCCATATGATGGCGCTGCGTGAGTT (Forward) and 

5’-CGGAGCCGCTTCAATCGCATCCCTAGGCGC (Reverse), 

5’-GGAATTCCATATGATGGCGCTGCGTGAGTT (Forward) and 

5’-CGCGGATCCTTACGCGGTCCTGATGACCTG (Reverse), 

5’-GGAATTCCATATGGTGGCGTTGAGCGCAGA (Forward) and 

5’-CGCGGATCCTTACGCGGTCCTGATGACCTG (Reverse) respectively. BamH1 

and NdeI are the two restriction enzymes used to cut the PCR products and vectors, 

pET15b. The high fidelity polymerase Pfu Turbo (Stratagene) was used for ligating 

the DNA fragment to the pCR T7 pET15b (Invitrogen). Cloning was performed in E. 

coli TOP10 and the correctness of the isolated gene was verified by DNA sequence 

analysis. Plasmids were purified from XL1 Blue cells (Stratagene) using a DNA 

purification and gel extraction kit from Qiagen Inc. After verification of the correct 

sequence, the plasmid was transformed into BL21(DE3) pLysS cells (Novagen) for 

protein expression.  
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4.2.2 Overexpression and purification of Rv0636, Rv0636-Rv0637, and 

Rv0635-Rv0636-Rv0637 gene 

 

Cultures of BL21(DE3) pLysS cells carrying the Rv0636, Rv0636-Rv0637, and 

Rv0635-Rv0636-Rv0637 plasmids were grown in 1 L of LB-ampicillin (200 µg/mL) 

medium at 37 ℃ to an OD600 of 1.2. The cells were induced by isopropyl 

β-D-thioglalctoside (150 µg/mL), and allowed to induce 4 hours at 37 ℃. After 

harvesting by centrifugation, the cell pellets was resuspended in 30 mL of His-bind 

buffer (20 mM Tris-HCl, 0.5 M NaCl, 5 mM imidazole, pH 7.9), and lysed using 

sonication (10 times at 20 seconds each). The cell debris was then removed by 

ultracentrifugation (33000 rpm for 1 hour) and the supernatant applied to a His-bind 

resin column (Novagen, 8 mL bed volume). The His-bind resin column was washed 

successively with His-bind buffer and His-wash buffer (20 mM Tris-HCl, 0.5 M NaCl, 

60 mM imidazole, pH 7.9), and the protein was eluted using a gradient of 0 to 1 M 

imidazole in 20 mM Tris-HCl and 0.5 M NaCl (pH 7.9). Fractions containing the 

protein were pooled and further purified on an AKTA Superdex 200 prep grad column 

equilibrated in the buffer containing 50 mM NaH2PO4, 150 mM NaCl, pH 7.5. The 

protein eluted in two fractions and concentrated with Centricon-10 (Millpore). The 

concentration of proteins were calculated from the UV absorption at 280 nm using an 

absorption coefficient of 14.9, 33.8, and 51.2 M-1·cm-1 for the Rv0636, 

Rv0636-Rv0637, and Rv0635-Rv0636-Rv0637 enzymes respectively. 15% SDS-PAGE 



111  

and MALDI-TOF were used to identify the proteins.  

 

4.2.3 Enzyme assays and steady state kinetics 

 

Reactions were performed in a quartz cuvette in a total volume of 500 µL, at 25 

℃, in 50 mM NaH2PO4, 150 mM NaCl, pH 7.5. DD-CoA and DD-AcpM as the 

substrate were monitored by spectrophotometry (Varian) at 280 nm using an 

extinction coefficient of 3.6 M-1·cm-1. Measurements of Km and kcat for DD-CoA were 

performed in the presence of enzyme (800 nM) variable concentration of substrate 

(1-60 µM). Data were fitted to the Michaelis-Menten equation by Grafit 4.0. 
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4.3 Results 

 

4.3.1 Expression and purification of Rv0636, Rv0635-Rv0636-Rv0637, and 

Rv0636-Rv0637 proteins 

 

The Rv0636 gene or Rv0635-Rv0636-Rv0637 and Rv0636-Rv0637 gene clusters 

were cloned into a T7 expression vector downstream of a His tag coding sequence. 

Proteins were produced in E. coli and purified by using a two step chromatography 

procedure on Ni Sepharose and Superdex 200 AKTA gel filtration columns (Figure 

4.2).  

 

 

Figure 4.2. Rv0636 protein purified by AKTA gel filtration column 

 

Most of the Rv0636 containing a His-tag on the N-terminal was insoluble when 
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Rv0636 was expressed alone (107). The purified protein precipitated when 

concentrated and no activity was detected. When His-tagged Rv0635 was copurified 

with untagged Rv0636 and Rv0637, two bands were obtained on the 15% SDS-PAGE 

(Figure 4.3A). However, only one band appeared on the gel when His-tagged Rv0636 

was copurified with untagged Rv0637 (Figure 4.3B). 

 

   10  9  8   7  6   5  4  3  2   1         1   2   3  4   5  6   7  8   9 

       

           A                                                 B 

Figure 4.3. 15 % SDS-PAGE of Rv0635-Rv0636-Rv0637 (A) and Rv0636-Rv0637 (B) 

protein purification. (A) lane 1-3: Fractions of Rv0635-Rv0636-Rv0637 protein from 

His tag column; Lane 4: Protein ladder; Lane 5-10: Fractions of 

Rv0635-Rv0636-Rv0637 protein from Superdex 200 AKTA gel filtration columns. (B) 

Lane 1: Protein Ladder, Lane 2-4: Fractions of Rv0636-Rv0637 protein from His tag 

column; Lane 5-9: Fractions of Rv0636-Rv0637 protein from Superdex 200 AKTA gel 

filtration columns 

 

Gel filtration chromatography displayed two protein bands. One band 

corresponds to Rv0635-Rv0636-Rv0637 and the other Rv0636-Rv0637 respectively. 

All the bands have been cut and run in an in-gel trypsin digestion to identify the 

protein. The protein tryptic digest was analyzed with a Bruker Autoflex II 

MALDI-TOF mass spectrometer. The protein fragment sample was mixed with 

130 kDa 

70 kDa 

64 kDa 

40 kDa 

30 kDa 

20 kDa 

 

15 kDa 
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α-hydroxycinnamic acid as matrix and peptide masses were characterized in the 

reflection mode. The mass spectrum of Rv0635-Rv0636-Rv0637 is displayed in Figure 

4.4. 

 

 

 

Figure 4.4. MALDI-TOF characterizes tryptic digest fragments. 

 

Sequence of the recombinant of the top band in Figure 4.3(A) is shown below 

(Figure 4.5). Peptide coverage was shown in red. Sequencing results identify protein 

as Rv0635 with His-tag on N-terminal. 

 

1
2
0
7
.7
2
4
3

1
7
6
9
.1
2
0
2

2
3
2
3
.4
9
3
9

1
8
7
6
.1
5
8
9

1
2
4
5
.6
7
5
1

8
0
4
.4
2
9
4

1
3
8
8
.8
9
6
6

2
0
4
8
.4
1
3
2

1
8
0
7
.0
8
1
9

2
0
8
6
.4
4
2
1

2
8
5
3
.5
7
3
5

2
8
9
1
.5
9
6
8

1
1
0
3
.7
5
0
5

2
3
6
1
.4
7
4
1

1
9
1
4
.1
4
6
0

1
1
8
4
.6
8
9
4

1
7
9
1
.1
0
8
2

1
1
4
1
.7
6
4
2

1
2
8
3
.6
2
7
0

1
4
6
4
.9
4
4
8

1
4
2
6
.8
2
9
7

2
4
6
4
.5
9
4
7

3
1
2
2
.8
5
0
4

0

1

2

3

4

5

4x10

In
te
n
s
. 
[a
.u
.]

750 1000 1250 1500 1750 2000 2250 2500 2750 3000

m/z



115  

MGSSHHHHHHSSGLVALSADIVGMHYRYPDHYEVEREKIREYAVAVQNDDAWYFEEDGAAELGYKGLLA

PLTFICVFGYKAQAAFFKHANIATAEAQIVQVDQVLKFEKPIVAGDKLYCDVYVDSVREAHGTQIIVTK

NIVTNEEGDLVQETYTTLAGRAGEDGEGFSDGAA 

Figure 4.5. Sequence coverage of Rv0635 (top band on Figure 4.2A) containing 

His-tag in N-terminal. 

 

The bottom band on Figure 4.3A was determined as Rv0636 without His-tag. The 

molecular weight on the gel agrees with theoretical MW (14.9 kDa). The protein 

bands shown on Figure 4.3B were characterized as Rv0636 with a His-tag on the 

N-terminal by MALDI-TOF. The data strongly suggested that there are interactions 

between Rv0635 and Rv0636. It was clearly shown that no Rv0637 was detectable in 

Rv0635-Rv0636-Rv0637 or Rv0636-Rv0637 coexpression systems.  

 

4.3.2 Enzymatic activity of Rv0635-Rv0636-Rv0637 and Rv0636-Rv0637 

 

Enzymes belonging to the (R)-sepcific enoyl hydratase/hydroxyacyl dehydratase 

family preferentially catalyze the dehydration reaction (108). The activities of 

Rv0635-Rv0636-Rv0637 and Rv0636-Rv0637 were first measured in the presence of 

DD-CoA and DD-AcpM or DD-ACP. Rv0636-Rv0637 did not show any significant 

activity with either substrate in the experimental conditions used. A slight activity of 

Rv0635-Rv0636-Rv0637 was measured only in the presence of DD-CoA (Figure 4.6).  
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Figure 4.6. Km determination for DD-CoA with respect to Rv0635-Rv0636-Rv0637 

gene. 

 

   Rv0635-Rv0636-Rv0637 proved to be active in the presence of DD-CoA (Km: 18 

µM and kcat: 20 s
-1).  

 

 

 

 

 

 

 

 



117  

4.4 Discussion 

 

No typical FabA or FabZ enzymes found in the bacterial FASII systems are 

present in M. tb or other sequenced mycobacterial genomes. Eukaryotic enoyl-CoA 

hydratases have led us to investigate the potential (R)-specific 

hydratases/dehydratases in the M. tb (109, 198, 199). Rv0636 may share the same 

global topology and probably the same reaction mechanism as the FabA/FabZ family 

even through it exhibits very low sequence similarity and catalytic motif with the 

latter and its catalytic motif. Castell and coworkers also suggested that Rv0636 of M. 

tb H37Rv is a good candidate for the unidentified β-hydroxyacyl-ACP dehydratase of 

FASII (200). In addition, Rv0636 is highly conserved over numerous mycobacterial 

species, such as M. bovis, M. smegmatis and M. leprae. Rv0635, Rv0636, and Rv0637 

were proposed to be composed of a single hot dog fold by structural prediction. 

Rv0636 is hypothesized to associate in heterodimers with either Rv0635 or Rv0637 in 

order to be functional. This is because Rv0635 and Rv0637 lack the hydratase 2 

catalytic motif. Rv0635 and Rv0637 share 45% sequence identity and they are both 

poorly related to Rv0636. It is thought that Rv0635 and Rv0637 might have a similar 

role in the catalytic reaction. Rv0635 overlaps Rv0636 and Rv0637 is 4 bp away from 

Rv0637 (Figure 4.7) (107).  
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Figure 4.7. Demonstration of essentiality of Rv0635-Rv0637. Chromosomal 

organization of the region. The regions amplified to make the deletion delivery vector 

pTACK0636 and the complementing vector pCOLE0636 are drawn, indicating the 

deletion region and the complementation region, respectively. Arrows indicate the 

primers used to amplify the region and for PCR screening 

 

Studies on the mitochondrial enoyl-CoA hydratase revealed that the enzyme also 

catalyzes the hydration of cis-2-enoyl-CoAs to the corresponding 

3(R)-hydroxyacyl-CoA products (201, 202). The subsequent enzyme in the fatty acid 

oxidation cycle is specific for the 3(S)-hydroxyacyl-CoA. The enzyme also catalyzes 

the interconversion of 3(R)- and 3(S)- hydroxyacyl-CoAs in order to facilitate the 

metabolism of fatty acids containing cis double bonds. The equilibrium constant for 

the hydration of trans-2-crotonyl-CoA to 3(S)-hydroxybutyryl-CoA is 7.5. It was 

proposed the hydratase in M. tb will perform the same function. When coproduced in 

E. coli, Rv0636 protein associates in heterodimers (confirmed by AUC) with either 

Rv0635 or Rv0637. Only Rv0636 showed some activity to DD-CoA when coexpressed 

with Rv0635. The Rv0637 gene does not seem to be essential for M. tb growth in vitro. 

However, Rv0635-Rv0636-Rv0637 did not perform any activity with DD-AcpM, the 

natural substrate. It still gives us the difficulty to investigate the dehydrates in M. tb. 
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