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Abstract 

 Organic redox cofactors are essential for life. While classic flavins and 

nicotinamides are widely distributed across all domains of life, nature has also evolved 

niche cofactors in subsets of life domains. For example, in Actinobacteria, coenzyme F420 

is commonly used in place of flavin mononucleotide in enzymes associated with carbon 

fixation and oxidation of secondary alcohols. The importance of niche cofactors has long 

been recognized however, detailed understanding about their biosynthesis and 

physiological uses has been lagging. One class of niche cofactors is derived from 

ribosomally synthesized and posttranslationally modified peptides (RiPPs). To achieve 

their mature form, the genetically encoded RiPP precursor peptide undergoes significant 

post-translational modifications by diverse families of tailoring enzymes. Following 

synthesis by the ribosome, modifying enzymes process the precursor peptide into the 

mature redox cofactor. Currently, there are two known RiPP-derived redox cofactors, 

pyrroloquinoline quinone, which has been well-characterized, and mycofactocin (MFT), 

which was recently discovered.  

While MFT biosynthetic proteins have been extensively characterized, the 

physiological conditions that require MFT is not well-understood. To gain insights into the 

regulation of MFT in Mycobacterium smegmatis mc2155, we investigated the DNA-
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binding and ligand-binding activity of the putative TetR-like regulator, MftR. Here, we 

demonstrated that MftR binds to the mft promoter region. We used DNase I footprinting to 

identify the 27 bp palindromic operator located 5’ to mftA and found it to be highly 

conserved in M. tuberculosis, M. bovis, M. ulcerans, and M. marinum. To determine when 

the mft biosynthetic gene cluster (BGC) is induced, we screened for effectors of MftR. As 

a result, we found that MftR binds to long-chain acyl-CoA’s with low micromolar 

affinities. To demonstrate that oleoyl-CoA induces the mft BGC in vivo, we re-engineered  

a fluorescent protein reporter system to express a MftA-mCherry fusion. Using the 

mCherry fluorescent readout, we show that the mft BGC is upregulated in M. smegmatis 

mc2155 when oleic acid is supplemented to the media.  These results suggest that MftR 

controls expression of the mft BGC and that MFT production is induced by long chain acyl-

CoA’s. Since MFT-dependent dehydrogenases are known to colocalize with acyl carrier 

protein/CoA-modifying enzymes, these results suggest that MFT might be critical for fatty 

acid metabolism or cell wall reorganization. 
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Chapter One: Introduction 

1.1 The significance of ribosomally synthesized and post-translationally modified 

peptides 

Antibiotic resistance is a leading cause of mortality around the world, killing at least 

1.27 million people worldwide in 2019.1 It occurs when bacteria, viruses, fungi, and 

parasites develop resistance over time and no longer respond to the medicine which 

threatens our ability to treat common infections.2 To combat this, new antibiotics are 

urgently needed. Historically, microbial natural products have been the major source of 

antibiotic compounds,3–5 as a result, a lot of efforts have been applied to generate novel 

analogs with pharmacological properties.6,7 The biosynthetic rigidity of non-ribosomal 

peptides and polyketides limits their ability to produce different analogs in large numbers.8 

However, innovation in genomics and techniques have led to the discovery of a rapidly 

growing superclass of natural products: ribosomally synthesized and post-translationally 

modified peptides (RiPPs).9 RiPPs, unlike the other members of the natural products, 

possess an extraordinary biosynthetic manipulability.10 Owing to this, their immense 

distribution in bacteria, and their engineerability, RiPPs have emerged as a potential source 

of new therapeutics.11  

RiPPs are structurally diverse and possess a spectrum of activities including 

antibacterial,12,13 antifungal,14,15 antiviral,16 and anticancer17 (Figure 1.1). Currently, 



2 

 

several of the antimicrobial RiPPs are under the clinical trials but none yet approved for 

clinical use in humans.18 Mostly, the research is hindered by the poor solubility and 

bioavailability of the RiPP products.19  

 

 

Figure 1.1 Representative members of several RiPP classes. RiPPs display wide array 

of structural diversity. PTMs are indicated in red. 
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1.1.1 Common features of RiPP biosynthesis  

Despite being functionally and structurally diverse, the RiPP family contains a unifying 

biosynthetic logic. In bacteria, the genes that produce a RiPP are often clustered together, 

which makes them easily distinguishable. These genes include a short gene encoding for a 

precursor peptide and modifying enzymes that sequentially process it, yielding a mature 

product (Figure 1.2).9 Precursor peptides are usually 20 – 110 residues in length and 

composed of multiple segments: leader, core, and follower. The leader and/or follower 

regions are recognized and bound by post-translationally modifying enzymes and/or a 

pathway associated RiPP recognition element. They serve as allosteric effectors to activate 

the biosynthetic enzymes. The core peptide is the segment where post - translational 

modifications (PTM) happen.10 Usually, one of the tailoring enzymes in a gene cluster acts 

as a protease and cleaves the leader/follower sequence resulting in the final product. 
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Figure 1.2 Biosynthesis of RiPPs. Generalized RiPP biosynthetic gene cluster with 
precursor peptide, tailoring enzymes, and proteolysis/export enzymes. The RiPP 

precursor peptide shows leader, core and follower regions separating the sites responsible 

for substrate binding and residues that are modified. 

 

1.2 Radical S-adenosylmethionine enzymes 

One family of enzymes that has become increasingly common in RiPP maturation is 

the radical S-adenosylmethionine (rSAM) superfamily. rSAM enzymes have been shown 

to catalyze a remarkable range of post-translational modifications on RiPP precursor 

peptides, oftentimes using unprecedented chemical strategies to modify peptides into 

complex natural products.20  

The first studies on this type of enzymes date back to 1960s where the pyruvate formate 

- lyase activating enzymes21,22 and lysine 2,3-aminomutase23 were found to be dependent 

on SAM and Fe (II), but it was not fully classified as a novel superfamily until 2001.24 At 

the time of the bioinformatic study it included over 600 members,24 now this number 
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surpassed 720,000 known members across all domains of life making this superfamily the 

largest known while most of its members being currently uncharacterized.25  

All rSAM enzymes have a conserved CX3CX2C motif where C is a cysteine residue. 

Those three cysteines coordinate three out of four iron atoms in the [4Fe-4S] cluster. The 

fourth iron atom, usually referred as unique iron, forms a coordination complex with the 

amino and carboxylate moieties of SAM and defines the catalytic mechanism (Figure 

1.3).26 

 

Figure 1.3 The rSAM cluster of anSME structure (PDB: 4K36). The conserved 
cysteine motif coordinates 3 iron atoms in a [4Fe-4S] cluster and the 4th iron atom is 

coordinated by SAM ligand. 
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The reaction begins with the reduction of the [4Fe-4S]2+ state to the active [4Fe-4S] + 

oxidation state followed by inner-sphere electron to SAM resulting in the homolytic 

cleavage of the C5-S bond generating 5’-deoxyadenosyl radical and methionine (Figure 

1.4 A). The 5’-deoxyadenosyl radical abstracts a hydrogen atom from the peptide substrate, 

leading to the formation of an alkyl radical (Figure 1.4 B). Subsequently, the alkyl radical 

recombines with an electron-rich functional group resulting in various outcomes. The types 

of post-translational modifications that have been observed include, but are not limited to, 

the formation of carbon-carbon bonds,27–29 carbon-sulfur bonds,28,30 carbon-oxygen 

bonds,31 and epimerization,32  amongst others, on the precursor peptide. As a result of these 

modifications, rSAM-dependent natural products have been shown to be important 

biological molecules such as antibiotics,19,33 essential redox cofactors,34,35 and quorum 

sensing molecules.31,36  
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Figure 1.4 Mechanism of action of rSAM enzymes. (A) Schematic representation of 

the homolytic cleavage of SAM resulting in 5'-deoxyadenosyl radical (5'-dA•). (B) 

Mechanistic scheme for rSAM-enzyme-catalyzed bond formation. 

 

1.3. Foundation of rSAM-SPASM enzymes in RiPP biosynthesis 

Arguably, the most transformational set of studies in the rSAM-dependent RiPP field 

has involved a protein structure, a bioinformatic study, and a protein function.  
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To begin with, the rSAM protein structure referred to stemmed from the study of 

sulfatase maturation in bacteria. For anaerobic sulfatase to be functional, it must first 

undergo posttranslational oxidation of serine or cysteine to form the catalytic residue α-

formylglycine (FGly).37,38 In prokaryotes the enzyme performing this oxidation was found 

to be a member of the rSAM superfamily, AtsB.39 AtsB was shown to oxidize serine 

through a 5’- deoxyadenosyl radical mediated abstraction of the Cβ-hydrogen yielding an 

alkyl radical.39 Loss of an electron and proton result in the formation of FGly (Figure 1.5).40 

From these pioneering studies, related enzymes with a similar function have been classified 

as the anaerobic sulfatase maturating enzymes (AnSMEs) subfamily.41 

 

Figure 1.5 Formylglycine formation mechanism for cysteine (AnSME) and serine 

(AtsB) sulfatase maturing enzymes. 

 

 Structural characterization of AnSME revealed the protein to contain an elongated C-

terminal domain that coordinates two auxiliary [4Fe-4S] clusters, in addition to the rSAM 

[4Fe-4S] cluster bound by the TIM barrel domain (Figure 1.6).42 This extra C-terminal 

domain is annotated as a SPASM domain, named after the founding members subtilosin A, 

pyrroloquinoline quinone, anaerobic sulfatase, and mycofactocin.43,44  
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Figure 1.6 Structure of anSME (PDB ID 4K37). The RS domain contains the rSAM 

cluster and the (/)6 partial TIM barrel domain (magenta). The SPASM domain (blue) is 

the C-terminal extension containing 2 auxiliary [4Fe-4S] clusters. The cysteines involved 

in the binding of [4Fe-4S] clusters are shown in yellow.  

 

While AnSME is not a RiPP maturase, its structure is homologous to RiPP modifying 

rSAM-SPASM enzymes and thus has been pertinent to the RiPP field. Interestingly, 

AnSME has structural homology with another C-terminal extension called a Twitch 

domain. The Twitch domain, found in BtrN and MoaA, is a truncated SPASM domain that 

binds a single auxiliary Fe-S cluster.42,45 We will be focusing on rSAM-SPASM enzymes 

and the rSAM-Twitch enzymes SkfB, TqqB. We include SkfB and TqqB because of their 
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similarities in chemistry to rSAM-SPASM enzymes. Since publication of the AnSME 

structure, only three additional rSAM-SPASM proteins, out of ~60,000 annotated in the 

Interpro database (IPR023885), have had their structures solved (PqqE, SuiB, and CteB). 

Notably, the conventional thought is that the SPASM domain binds two auxiliary [4Fe-4S] 

clusters however, SPASM domains have also been reported to bind a [2Fe-2S] cluster in 

place of one auxiliary [4Fe-4S] cluster.27  

While the structure of AnSME was being elucidated, Haft and Basu reported on the 

association of rSAM-SPASM proteins to biosynthetic pathways that encoded for a 

peptide.44 At the time, it was established that the redox cofactor, pyrroloquinoline quinone 

(PQQ), was synthetized from the precursor peptide PqqA.46 In addition, it was known that 

the pqq biosynthetic gene cluster encoded for a rSAM-SPASM protein, PqqE, which was 

later shown to install a C-C crosslink between a conserved Tyr and Glu on the peptide 

PqqA.27,47 The association of a peptide and a rSAM-SPASM protein, along with other 

bioinformatic evidence, led Haft to discover the mycofactocin (MFT) biosynthetic 

pathway.48 Like PQQ, the redox cofactor MFT is synthesized from a precursor peptide and 

hinges on a critical transformation catalyzed by the rSAM-SPASM enzyme MftC.49,50 

Expanding on the association with peptides, Haft and Basu leveraged rSAM-SPASM 

proteins as molecular markers to discover new multicomponent (> 2 modifying enzymes) 

RiPP biosynthetic pathways.44 Their approach used partial phylogenetic profiling and 

hidden Markov models (HMMs) to identify rSAM-SPASM proteins that were genetically 

clustered with putative precursor peptides.44 From this study, Haft and Basu identified five 
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previously unknown RiPP natural product families that rely on rSAM-SPASM enzymes, 

some of which have been experimentally validated.30,51 In addition, Haft and Basu built a 

collection of 68 protein subfamilies based on HMMs that are non-overlapping and 

functionally distinct.44 The abundance of rSAM-SPASM proteins and their association with 

peptides led Haft and Basu to postulate that rSAM-SPASM proteins are commonplace in 

RiPP biosynthesis, a notion that is coming to fruition. 

A third major influence in the rSAM-dependent field was the study of AlbA and its 

involvement in synthesis of Subtilosin A.52–54 Subtilosin A is a bacteriocin that is comprised 

of a circular peptide containing three intramolecular thioether bridges.52–54 Installation of 

the thioether bonds in Subtilosin A is carried out by the rSAM-SPASM enzyme AlbA. Like 

AnSME, AlbA was found to bind three [4Fe-4S] clusters and catalyzes the 5’- 

deoxyadenosyl radical mediated hydrogen abstraction from the precursor peptide, in this 

case SboA.55 Unlike AnSME, AlbA was shown to abstract hydrogen from a C, forming 

the initial alkyl radical.56 Subsequent radical recombination with the thiol/thiolate of 

cysteine and loss of an electron and proton forms the intramolecular thioether bond. RiPPs 

that contain C - S bonds are classified as sactipeptides (sulfur-to-alpha carbon thioether 

cross-linked peptides),57 and include sporulation killing factor (SKF),58 the thuricin 

family,59,60 ruminococcin C,61 six-cysteines-in-forty-five (SCIFF),30 and streptosactin.62  

The pivotal study of AlbA, together with the bioinformatic study discussed above, 

effectively launched the growing field of rSAM-dependent RiPPs (Table 1). 

 



12 

 

Table 1.1 Current list of known rSAM-SPASM proteins and their respective products. 

Protein Product PDB ID Linkage Example Structures 

PqqE Pyrroloquinoline 

Quinone 

6C8V C-C3 

      

StrB/ 

SuiB 

Streptide 5V1Q, 

5V1T,  

5V1S 

Cβ-C8 

MftC Mycofactocin 
 

C-Cβ 

RrrB Ryptides 
 

C-C3 

WgkB Benzindole 
 

C-C5 

C-C6 

XyeB Cyclophane  Cβ-C6 

Cβ-C4 

GrrB Cyclophane  Cβ-C4 

Cβ-C7 

FxsB Cyclophane  Cβ-C4 

AlbA Subtilosin A 
 

C-S 

SCIFF 

Maturase 

Thermocellin 5WHY  

5WGG 

C-S 
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(CteB, 

Tte1186) 

 

SkfB 

(Twitch) 

Sporulation 

Killing Factor 

6EFN C-S 

ThnB Thuricin H 
 

C-S 

QhpD Mature QhpC 
 

C-S 

C-S 

RumC Ruminococcin C  C-S 

QmpB Sactipeptide 
 

C-S 

NxxcB Ranthipeptide 
 

C-S 

GggB Streptosactin 
 

C-S 

PapB Freyrasin 
 

C-S 

TqqB 

(Twitch) 

Rotapeptide 
 

C-O 

 

PlpD Unknown   
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1.4 Expanding the realm of rSAM-SPASM-derived RiPPs  

Following the publication of AlbA,55 the Marahiel group continued to be prolific in the 

discovery of sactipeptide biosynthesis. First, they reported on SkfB, demonstrating that it 

catalyzed the formation of a thioether bond between a C - S bond on the precursor peptide 

to SKF.58 Second, they showed that ThnB, installed a C - S bond on the precursor peptide 

of Thuricin H.63 Soon after, the functions of Tte1186,30 CteB,64 and RumC,61 amongst 

others, were discovered. While reports of C - S thioether bridges were predominant in the 

early stages of rSAM-dependent RiPP discovery, it should be noted that C-S and C-S 

bonds, or ranthipeptides (radical non- thioether peptides), have since become increasingly 

common. The first rSAM-SPASM enzyme to catalyze non-C-S thioether bonds was 

QhpD.65 QhpD installs both a C-S and a C-S thioether bond during the maturation of the 

 - subunit (QhpC) of quinohemoprotein amine dehydrogenase.65 The family of rSAM-

SPASM enzymes involved in ranthipeptide biosynthesis has since expanded to include 

NxxcB66 and PapB.67 While sacti/ranthipeptides predominated early on, a second class of 

rSAM-dependent RiPPs has emerged. 

Carbon-carbon bonds are not trivial to make yet rSAM-SPASM proteins have made 

them commonplace. The first reported in vitro C-C bond formation by a rSAM-SPASM in 

RiPP biosynthesis involved streptide.29,68 Streptide is a quorum sensing molecule that is 

synthesized from the precursor peptide, StrA, by the str gene cluster.68 Within the cluster, 

the rSAM-SPASM protein, StrB, was shown to install a C - C7 bond between Lys and Trp, 
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yielding a cyclophane.29 Soon after, a PqqE was reported to catalyze the formation of a C 

- C3 bond between Glu and Tyr on the precursor peptide PqqA, a critical step in the 

formation of PQQ.27 More recently, XyeB, GrrB, FxsB, WgkB, and RrrB have all been 

reported to catalyze the formation of cyclophanes on their respective precursor 

peptide.51,69–71  The linkages from non-aromatic carbons can occur from C, C, C, or C 

and typically attached to the C3 of Tyr, or less discriminately, to C4-C8 of Trp. From these 

studies, it is becoming more apparent that rSAM-SPASM proteins have been recruited to 

install cyclophanes in RiPP biosynthesis.  An outlier in the formation of C-C bonds is MftC. 

As mentioned earlier, MftC is involved in the biosynthesis of the redox cofactor MFT. 

Currently, MftC is the only rSAM-SPASM protein involved in C-C bond formation that 

does not yield a cyclophane. Instead, two independent studies demonstrated that MftC 

catalyzes the oxidative decarboxylation of the C-terminus of MftA, resulting in the / 

unsaturated tyramine (MftA**).49,50 However, mechanistic studies later demonstrated that 

MftC catalyzes a two-step reaction. Following the decarboxylation, MftC installs a lactam 

moiety by catalyzing the C-C bond formation between the C of the penultimate Val and 

the C of the former Tyr.34 While MftC is the outlier in the family of C-C bond forming 

rSAM-SPASM enzymes, it promises that potentially unusual and difficult posttranslational 

modifications are to come. Lastly, rSAM-SPASM proteins have been shown to install C-O 

bonds on RiPP precursor peptides. Recently, the Seyedsayamdost group reported on the 

formation of an aliphatic ether in a streptococcal quorum sensing molecule encoded by the 

tqq biosynthetic gene cluster.31 TqqB was shown to catalyze the formation of a C-O bond 
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between a Thr derived alcohol and the C of an adjacent Gln on the precursor peptide 

TqqA.31 

1.5 rSAM-SPASM story continues to evolve  

We now know that rSAM-SPASM enzymes are widely used peptide modifying 

enzymes, with expanding functionality. The development of new bioinformatic tools has 

led genome-based discovery of rSAM dependent RiPPs and has been successfully 

employed in the discovery of sactipeptides,64 ranthipeptides,72 and ryptides,71 to name a 

few. Different strategies have been implemented for RiPP mining, such as targeting 

conserved tailoring enzymes73–75 or targeting the precursor peptide in their search.76 For 

example, BAGEL performs rule-based strategy where it implements six frame translation 

which are used to search for the motifs and core peptides and classifies them into the RiPPs 

class.77,78 The core peptide is detected by homology to the already known core peptides or 

the expected properties of the given class.77 In contrast, RODEO implements profile 

HMM-based local genomic analysis and precursor peptide/structure prediction by 

implementing the heuristic scoring, motif analysis and machine learning to detect RiPPs.76 

Notably, the sactipeptide RiPP biosynthetic gene cluster was mapped via the rSAM-

SPASM enzymes which catalyze the sactionine bond by employing the recent improved 

version of RODEO 2.0.72 A search was performed to identify candidate proteins using 

rSAM-SPASM sequences of known sactipeptides (AlbA, SkfB, ThnB ThnC) and two 

SCIFFs (CteB, Tte1186).72 Heuristics with support vector machine classification were 

employed in the putative precursor peptides search.72 Then a sequence similarity network 
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(SSN) using the Enzyme Function Initiative Enzyme Similarity Tool (EFI-EST) was 

employed, to group the similar enzymes and distinguish them from novel RiPPs, for further 

precursor peptide analysis.79 By doing so Hudson et al. were able to characterize the 

sactipeptide huazacin and identify hundreds of new sactipeptide BGCs. Interestingly, the 

rSAM-SPASM protein responsible for the biosynthesis of huazacin is related to QhpD.72 

This association led Hudson et al. to determine that the SCIFF family members freyrasin 

and thermocellin contain S-C and S-C linkages, respectively. Subsequently, 

ranthipeptides have been designated as a new class of RiPPs since they are structurally 

distinct from sactipeptides.72 Taken together, the work performed by Hudson et. al. indicate 

that the precursor peptide or peptide related tailoring enzymes could be used as markers in 

the mining of novel RiPPs.72,78  

1.6 RiPP-derived redox cofactor mycofactocin  

Mycofactocin is a RiPP derived redox cofactor found primarily in mycobacteria. The 

MFT biosynthetic gene cluster (BGC) consists of mftABCDEF (Figure 1.7A) and is highly 

conserved in mycobacteria, including pathogens, such as Mycobacterium tuberculosis 

(MTB), Mycobacterium ulcerans, Mycobacterium avium, and Mycobacterium bovis.80  

As shown in Figure 1.7B, MFT biosynthesis starts with the MftC-catalyzed oxidative 

decarboxylation of the C-terminal Tyr forming MftA**49,50 and the subsequent formation 

of a C–C bond resulting in a lactam derived from penultimate Val, MftA*.34 Both reactions 

are dependent upon the RiPP recognition element (RRE) MftB, which binds MftA and 

delivers it to MftC.49 Next, MftE hydrolyzes MftA*, forming 3-amino-5-[(p-
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hydroxyphenyl) methyl]-4,4-dimethyl-2-pyrrolidinone.81 Following cleavage, MftD 

catalyzes the FMN-dependent oxidation of the 3-amino group, resulting in an α-keto-amide 

moiety within the lactam, forming premycofactocin (PMFT).82 Finally, a recent 

metabolomics analysis has indicated that MftF glycosylates PMFT with up to eight β1–β4 

glucans, forming mature MFT.83  

The figure below shows how precursor peptide MftA is modified by tailoring enzymes 

resulting in a natural product, mycofactocin, in general. However, each individual enzyme, 

will be discussed in greater detail in the following sub-chapters.  

 

 

Figure 1.7 Mycofactocin biosynthetic gene cluster. (A) Schematic depiction of the 

gene organization of the MFT BGC. (B) MFT biosynthesis model; the enzyme 

modifications are highlighted in red. 
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1.6.1 rSAM-SPASM maturase defines the structure of mycofactocin  

MftC is an rSAM-SPASM protein that performs the first step in the biosynthesis of 

mycofactocin. The reaction happens only in the presence of a discrete RRE - containing 

protein MftB.84 MftB acts by bringing MftA and MftC to catalytically relevant proximity 

and orientation to form a ternary complex for the reaction to occur.84 Two independent 

studies showed that MftC catalyzes the oxidative decarboxylation of the C-terminal MftA 

resulting in the / unsaturated tyramine MftA.34,50 Further studies demonstrated that 

MftC converts MftA to a lactam moiety MftA by catalyzing the C-C bond formation 

between the C of the penultimate Val and the C of the former Tyr.85  

The ability of MftC to catalyze two distinct reactions is fascinating. The biochemical, 

spectroscopic, and electrochemical studies were performed to shed light on the function of 

the [4Fe-4S] clusters.85 It was shown that MftC contains three [4Fe-4S] clusters, one rSAM 

and two auxiliary clusters (Aux I, Aux II), all required for catalysis. Interestingly, the 

midpoint potential values for the Aux I and Aux II were within 50 mV allowing the clusters 

to undergo a reversible electron transfer between each other. Based on the similarity in the 

redox potential the mechanism for MftC catalysis has been proposed (Figure 1.8).85 The 

crystal structure characterization of MftC is needed to confirm the proposed mechanism. 
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Figure 1.8 Proposed mechanism for MftC catalysis. All [4Fe-4S] clusters are required 

for catalysis. Decarboxylation step is shown in black; carbon-carbon crosslink is in blue. 

 

The rSAM cluster, in the presence of sodium dithionite, catalyzes the cleavage of SAM 

and formation of 5′dA•. The 5′dA• then abstracts a H-atom from the substrate producing 

the substrate intermediate. An electron from the substrate is shuttled into the Aux I to form 

a product intermediate which in turn is shuttled to Aux II to catalyze the first step of the 

reaction, the oxidative decarboxylation.86 The same electron is used in the second step of 

the reaction, the C-C bond formation, where it quenches the substrate radical to form 

MftA.86  
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1.6.2 MftE hydrolyzes MftA* to install AHDP moiety 

MftE is an iron-dependent mycofactocin peptidase, a member of a large creatinine 

amidohydrolase family.87 MftE hydrolyzes MftA and results in the formation of 3-amino-

5-[(p-hydroxyphenyl) methyl]-4,4-dimethyl-2-pyrrolidinone (AHDP).81 AHDP was 

structurally characterized by 1D, 2D NMR spectroscopy and mass spectrometry (MS).81 

The active site of the MftE is conserved with other members of creatinine amidohydrolases 

and similar mechanism of action is suggested. However, without the actual crystal structure 

of MftE it is hard to propose the mechanism.  

1.6.3 MftD catalyzes the formation of PMFT  

MftD is an FMN-dependent mycofactocin oxidoreductase. MftD catalyzes the 

oxidative deamination of AHDP and subsequent formation of premycofactocin (PMFT) in 

two steps: in the presence of molecular oxygen, the amino group is oxidized  to an imino 

group and then spontaneously hydrolyzed to produce an -keto-amide releasing 

ammonium.88 The structural elucidation of the PMFT was characterized by 1D, 2D NMR 

spectroscopy and HRMS.88 In the same study, it was also shown that PMFT acts as a redox 

center in vitro. Using cyclic voltammetry, the overall midpoint potential of PMFT for 2e-

/2H+ was measured to be -255 mV. PMFT was then shown to be reduced to PMFTH2 by 

an MFT-dependent short chain dehydrogenase.88  

1.6.4 MftF catalyzes the oligoglycosylation of PMFT 

The last enzyme in the mycofactocin biosynthesis is a glycosyltransferase, MftF. The 

metabolomics study including stable isotope labeling, metabolite induction, MS/MS 

networking, knockout studies, complementation was used to discover mature mycofactocin 
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(MFT) in vivo.83 According to the study, MFT consists of up to nine -1,4-linked glucose 

units. The mature MFTs were isolated in oxidized (mycofactocinones/MFT-n) and reduced 

(mycofactocinols/ MFT-nH2) forms providing strong evidence that MFT is indeed a redox 

cofactor. Interestingly, it was shown that glycosylation appears on earlier stages by the 

presence of oligoglycosylated AHDP and glycyl-AHDP. In addition, MS/MS networking 

found a recurring mass difference corresponding to the 2-O-methylation of the second 

glucose moiety of oligoglycosylated MFT-n.83 

The function of MftF has not been confirmed in vitro but some attempts have been 

made and will be discussed in the results section.  

1.6.5 MftM catalyzes methylation of MFT 

As mentioned above the finding of the methylmycofactocinones (MMFT-n) was quite 

remarkable since there are no known methyltransferase genes encoded within the MFT 

biosynthetic gene cluster. However, the researchers from Lackner lab applied reverse 

genetics study and were able to find a SAM-dependent methyltransferase, msmeg_6237 or 

MftM, responsible for the methylation of mycofactocinones in M. smegmatis.89 The 

knockout analysis with the subsequent metabolome analysis showed complete 

disappearance of MMFT-n in the msmeg_6237 without influencing MFT-n, whereas the 

re-introduction of MftM leads to the production of MMFT-n.  
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Figure 1.9 SAM-dependent methyltransferase MftM catalyzes reaction of 

mycofactocinones (MFT-n) to produce methylmycofactocinones (MMFT-n). 

 

1.6.6 Mycofactocin-associated mycobacterial dehydrogenases  

In addition to mft genes, three different dehydrogenase families (TIGR03971, 

TIGR03989, and TIGR04266) are found in genomes only when the mft BGC is present.48 

These MFT-dependent dehydrogenases have been shown to sequester NADH within their 

active sites and therefore require an additional electron acceptor, presumably MFT, to 

oxidize NADH for further catalytic turnover.90 In support of this model, knockouts of the 

mft genes in M. smegmatis mc2155 (Msmeg) led to the inability of the organism to maintain 

homeostasis of cellular NAD+/NADH pools and its inability to metabolize methanol and 

ethanol.91,92 The failure of the knockouts to metabolize primary alcohols is likely due to 

the MFT-dependent alcohol dehydrogenase, Msmeg_6242, being trapped in a reduced state 

in the absence of MFT. More recently, a study demonstrated that mftD, and thus MFT, is 

required for Mtb survival in vitro and in vivo under hypoxic conditions.93 However, until 

recently, direct evidence demonstrating that MFT is a redox cofactor was nonexistent.  This 

changed when it was shown that both PMFT and MFT are capable of oxidizing MFT-

dependent dehydrogenases.83,88 Despite knowing the structure, biosynthesis, and redox 

attributes of MFT, information about physiological processes that require MFT has been 

lagging.  
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1.7 Cyclopropylglycine-forming synthases  

1.7.1 TVG pathway  

To discover new natural products, our lab used the sequence similarity network (SSN) 

of the IPR023867 as a bioinformatic marker targeting specifically rSAM-dependent RiPPs 

that have not been associated with previously known classes.94 In doing so, we mapped 

>20 potentially new RiPP biosynthetic pathways. We experimentally validated the 

workflow by characterizing the rSAM enzyme TvgB, the precursor peptide TvgA with 

repeating TVGG motif from the TVG gene cluster and the product of their reaction (Figure 

1.10 A).94 The remaining enzymes of the TVG pathway consist of TvgC – an iron/-

ketoglutarate-dependent oxidase, TvgD – a putative transporter, TvgE – a putative 

peptidase, have not been characterized yet. We structurally characterized the TvgB product 

by MS, MS/MS, 1D/2D NMR and isotope labeling. TvgB installs the repeated formation 

of cyclopropylglycine (CPG) where a new bond is formed between the -carbons on the 

precursor valine.94 To our knowledge, this is the first rSAM enzyme to catalyze the 

formation of a cyclopropane motif without being coupled to methyl addition in RiPP 

maturation.  
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Figure 1.10 TVG biosynthesis. (A) TVG biosynthetic gene cluster with the precursor 

peptide sequence with repeating TVGG motif. (B) Proposed mechanism for TvgB 

catalysis.  

 

Our lab proposed a two-step mechanism for TvgB catalysis. To start with, the 5'-dA• 

abstracts a hydrogen from Val-C resulting in the ,-dehydro-Val.94 In the second round, 

the 5'-dA• abstracts a hydrogen from the Val-C resulting in the allylic radical which is 

then quenched by the addition of an electron and proton producing CPG.94  

1.7.2 TIGSVS pathway  

Discovery of the fascinating poly-CPG containing RiPP product catalyzed by rSAM-

enzyme TvgB inspired our lab to expand the network of TvgB homolog by utilizing the 

radical-SAM.org tool.94 We employed the SSN on cluster 1-1-201:AS65 that include TvgB 
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and 48 other proteins.95 By doing the full work up, we found at least six conserved sequence 

motifs within the TVGG pathway, specifically the precursor peptides that had the 

conserved repeats of Val or Ile residues (Figure 1.11).  

 

 

Figure 1.11 SSN of cluster 1-1-201:AS65 sorted according to the RiPP precursor 

peptides that require putative cyclopropyl synthases.  

 

 Out of the selected network, our lab chose TIGSVS pathway because of its unique 

gene cluster (Figure 1.12). The TIGSVS biosynthetic gene cluster consists of TigA – a 

distinct transporter, TigB – a precursor peptide with repeating TIGSVS sequence, TigC – 

an unknown non-homologous orphan protein, TigD – an rSAM enzyme, TigE – an rSAM 

enzyme, and TigF – a spdL-like protein.  
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Figure 1.12 The TIGSVS biosynthetic gene cluster with the sequence of the precursor 

peptide with repeating TIGSVS sequence.  

 

Our lab reconstituted enzymatic activity of TigE and characterized the product of the 

reaction from the precursor peptide TigB and rSAM enzyme TigE.96 The MS analysis 

showed the loss of 2 Da per repeat and MS/MS localized the reaction to the Ile residue. 

1D/2D NMR and isotope labeling experiments validated that TigE installs a carbon-carbon 

bond between the Ile-C‘s on the TigB, forming a methyl – CPG moiety.96  

1.8 Aims of the study 

In this work, my advisor and I seek to understand how mycofactocin biosynthesis is 

regulated. Currently, it is thought that putative TetR- like protein MftR is a regulator of 

mycofactocin biosynthesis.97,98 In general, TetR family of regulators (TFRs) are 

transcriptional repressors and implicated in the regulation of efflux pumps,99 antibiotic 

biosynthesis,100 the tricarboxylic acid cycle,101 biofilm formation,102 and quorum sensing 

molecules.103 TFRs are functional as dimers that contain DNA-binding and regulatory-

binding domains.104 The DNA-binding domain consists of a helix-turn-helix (HTH) motif 
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that binds to a DNA operator sequence.105 The regulatory domain consists of a binding 

pocket that specifically interacts with a variety of compounds, such as tetracycline,106 

biotin,107 fatty acids,108 flavonoids,109 and cell-cell signaling molecules,110 depending on 

the system.  

MftR regulation of the mycofactocin biosynthetic gene cluster is supported by 

bioinformatics, which suggests the gene proximity of mftR and its arrangement to the mft 

BGC is indicative of its regulatory control of the pathway.111 In addition, a transcriptomics 

study of macrophage samples infected with MTB showed that upregulation of the MftR 

homolog, Rv0691c, led to the repression of mftB, mftC, and mftD.112 Currently, the specific 

DNA operator sequence that MftR recognizes, its regulatory role over mft BGC in Msmeg, 

and the conditions that MftR could regulate MFT biosynthesis are unknown.  

1.9 Significance  

Tuberculosis is caused by Mycobacterium tuberculosis (MTB) and remains one of the 

leading sources of mortality worldwide.113 The success of MTB lies in its ability to persist  

for long periods of time and adapt to changing conditions within the human host. Typical 

treatments require multiple drugs taken over several months which highlights the efficiency 

of MTB as a pathogen.114,115 Inability to complete the long antibiotic regimen leads to the 

emergence of antibiotic resistant MTB strains. Drug-resistant TB occurs in the form of 

multi-drug resistant (MDR) when it is resistant to two first-line drugs, rifampicin, and 

isoniazid; and extensively drug-resistance (XDR) when in addition to MDR it is also 

resistant to fluoroquinolones and at least on the three injectable second-line drugs.116 The 
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combination of MTB physiology, human immune response, and antibiotic resistance are 

the major reasons why TB is so difficult to eradicate. To successfully develop improved 

and less toxic antimycobacterial drugs we need a better understanding of MTB metabolic 

pathways essential for growth, persistence, and survival.  

Pan-genomic study of 36 MTB genomes identified genes encoded in mycofactocin 

biosynthetic pathway to be among the core genes essential for survival.117 Mycofactocin is 

a RiPP-derived redox cofactor that consists of six conserved genes mftABCDEF. It was 

first discovered by a bioinformatic study that show the correlation between nicotinoprotein 

families and mycofactocin, suggesting its role as an electron carrier for these NADH-

dependent redox proteins for mycobacteria in vivo.48 The products of MFT genes were 

suggested to be a part of the electron transport chain, which plays an important for MTB 

survival.118 Additionally, mft genes were shown to be essential for ethanol assimilation,91  

methylotrophy,92 hypoxia adaptation,93 glucose metabolism,119 redox homeostasis,93 

pyruvate metabolism.120 Despite the importance of the mycofactocin pathway in MTB and 

progress that has been made so far, little information about the physiological conditions 

that lead to MFT production is known.  

My project addresses this gap in knowledge by focusing on the putative transcriptional 

factor of mycofactocin. We demonstrate that MftR is indeed a transcriptional repressor of 

mycofactocin biosynthetic gene cluster.121 Moreover, we show that the activation of MFT 

is dependent on the long chain acyl-CoAs. We suspect that MFT production and utilization 

is required for MFT - dependent dehydrogenases involved in fatty acid metabolism. 
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Chapter Two: Materials and methods 

2.1 Materials and methods 

All acyl-CoA’s were purchased from Sigma Aldrich. Oligonucleotides used in this 

study were synthesized by Invitrogen. Double-stranded Omft, and mutants thereof, were 

prepared from single-stranded oligonucleotides by mixing two oligos in equal molar 

amounts, heating the mixed oligos for 5 min at 95°C and then gradually cool the oligos to 

the room temperature. DNase I footprinting assays were contracted to Profacgen.  

2.2 General procedures 

Nuclear Magnetic Resonance Spectroscopy 

All NMR spectra were recorded using Bruker UltraShield 500/54 Plus spectrometer at 

the University of Denver. TopSpin v.2.1 program (Bruker) was used to process and analyze 

the spectra. The samples were prepared in 99.8 % deuterated DMSO. 

Quadrupole Time-of-Flight Liquid Chromatography Mass Spectrometry 

All mass spectrometry analysis were carried out using electrospray ionization in 

positive mode on a Shimadzu Prominence-I LC-2030 HPLC coupled to a Shimadzu LC-

QTof-MS 9030 at University of Denver. Data were collected and processed by 

LabSolutions Insight.
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2.3 Expression and purification of MftR 

The MftR gene (Uniprot: A0QSB5) from Mycobacterium smegmatis mc2155 was 

cloned into pET-28a (Novagen) using the Nde I and Xho I restrictions sites. The sequence 

verified plasmid was transformed into E. coli BL21(DE3) pLysS cells. An overnight 

culture was used to inoculate 1 L of terrific broth (TB). The cells were grown at 37°C and 

220 rpm until OD600 ~ 1.0 and at which point 1 mM IPTG was added to induce protein 

production. The temperature was dropped to 21 ºC and the cells were grown overnight. 

The cells were then centrifuged at 5000 g for 10 min at 4°C. The resulting pellet was 

resuspended in 5 times volume of lysis buffer (50 mM HEPES, 300 mM NaCl, 40 mM 

Imidazole, pH 7.5). To the suspension, 1% w/v CHAPS, 0.1 mg/g of lysozyme and 0.05 

mg/g of DNase were added, and the lysate was stirred for 20 min at room temperature. The 

lysate was disrupted by sonication at 50% output with a pulse of 3 s on and 3 s off for 5 

min. The lysate was centrifuged at 20,000 g for 10 min and the supernatant was loaded 

onto a 5 mL His-Trap column (GE Healthcare) using an Akta Pure FPLC. The bound 

protein was washed with 25 mL lysis buffer, eluted with elution buffer (50 mM HEPES, 

300 mM NaCl, 300 mM Imidazole, pH 7.5), and buffer-exchanged into storage buffer (50 

mM HEPES, 300 mM NaCl, 10% glycerol, pH 7.5) over a HiPrep 26/10 desalting column. 

The protein was concentrated using 10 kDa spin concentrator (Millipore) at 5000 g for 20 

min at 22 ºC. The purity of the protein was evaluated by SDS-PAGE. 
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2.4 Construction of Pmft-mftA-pCherry 

The mft promoter region from M. smegmatis mc2155 was synthesized and cloned into 

the pCherry vector by Genscript. In short, the native sequence for the mft promotor region 

from -698 to 0 nt through the native sequence of mftA (+93 nt) was cloned into the Xba I 

and BamHI restriction sites of pCherry, replacing the existing smyc promoter. The existing 

pCherry fluorescent protein was fused to the C-terminus of MftA by removing the native 

stop codon in the mftA sequence. The full sequence of the plasmid can be found in the 

supplementary information. 

2.5 Construction of pMftR+ 

 The wild type mftR gene from M. smegmatis was PCR amplified from genomic DNA 

and cloned into the pCherry vector using the BamHI and Hind III restriction sites.  

2.6 Electrophoretic mobility shift assays 

His-tagged MftR was used to assess the protein binding to the Pmft-MftA promoter 

fragment. DNA was mixed with increasing concentrations of the MftR protein in the 

reaction buffer (50 mM HEPES, 50 mM NaCl 0.1 mM EDTA, pH 7.5) and incubated at 

room temperature for 10 min. The reactions products were resolved by electrophoresis on 

a 5% (v/v) non-denaturing polyacrylamide gel in 1X TBE buffer at 200 V for 20 min on 

ice. Prior to the analysis, the gel was pre-run for 30 min at 150 V on ice. Results were 

visualized by GelRed and recorded using Azure Biosystems 600 imaging system.  
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2.7 Preparation of fluorescent FAM labeled probes 

 The promoter region was PCR amplified with 2x TOLO HIFI DNA polymerase 

premix from Pmft-pCherry. The FAM-labeled probes were purified by the Wizard SV Gel 

and PCR Clean-Up System (Promega, USA) and were quantified with NanoDrop 2000C 

(Thermo, USA). 

2.8 DNase I footprinting assays 

DNase I footprinting assays were performed similar to Wang et al 122. Approximately 

350 ng of DNA probes were incubated with 0 and 2 g of MftR in a total volume of 40 µl 

of the same buffer as previously described in EMSA reactions. After incubation for 30 min 

at 30 °C, a 10 µl solution containing approximately 0.015 U DNase I (Promega) and 100 

nmol freshly prepared CaCl2 was added to the probe/MftR mixture and further incubated 

at 37 °C for 1 min. The reaction was stopped by adding 140 µl DNase I stop solution (200 

mM unbuffered sodium acetate, 30 mM EDTA and 0.15% SDS). Samples were firstly 

extracted with phenol/chloroform, then precipitated with ethanol. Pellets were dissolved in 

30 µL MilliQ water. The preparation of the DNA ladder, electrophoresis and data analysis 

were as described in Wang et al, except that the GeneScan-LIZ600 size standard (Applied 

Biosystems) was used. 

2.9 Fluorescence polarization assays 

Fluorescence polarization binding assays were carried out in binding buffer (50 mM 

HEPES, 50 mM NaCl, pH 7.5) containing 0.5 µM fluorescein labeled Omft using Tecan 

Infinite M1000. The MftR protein was titrated into the binding solution. The fluorescein-
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labeled Omft was mixed with increasing concentrations of MftR in a 96-well plate 

(Corning), like the EMSA reactions, and were incubated for 10 min before the 

measurements were taken. Excitation and emission wavelengths of 470 nm and 525 nm 

were monitored. All the experiments were done in triplicate. The G- factor was calculated 

from a solution of free fluorophore. The data was plotted and analyzed using GraphPad 

Prism. The mutated fluorescein labeled Omft were measured as described above as well.  

2.10 Construction of MftR mutants 

Mutant strand synthesis reactions were performed according to the Agilent 

QuikChange site-directed mutagenesis protocol. The primers used can be found in the 

supplementary information for each desired mutation. The mftR_pET28a plasmid was used 

as a template for site-directed mutagenesis studies. Sequence verified plasmids were 

transformed into E. coli BL21(DE3) pLysS cells for protein production and purified using 

the same protocol as wild-type MftR.   

2.11 Isothermal titration calorimetry measurements 

Isothermal titration calorimetry (ITC) was performed using TA Nano ITC. MftR was 

loaded in the sample cell at the concentration of 16 µM and 250 µM acyl-CoA’s (C12-

C18) were loaded in the syringe. To minimize the effect of buffer-mismatch the stock 

concentrations of acyl-CoAs were prepared using ITC buffer (50mM HEPES, 50mM NaCl, 

pH 7.5) and the pH was adjusted to within 0.05 units. In addition, MftR was buffer 

exchanged into ITC buffer using a PD-10 column (GE Life Sciences).  The volume of the 

titrant added at each injection into the sample cell was 2.22 µL. The time interval between 
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the successive injections was 180 s. The temperature of the cell was kept at 25 ºC. The data 

obtained were fit by a independent one site model using NanoAnalyze Data Analysis 

Version 3.8.0 that was provided with the instrument.  

2.12 Electroporation of M. smegmatis  

1 liter of 7H9-OADC media was inoculated with Msmeg and incubated at 37 ºC with 

shaking until an OD600  ~ 1.0 was reached. The cell culture was incubated on ice for 1.5 h 

and the cells were harvested by centrifugation at 2,000 g for 10 min. The pelleted cells 

were suspended in 500 mL ice cold 10% glycerol and centrifuged again. Following two 

additional wash processes, the cells were suspended in 25 mL of ice cold 10% glycerol and 

transferred to a 50 mL conical tube. The cells were pelleted by centrifugation as described 

above, suspended in 4 mL of ice cold 10% glycerol, aliquoted to 300 L, and flash frozen 

or used immediately. To a thawed aliquot of competent cells, ~ 1 g of plasmid DNA was 

added and incubated on ice for 5 min. The cells were transferred to a 0.2 cm electrode gap 

cuvette and pulsed with a Gene Pulser (Bio Rad) set to 2.50 kV, 25 F, and 1000 . 

Following electroporation, 1 mL of 7H9-OADC was added to the cells. The suspension 

was then incubated for 2 h at 37 ºC and plated on 7H10-ADC plates supplemented with 50 

g/mL of hygromycin B.  

2.13 Growth curve analysis 

For fluorescence-based assays, a single Msmeg colony harboring Pmft-pCherry was 

used to inoculate 25 mL of Middlebrook 7H9 (7H9) media supplemented with 0.1% 

tyloxapol, 0.1% w/v glycerol, 50 g/mL hygromycin, and 0.1% w/v glucose. For cultures 
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containing oleic acid (OA) only, 0.1% w/v OA was used. For cultures containing both OA 

and glucose, 0.05 % w/v glucose was used, OA was added 12h later to obtain a 

concentration of 0.05% w/v. For dose-dependent cultures containing oleic acid (0.01%, 

0.02%, 0.05%, 0.1% w/v), glucose was supplemented to the media to 0.05% w/v.  The 

starter culture was incubated at 37 ºC with shaking overnight. The overnight culture was 

used to inoculate 7H9 media to an OD600 = 0.05 (1 cm pathlength) with carbon sources 

supplemented as described above. The cultures (30 mL) were incubated at 37 ºC with 

shaking for 40 h. Aliquots were taken every 2 h and OD600 values were measured. To track 

the expression of the Pmft - pCherry fusion, fluorescence measurements were taken on a 

Cary Fluorimeter every 2 h using an excitation of 585 nm and an emission of 612 nm. 

2.14 Spot plate dilution growth analysis 

A single timepoint growth assay was standardized for the growth of Msmeg on 7H9 

agar plates with various carbon sources supplemented. Briefly, a primary culture of 

Msmeg/Pmft-pCherry was grown in 7H9 supplemented with 0.1% w/v glucose overnight. 

The OD was measured and converted to colony forming units (cfu’s) using the standard 

3.13 x 107 cfu·mL-1·OD-1 conversion factor 123. Five-fold serial dilutions of cultures were 

made in 7H9 base media to yield 500, 100, 25, and 5 cfu/L solutions. Two microliters of 

each dilution were transferred to 7H9 plates containing 0.1% w/v carbon source and the 

spots were allowed to dry. Following incubation at 37 ºC for 3 days for the growth of 

individual colonies, plates were imaged using an Azure 600 fluorescent imager under 

identical conditions.  
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2.15 RNA isolation, cDNA synthesis, and qPCR  

RNA was purified from M. smegmatis using a Zymo Fungal/Bacterial RNA MiniPrep 

Kit and contaminating DNA was removed using a Zymo RNA Clean and Concentrator Kit. 

The quality of RNA was checked by agarose electrophoresis prior to subsequent steps. 

cDNA was synthesized from RNA samples using the First Strand cDNA Synthesis Kit 

from NEB. qPCRs were performed using Luna Universal qPCR Master Mix (NEB) 

following the recommended protocols. Primer pairs were designed using the IDT Primer 

Quest Tool and were evaluated according to the standard curve method. mRNA expression 

data were normalized to SigA.  

2.18 Generation of TigE mutants  

Mutant strand synthesis reactions were performed according to the Agilent 

QuikChange site-directed mutagenesis protocol. The TigE_pET28a plasmid was used as a 

template for site-directed mutagenesis studies. The following mutants were made TigE 

C339Y, TigE C339C, TigE C339A. Sequence verified plasmids were co-transformed into 

E. coli BL21(DE3) cells with the pPH151 plasmid containing the suf operon for protein 

production. 10mL of overnight terrific broth (TB) medium was used to inoculate 1L of TB 

medium containing 50mg/mL of kanamycin and 50 mg/mL chloramphenicol. The culture 

was incubated at 37℃  with shaking at 200 rpm until OD600 ~ 1.0 was attained, at which 

point the culture was cooled on ice for 30 min to reach room temperature. Then it was 

induced by 1mM isopropyl--thiogalactopyranoside (IPTG), 1.5 g/L of sodium fumarate, 

and 1x trace metals. Following a 12-hour induction at 21℃ with shaking at 200 rpm, the 
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cells were harvested by centrifugation at 7000 rpm for 10 min. The protein purification and 

reconstitution were performed anaerobically (Coy Lab anaerobic chamber). The harvested 

cells were resuspended in five times cell weight of lysis buffer (50mM HEPES, 300 mM 

NaCl, pH 8.0). CHAPS (1% w/v), lysozyme (1mg/g), 0.1 mg/g of DNase were added and 

stirred on ice for 20 min. Cell lysis was completed by sonication and the lysate was 

centrifuged at 13000 rpm for 10 min at 4℃. The supernatant was loaded onto a 5mL penta-

HisTrap FF Ni-NTA column (GE Healthcare) pre-equilibrated with lysis buffer using 

AKTA Pure FPLC (GE Life Sciences). The column was washed with lysis buffer and the 

bound protein was eluted using elution buffer (50 mM HEPES, 300mM NaCl, 100 mM 

Imidazole, pH 8.0). It was buffer exchanged into storage buffer (50 mM HEPES, 300 mM 

NaCl, 10% glycerol, 10mM DTT, pH 8.0) using a HiPrep 26/10 desalting column.  

2.19 Protein reconstitution of TigE mutants 

10mM DTT and 12 molar equivalents of FeCl3 and Na2S were added to the buffer-

exchanged protein and stirred on ice for 30 min. The reconstituted protein solution was 

passed through 0.45 m filter to remove precipitated particles. It was further buffer 

exchanged into storage buffer (50 mM HEPES, 300 mM NaCl, 10% glycerol, 10mM DTT, 

pH 8.0) using a HiPrep 26/10 desalting column. The protein was concentrated using 50 

kDa spin concentrator (Millipore) at 5000 g for 20 min at 4 ºC. The purity of the protein 

was evaluated by SDS-PAGE. 
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2.20 Synthesis and purification of the precursor peptide TigB-3R by SPPS 

TigB-3R (WDLVYKPISGTIGSVSGTIGSVSSVSGTIGSVSG) was prepared by 

Fmoc-based solid phase peptide synthesis (SPPS) on a preloaded Rink Amide ProTide 

(LL) resin (CEM Liberty Blue automated microwave peptide synthesizer). The 

deprotection solution consisted of 10% piperazine (w/v) in 10:90 solution of EtOH:NMP. 

The activator was 0.5M DIC in DMF, the activator base solution was 0.5M Oxyma in 

DMF. The Fmoc-protected amino acids were at dissolved in DMF and made at 2M 

concentration. The synthesis was performed on a 0.5mmol scale. Upon completion of the 

synthesis, the resin was washed several times with methanol and chloroform and dried 

thoroughly under vacuum. The peptide was cleaved from the resin by cleavage cocktail 

(95% TFA: 2.5% TIS: 2.5% H2O) for 30 min at 38℃. The mixture was filtered into cold 

diethyl ether and left at room temperature for 10 min. Once precipitated it was centrifuged 

for 10 min at 5000 rpm at 4℃. The pellet was redissolved in DMSO and checked by LC-

MS. The dissolved pellet was purified by HPLC. Injections were performed on a semi-

preparative 10250mm C4 15-20 m reverse column (Vydac) equilibrated in 0.1% formic 

acid. The peptide was eluted with gradient of acetonitrile 5-40% over 15 min. The purity 

of the TigB-3R was confirmed by QToF-LCMS. 

2.21 Enzymatic activity assays for TigE mutants and TigB-3R 

TigB-3R and TigE mutant reactions were performed in an anaerobic chamber. The 

TigB-3R peptide was transported into the glovebox as a lyophilized powder and 

resuspended in DMSO to a final concentration of 5mM (at 280 nm,  = 6.9 mM-1cm-1). 
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Reactions were carried out in reaction buffer (50mM HEPES, pH 8.0) with the final 

concentrations of 10mM DTT, 0.2mM TigB-3R, 0.2mM TigE mutant, 1mM NADPH, 

10M Fld, 10M FldR, 10mM SAM overnight. At the end of the incubation period, the 

reaction tubes were taken out of the anaerobic chamber and quenched by 1% TFA. After 

centrifugation and filtration, the reaction was uploaded onto QTof-LCMS to check for 

product formation.  

2.22 Expression, purification of TigD protein  

The TigD_pET28a plasmid (Genscript) was co-transformed into E. coli BL21(DE3) 

cells with the pPH151 plasmid containing the suf operon for protein production. An 

overnight culture was grown into 10mL of terrific broth (TB) medium that was used to 

inoculate 1L of TB medium containing 50mg/mL of kanamycin and 50 mg/mL 

chloramphenicol. The culture was incubated at 37℃  with shaking at 200 rpm until OD600 

~ 1.0 was attained, at which point the culture was cooled on ice for 30 min to reach room 

temperature. Then it was induced by 1mM isopropyl--thiogalactopyranoside (IPTG), 1.5 

g/L of sodium fumarate, and 1x trace metals. Following a 12-hour induction at 21℃ with 

shaking at 200 rpm, the cells were harvested by centrifugation at 7000 rpm for 10 min. The 

protein purification and reconstitution were performed anaerobically (Coy Lab anaerobic 

chamber). The harvested cells were resuspended in five times cell weight of lysis buffer 

(50mM HEPES, 300 mM NaCl, pH 8.0). CHAPS (1% w/v), lysozyme (1mg/g), 0.1 mg/g 

of DNase were added and stirred on ice for 20 min. Cell lysis was completed by sonication 

and the lysate was centrifuged at 13000 rpm for 10 min at 4℃. The supernatant was loaded 
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onto a 5mL penta-HisTrap FF Ni-NTA column (GE Healthcare) pre-equilibrated with lysis 

buffer using AKTA Pure FPLC (GE Life Sciences). The column was washed with lysis 

buffer and the bound protein was eluted using elution buffer (50 mM HEPES, 300mM 

NaCl, 100 mM Imidazole, pH 8.0). It was buffer exchanged into storage buffer (50 mM 

HEPES, 300 mM NaCl, 10% glycerol, 10mM DTT, pH 8.0) using a HiPrep 26/10 desalting 

column.  

2.23 Protein reconstitution of TigD protein 

10mM DTT and 12 molar equivalents of FeCl3 and Na2S were added to the buffer-

exchanged protein and stirred on ice for 30 min. The reconstituted protein solution was 

passed through 0.45 m filter to remove precipitated particles. It was further buffer 

exchanged into storage buffer (50 mM HEPES, 300 mM NaCl, 10% glycerol, 10mM DTT, 

pH 8.0) using a HiPrep 26/10 desalting column. The protein was concentrated using 50 

kDa spin concentrator (Millipore) at 5000 g for 20 min at 4 ºC. The purity of the protein 

was evaluated by SDS-PAGE. 

2.24 Iron and sulfur quantification of TigD protein  

Protein concentration of the as purified TigD was determined by the Bradford Assay. 

To start with iron quantification, 25 M TigD was mixed with 10 L of 3M TCA. Upon 

protein precipitation the mixture was centrifuged at 14,000 rpm for 10 min. The supernatant 

was transferred into separate centrifuge tube. 330 L of diH2O was added to the 

supernatant. 20 L of 75mM sodium ascorbate, 20 L of 10mM ferrozine, 20 L of 

saturated sodium acetate were added to the supernatant. Each reagent was added and mixed 
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properly before the addition of the next. The obtained solution was transferred to a cuvette 

and absorbance at 562 nm was recorded ( = 27.9 mM-1cm-1).  

For sulfur quantification, 200 L of 12M TigD was mixed with 600 L of 1% zinc 

acetate and 50 L of 7% (w/v) sodium hydroxide and left for 15 min at room temperature. 

150 L of 0.1 % (w/v) DMPD made in 5M HCl was added to the mixture. As soon as 150 

L of 10mM FeCl3 made in 1M HCl was added, the lid was closed and solution mixed. 

The lid was closed to avoid the oxidation of H2S by air. The solution was vortexed and 

incubated at room temperature for 15 min. The absorbance was measured at 670 nm ( = 

34.5 mM-1cm-1). 

2.25 Preparation of the Fmoc - mCPG 

For FMOC - mCPG preparation  2-amino-2-(2-methylcyclopropyl) acetic acid, mixture 

of diastereomers (mCPG) and 9-fluorenylmethyl chloroformate, CAS RN:28920-43-6 

(Fmoc-Cl) was used. A solution of Fmoc-Cl (1 equiv., 10 mmol) in dioxane (30mL) at 0℃ 

was added to a solution of mCPG (1 equiv., 10 mmol) in 10% aqueous Na2CO3 (26 mL) 

and dioxane (10mL).  mixture was stirred for 1 hour at 0℃. The mixture was warmed to 

room temperature and the solution was poured into H2O (100mL). The solution was 

extracted with Et2O (3 × 50𝑚𝐿) and the aqueous layer was cooled in an ice bath. The 

reaction mixture was acidified with HCl and extracted with EtOAc (3 × 50𝑚𝐿). The 

combined extract was dried over MgSO4 and filtered. The product was obtained by 

evaporating the solvent under reduced pressure. 



43 

 

2.26 Synthesis and purification of the TigB-3R mCPG by SPPS 

TigB-3R mCPG is the reaction product of TigE and Tig3R where TigE installs a 

carbon-carbon bond between Ile-C . To synthesize it we used Fmoc- mCPG instead of Ile 

(in red). TigB-3R mCPG (WDLVYKPISGTIGSVSGTIGSVSSVSGTIGSVSG) was 

prepared by Fmoc-based solid phase peptide synthesis (SPPS) on a preloaded Rink Amide 

ProTide (LL) resin (CEM Liberty Blue automated microwave peptide synthesizer). The 

deprotection solution consisted of 10% piperazine (w/v) in 10:90 solution of EtOH:NMP. 

The activator was 0.5M DIC in DMF, the activator base solution was 0.5M Oxyma in 

DMF. The Fmoc-protected amino acids were dissolved in DMF and made at 2M 

concentration. The synthesis was performed on a 0.5mmol scale. Upon completion of the 

synthesis, the resin was washed several times with methanol and chloroform and dried 

thoroughly under vacuum. The peptide was cleaved from the resin by cleavage cocktail 

(95% TFA: 2.5% TIS: 2.5% H2O) for 30 min at 38℃. The mixture was filtered into cold 

diethyl ether and left at room temperature for 10 min. Once precipitated it was centrifuged 

for 10 min at 5000 rpm at 4℃. The pellet was redissolved in DMSO and checked by LC-

MS. The dissolved pellet was purified by HPLC. Injections were performed on a semi-

preparative 10250mm C4 15-20 m reverse column (Vydac) equilibrated in 0.1% formic 

acid. The peptide was eluted with gradient 5-40% over 15 min. The purity of the TigB-3R 

was confirmed by QToF-LCMS. 
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2.27 Activity assays of TigD   

TigB-3R, TigB-3R mCPG and TigD reactions were performed in an anaerobic 

chamber. The TigB-3R and TigB-3R mCPG were transported into the glovebox as a 

lyophilized powder and resuspended in DMSO to a final concentration of 5mM (at 280 

nm,  = 1.49 mM-1cm-1). Reactions were carried out in reaction buffer (50mM HEPES, pH 

8.0) using different reducing systems/ reductants. First the reaction was carried out with 

the final concentrations of 10mM DTT, 0.2mM TigB-3R/ TigB-3R mCPG, 0.2mM TigD, 

1mM NADPH, 10M Fld, 10M FldR, 10mM SAM overnight. Second, 10mM DTT, 

0.2mM TigB-3R/ TigB-3R mCPG, 0.2mM TigD, 10mM SAM, 4mM DTH overnight. And 

lastly, 10mM DTT, 0.2mM TigB-3R/ TigB-3R mCPG, 0.2mM TigD, 10mM SAM, 10M 

Frd, 1mM NADPH overnight. At the end of the incubation period, the reaction tubes were 

taken out of the anaerobic chamber and quenched by 1% TFA. After centrifugation and 

filtration, the reaction was uploaded onto Qtof-LCMS to check for product formation.
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Chapter Three: Results 

3.1 Identifying and sequencing the mycofactocin operator  

To provide evidence that MftR is a regulator of MFT biosynthesis, we ran a series of 

electrophoretic mobility shift assays (EMSA) to demonstrate that MftR binds to the MFT 

promoter region. To begin with, recombinant his-tagged Msmeg MftR was purified from 

E. coli (Figure 3.1) and the 565 bp promoter region (Pmft) between -470 to +95 relative to 

MftA was PCR amplified.  

 

Figure 3.1 Sodium dodecyl sulfate-polyacrylamide gel electrophoresis analysis of WT 
MftR and mutants. The purified protein and variants (4 mg) were analyzed on 15% 

polyacrylamide gel, stained with Coomassie Brilliant Blue G-250. Lane 1 is the blue stain 

protein marker. 
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Next, EMSAs were carried out in triplicate with a fixed concentration of the PCR 

amplified Pmft and varying concentrations of MftR. As shown in Figure 3.2A, the addition 

of MftR to unlabeled Pmft resulted in a single impeded band in a concentration-dependent 

manner with an estimated Kd ~ 0.6 mM. This result indicates that at least a single binding 

site of MftR with at least one binding affinity is present in the Pmft regulatory region.  

To determine the exact location of the MftR-binding site in the mft regulatory region, 

Dnase I protection assays were performed using a Pmft DNA probe labeled with 6-FAM, in 

the presence and absence of MftR. As shown in Figure 3.2B, MftR protected a single region 

extending from -79 to -53 from Dnase I digestion. The shift in Dnase I hypersensitivity by 

three nucleotides when MftR is present suggests the establishment of new contacts being 

made to and/or a modification of the DNA structure. To validate this finding, the MftR 

protected sequence was synthesized with a 6-FAM label and used in a subsequent EMSA. 

As shown in Figure 3.2C, increasing concentrations of MftR resulted in a single 

concentration-dependent impeded band, consistent with the original EMSA with Pmft. 

Consistent with EMSA assays, increasing concentrations of MftR resulted in a 

concentration-dependent change in polarization, which upon fitting three independent 

experiments to a single site binding model, led to an observed  dissociation constant (Kd) 

of 1.3 ± 0.6 M (Figure 3.2D).  As a result, we propose that the MFT operator (Omft) 

sequence includes at least one MftR binding motif within the sequence 5’-

TCCATTCTGGCACTCGATGCCATATAT (Figure 3.2E).  
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Figure 3.2 Identification of the mycofactocin operator. A) EMSA of the Pmft-MftR 
complex. The Pmft region (0.5 mM) was mixed with increasing concentrations of MftR. 

The U and B represent unbound and bound fractions, respectively. The assays were 

performed in triplicate, producing similar results. B) Dnase I footprinting assay to 
determine the binding site of Pmft to MftR. Top fluorogram shows control reaction of Pmft 

350 ng with no protein added. Upon the addition of MftR (2 mg) the distinct binding area 
was determined and is shown in the bottom fluorogram. The 27 base pairs sequence 
(Omft) on the Pmft-MftA was confirmed to be the binding region responsible for the 

interaction with MftR. C) An EMSA validating that MftR binds to Omft. Fluorescein-
labeled Omft (0.5 mM) was mixed with increasing concentrations of MftR. The U and B 

represent unbound and bound fractions respectively. D) A representative fluorescence 
polarization binding assay showing the change in polarization of FAM-Omft as a function 

of MftR concentration. All assays were performed in triplicate and the average (filled 

circles), and standard deviations (error bars) are shown with the non-linear fit (line). E) A 
WebLogo representation of the Omft region showing the palindromic sequence found in 

83 species of Mycobacterium and Mycolicibacterium. 
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Controls with a “cold” competitive ligand and with a non-specific DNA sequence 

(Figure 3.3) suggests that the interaction between MftR and the identified region is specific. 

In addition, fluorescence anisotropy experiments were carried out to estimate the binding 

affinity between MftR and the 6-FAM-labeled 27 bp sequence. 

 

 

 

Figure 3.3 Omft control with “cold” competitive ligand and a non-specific DNA 

sequence. Unlabeled “cold” probe (4M) was mixed with WT MftR (2M) left at room 

temperature to react for 30 min. FAM-labeled Omft (20 nM) was then added to the 

reaction and left for additional 30 minutes (lane 3). Unlabeled non-specific DNA 

sequence (4M) was mixed WT MftR (2M) left at room temperature to react for 30 

min. FAM-labeled Omft (20 nM) was added and left to react for additional 30 minutes 
(lane 4).  Protein-DNA complex was separated by electrophoresis on 5% polyacrylamide 
gel and imaged using FAM excitation and emission wavelengths. The U and B represent 

unbound and bound fractions respectively.  
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Next, we employed quantitative real-time PCR (qRT-PCR) analysis to demonstrate that 

MftR regulates the mft BGC in vivo. We measured the transcript levels of mftA-F and mftR 

in wild-type Msmeg and compared them to the transcript levels in Msmeg harboring a 

mycobacterial expression vector consisting of mftR under the control of the constitutive 

expression promoter Psmyc (pMftR+). Over production of mftR in the expression strain, as 

compared to wild-type Msmeg, was confirmed by qRT-PCR analysis which revealed that 

the mftR transcript abundance was increased by approximately 5-fold (Figure 3.4). 

Conversely, overproduction of mftR led to reduced transcript levels in all mft biosynthetic 

genes. Notably, the transcript levels of mftA and mftC were reduced by ~15-fold and ~20-

fold, respectively.  However, the most remarkable change in transcript  levels was that of 

mftD which was reduced nearly 80-fold. The transcript levels for mftB, mftE, and mftF were 

also decreased however, to a lesser extent (<10-fold). Taken together with the EMSA’s, 

the DNA footprinting, and the fluorescence anisotropy experiments, MftR is a regulator of 

MFT biosynthesis in Msmeg. 
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Figure 3.4 Overexpression of MftR downregulates the mycofactocin (MFT) 

biosynthetic gene cluster (BGC). A qRT-PCR based quantification of the MFT BGC in 
M. smegmatis grown in 7H9 ADC. The relative expression levels of the differentially 

expressed genes were compared between the bacterial strains wild-type M. smegmatis 

and M. smegmatis transformed with pMftR+. 

 

3.2 Expanding MftR role in mycobacteria  

We examined if the position and sequence of Omft in the mft promoter region is similar 

in MTB since the organism encodes for the mft operon (rv0691a-rv0696) and a MftR 

homologue (rv0691c, 69% identity). To answer this question, we carried out a BLAST 

analysis of the identified Omft sequence and the ~500 bp mft promoter from MTB. 

Accordingly, we found a single well-aligned sequence with 85% conservation. Similar, to 

Msmeg, the putative Omft in MTB extends from -78 to -52 relative to the mftA start codon, 

with the assumption that the operator sequence is the same length. We expanded our search 

to the Mycobacterium and Mycolicibacterium genera using a customized BLAST analysis 
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(Expect = 1,000; Match/Mismatch = 1, -1; Gap Costs = 0,2). Under these conditions, 83 

sequences were identified with sequence identities >84%.   As shown in the Weblogo 

depiction of the multiple sequence alignment of all sequences (Figure 3.2E),124 we found 

that putative Omft regions are highly conserved. In addition, our analysis identified a 

palindromic region consisting of the residues T-N2-GGCA-N5-TGCC-N2-A. Despite the 

apparent conservation of the palindrome, single nucleotide replacements within the 

sequence did not impede the ability of MftR to bind Omft in fluorescence polarization or 

EMSA assays (Figure 3.5). 

 

 

Figure 3.5 Single nucleotide replacements in Omft didn’t interrupt the MftR binding.  
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3.3 Long-chain acyl-CoA’s are effectors of MftR 

Next, we assessed which metabolites activate MftR and thus could induce MFT 

production. To do so, we carried out competitive EMSAs where FAM-labeled Omft and 

MftR were incubated in the presence of potential effectors. We initially chose our effectors 

based on cholesterol catabolism, a process that putatively includes MFT biosynthetic 

genes.125 Despite the loose association of MFT to cholesterol catabolism, we did not 

observe DNA release by MftR in the presence of cholesterol (Figure 3.6A, lane 3), 

propionyl-CoA (Figure 3.6A, lane 6), succinyl-CoA (not shown), and acetoacetyl-CoA 

(not shown). Knowing that TFRs have a propensity to be activated by fatty acyl-CoA’s,126 

we expanded our effector screening to include short, medium, and long-chain acyl-CoA’s. 

Subsequently, we observed that the addition of myristoyl- and oleoyl-CoA’s disrupted the 

MftR-Omft complex (Figure 3.6A, lanes 8 and 9) and resulted in both bound and unbound 

Omft. Conversely, the addition of fatty acid carboxylates did not result in the same 

disruption of the MftR-Omft complex (Figure 3.6A, lane 10), suggesting that CoA is a 

requisite for acyl-CoA binding. However, CoA alone did not disrupt the MftR-Omft 

complex either (Figure 3.6A, lane 4), suggesting that protein contacts with the ligand rely 

on both the fatty acid and the CoA. 

Isothermal titration calorimetry (ITC) experiments were performed to validate the 

competitive EMSA findings and to determine the specificity and affinity of MftR towards 

acyl-CoA’s. A typical thermogram was obtained when oleoyl-CoA was titrated into MftR 

(Figure 3.6B). The Kd value (1.4 ± 0.1 M, Figure 3.6C), and the number of binding sites 
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(~0.6 sites per monomer MftR) were obtained from the nonlinear one-site model to the 

normalized fitting curve. The Kd value is comparable to known mycobacterial TFRs that 

are activated by oleoyl-CoA.127,128 To establish the specific acyl-CoA(s) that activate MftR, 

we measured the Kd’s for myristoyl-, palmitoyl-, and steroyl-CoA’s and found the values 

to be within the 2-4 M range (Figure 3.6C). Of note, we observed a ~10-fold decrease in 

binding affinity with lauroyl-CoA as compared to oleoyl-CoA. This drop in affinity is 

consistent with EMSAs that indicated medium and short chain acyl-CoA’s do not disrupt 

the MftR-Omft complex. Taken together with the EMSAs, our ITC data suggests that MftR, 

and thus likely MFT biosynthesis, is activated by long chain acyl-CoA’s. 
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Figure 3.6 Effectors of MftR. A) An electrophoretic mobility shift assay used to screen 
effectors of MftR. The 6-FAM labeled Omft region (0.5 mM) was incubated with the 

MftR (5 M) in the absence or the presence of effectors (100 M). Protein-DNA 

complexes were separated by electrophoresis on 5% polyacrylamide gel. The assays were 

performed in triplicate, producing similar results. B) A representative isothermal titration 
calorimetry thermogram for the binding of the oleoyl-CoA to MftR regulator (blue) and 

the control of oleoyl-CoA into buffer (red). Each peak corresponds to the injection of 

2.22 mL of 250 M oleoyl-CoA into the cell containing 16 M MftR or buffer. The 

integrated thermogram (blue dots) was fitted to a single site binding model (black line) to 

determine the Kd. The experiment was done in triplicate producing the similar results. C) 
A bar graph depicting the ITC measured Kd’s for various acyl-CoA’s. Bars represent the 

mean of three independent experiments and the error bars represent the standard 
deviation of the experiments. 
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3.4 Structural contributions to ligand binding  

Next, we examined which amino acid residues contribute to the interaction between 

MftR and oleoyl-CoA. The crystal structure of Msmeg MftR is currently unavailable 

however, an unpublished structure of Rhodococcus jostii RHA1 MftR has been deposited 

in the Protein Data Bank (PDB ID: 2RAE, 54% identical, Figure 3.7).  

 

 

Figure 3.7 A sequence alignment between 2RAE and Msmeg MftR. 

 

Using this structure, we employed Swiss Dock to model oleoyl-CoA bound to MftR 

(Figure 3.8).129,130 From the docked structure, we identified eight conserved residues on 

MftR that were expected to create the acyl binding pocket or bind CoA through 

electrostatic interactions.  

A

B

C
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Figure 3.8 A docked structure of oleoyl-CoA bound to MftR. The Rhodococcus jostii 

RHA1 MftR (2RAE, grey) was docked with oleoyl-CoA (blue) using Swiss Dock. Shown 
is the lowest energy model (-10 kJ/mol) calculated. Residues associated with the oleoyl-
CoA binding pocket (magenta), DNA binding motif (blue), and at the interface (purple) 

are annotated for both 2RAE and the corresponding M. smegmatis mc2155 MftR 

(parenthesis).  
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Following single amino acid replacements of the residues, we measured the Kd values 

of the mutant proteins to oleoyl-CoA using ITC (Figure 3.8). For the putative acyl binding 

pocket residues Phe65, Phe96, and Ile114, mutations to alanine led to no or modest change 

to the dissociation constant for oleoyl-CoA (Table 3.1).  

Table 3.1 Dissociation constants for MftR 

MftR variant 1Kd (M) 

WT 1.4 ± 0.1 

Q15A 2.0 ± 0.1 

D16R 2n.d 

D16W 4.8 ± 0.2 

F65A 1.9 ± 0.1 

D66A 1.6 ± 0.1 

S67A 5.4 ± 0.2 

S67W 8.3 ± 0.2 

H68A 2n.d 

F96A 1.4 ± 0.1 

I114A 2.4 ± 0.1 

L120A 5.2 ± 0.2 

L120R 6.2 ± 0.2 

M127A 4.8 ± 0.1 

1 The Kd values are reported as the average of at least three independent experiments 
and the standard deviation. 2 Not detected.  
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This is consistent with other TFR proteins where single residue changes to the acyl 

binding pocket resulted in little to no change in their dissociation constant to acyl-CoA’s.125 

However, we cannot rule out the possibility that Phe65, Phe96, and Ile114 do not 

participate in acyl-CoA binding. Conversely, when His68 was mutated to alanine, binding 

of oleoyl-CoA by the protein was undetectable. To validate this observation, competitive 

EMSAs were carried out using the H68A mutant.  Here, it was observed that the H68A 

mutant remained bound to Omft even in the presence of 100 M oleoyl-CoA (Figure 3.9A). 

Thus, it is highly likely that His68 is an important residue for oleoyl-CoA binding. To 

evaluate residues that were expected to interact with CoA, Gln15, Asp16, Ser67, and Asp66 

were targeted. Of these, mutants of Asp16 and Ser67 had the greatest effect (Table 3.1). 

For instance, the S67A mutation led to a 5-fold increase in the Kd value for oleoyl-CoA 

and the addition of bulk, by the mutation S67W, led to an 8-fold increase in the Kd value. 

Likewise, the D16W mutant, which increased bulk and removed the negative charge, led 

to a 5-fold increase in the Kd for oleoyl-CoA. Moreover, when the charge was changed 

from negative to positive by the mutant D16R, binding of oleoyl-CoA was no longer 

detectable. This latter observation was validated using competitive EMSA’s (Figure 3.9B). 

Even in the presence of 100 M oleoyl-CoA, the D16R mutant remained bound to Omft. 

Taken together, it is likely that Ser67 and Asp16 participate in oleoyl-CoA binding, likely 

through electrostatic interactions. 
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Figure 3.9 EMSA validating the importance of MftRH68A, MftRD16R, and 

MftRD38A mutants. A) FAM-labeled Omft (100nM) was mixed with MftRH68A (2M) 

and left to react for 10 min at room temperature. Increased concentrations of oleoyl-CoA 

were added into the reactions (1, 10, 50, 100 M).  The U and B represent unbound and 

bound fractions respectively. Protein-DNA complex was separated by electrophoresis on 
5% polyacrylamide gel and imaged using FAM excitation and emission wavelengths. B) 

FAM-labeled Omft (100nM) was mixed with MftRD16R (2M) and left to react for 10 

min at room temperature. Increased concentrations of oleoyl-CoA were added into the 

reactions (1, 10, 50, 100 M).  C) FAM-labeled Omft (100nM) was mixed with increased 

concentrations of MftRD38A (up to 100M) and left to react for 20 min at room 

temperature. Protein-DNA complex was separated by electrophoresis on 5% 

polyacrylamide gel and imaged using FAM excitation and emission wavelengths. 
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Next, to determine which residues are important for the MftR-DNA interaction we 

targeted three residues (Figure 3.8, Arg29, Asp38, and Arg48) on the helix-turn-helix 

domain for site directed mutagenesis. Similar residues have been shown to be important 

for DNA-protein contacts in other TFRs.131–133 The dissociation constants of the MftR 

mutants and Omft were measured by fluorescence polarization (Table 3.2). As expected, the 

alanine mutants for Arg29 and Arg48 had a significant impact on the ability of MftR to 

bind Omft, with a 10- and 20-fold increase in the Kd values, respectively (Table 3.2). It is 

possible that Arg29 and Arg48 interact with the phosphate backbone on Omft, thus making 

them important for DNA binding.  Interestingly, the D38A mutant abolished the ability of 

MftR to binding Omft (Table 3.2).  

 

Table 3.2 Dissociation constants for MftR variants and Omft measured by 

fluorescence polarization 

MftR variant 1Kd (M) 

WT 1.3 ± 0.6 

R29A 20.5 ± 2.0 

D38A 2n.d 

R48A 13.0 ± 1.1 

L120R 28 ± 6.0 

M127A 13 ± 6.0 

1 The Kd values are reported as the average of at least three independent experiments 
and the standard deviation. 2 Not detected.  
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To corroborate this observation, an EMSA was carried out with D38A mutant and Omft 

(Figure 3.9C). The addition of up to 100 M of the D38A mutant to Omft resulted in a single 

unbound species, confirming that Asp38 is important for binding to Omft. The importance 

of Asp38 is likely explained by Asp38 forming of a salt bridge with Arg47 upon binding 

DNA. A similar salt bridge has been shown to be important for the master regulator 

Msmeg_6564.134 In Msmeg_6564, the hydrogen bond between Glu37-Lys47 (~2.5 Å, 

PDBID: 4JL3) stabilizes the HTH domain in the major groove of DNA and was shown to 

be important for DNA interaction.134 Nevertheless, until a DNA bound structure of MftR 

becomes available, the role of Asp38 in Omft binding remains speculative. 

Lastly, we examined the effects of mutations at the interface of the DNA binding and 

effector binding domains. Here residues Leu120 and Met127 were mutated to arginine and 

alanine, respectively, and the dissociation constants for oleoyl-CoA and Omft were 

measured as described above. While we did not observe significant impact on the 

dissociation constant for oleoyl-CoA (Table 3.1), we did find that the L120R and M127A 

mutants impaired the ability of MftR to bind Omft, with an observed increase in Kd values 

by 10- and 25-fold, respectively (Table 3.2). This suggests that disruption of the packing 

between the DNA binding domain and the regulatory domain impacts binding of DNA 

substantially more than oleoyl-CoA.  
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3.5 MFT biosynthesis is induced by oleoyl-CoA in vivo  

To validate that oleoyl-CoA is an effector of MFT in vivo, we turned to a well-

established far-red reporting system designed to detect gene expression in mycobacteria.135 

We repurposed the pCherry3 vector by replacing the existing constitutive promoter, Psmyc, 

with mftR-Pmft-mftA and in frame with mCherry (Figure 3.10) yielding Pmft-pCherry.  As a 

result, the plasmid encodes mftR under its native promoter, the mft promoter, and a mftA-

mCherry gene fusion. The addition of mftR is expected to suppress background 

fluorescence that may arise by having increased copies of Pmft and insufficient MftR to 

repress expression. Transcription and translation of mftA is expected to result in a 

fluorescent MftA-mCherry reporter, the intensity of which can be measured as a function 

of time. Together, the Pmft-pCherry reporter system was expected to provide information 

about the timing and relative abundance of MftA production. 

 

 

Figure 3.10 A schematic representation of the engineered plasmid encoding for the 
promoter region of mft and mftA-mCherry gene fusion. The pCherry 3 vector was 

remodeled by replacing Psmyc with Pmft-mftA and in frame with mCherry.   

 

To directly establish that oleoyl-CoA induces MFT biosynthesis in vivo, a colony 

dilution experiment was carried out using Msmeg transformed with Pmft-pCherry grown on 



63 

 

Middlebrook 7H9 (7H9) supplemented with glucose or oleic acid. We used oleic acid in 

the growth media since it is well known that bacterial fatty acid shuttle systems convert 

free fatty acids to the corresponding acyl-CoAs and since Msmeg encodes for at least two 

known fatty acid transporters.136 As shown in Figure 3.11, the fluorescence intensity of 

Msmeg colonies containing the reporter system is starkly increased in the presence of oleic 

acid as compared to glucose alone.  

 

 

Figure 3.11 Induction of MFT biosynthesis by oleoyl- CoA in vivo. A spot test 

growth analysis of M. smegmatis mc2155 transformed with the plasmid Pmft-pCherry 
encoding for the mftR, the regulatory region of the mft BGC, and a mftA-mCherry gene 

fusion. Approximately 500, 100, 25, 5 cells were grown on 7H9 supplemented with 0.1% 
w/v glucose or 0.05% w/v each glucose and oleic acid (OA). Fluorescence images were 

obtained simultaneously from two different petri dishes using 585 nm excitation and 636 

nm emission wavelengths.  
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To assess when this occurs in real time, growth curve assays with Msmeg/Pmft-pCherry 

were carried out. When cell cultures were grown to nearly the same optical density (Figure 

3.12A), the fluorescence intensity of Msmeg/Pmft-pCherry supplemented with 0.1% oleic 

acid only is nearly three times in magnitude as compared to the control (Figure 3.12B). We 

observed the same effect when oleic acid was added to the media after 12 h of incubation. 

 

 

Figure 3.12 Growth curve assays with Msmeg/Pmft - pCherry. A) OD600nm 

measurements for the 7H9 media supplemented with 0.1% tyloxapol, 50g/mL 

hygromycin, and glucose and/or oleic acid (OA) as carbons sources. Concentrations of 
carbon sources were glucose only (0.1% w/v), OA only (0.1%wv), and glucose/OA 

(0.05% w/v each) where OA was added after 12 hours (blue arrow) B) Corresponding 
fluorescence intensities (ex. 585 nm/em. 612 nm) of Msmeg/ Pmft – pCherry cultures 

described in A. 

 

Next, we determined if MFT induction is dependent on the concentration of oleic acid. 

We carried out a titration series of growth curves where 7H9 media was supplemented with 

0.05% w/v glucose and 0.01, 0.02, 0.05, or 0.1% w/v oleic acid. As shown in Figure 3.13A 
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and Figure 3.13B, the addition of 0.05% w/v oleic acid produced the highest fluorescence 

intensity within a 40-h timeframe. 

 

 

Figure 3.13 Concentration – dependent growth curve assays with Msmeg/Pmft - 
pCherry. A) OD600 measurements for dose-dependent addition of OA to the 7H9 media 

supplemented with 0.05 % w/v glucose and 0.01, 0.02, 0.05, 0.1% w/v of OA. D) 
Corresponding fluorescence intensities of Msmeg/ Pmft – pCherry cultures described in 

C. 

 

 However, in general, increasing concentrations of oleic acid had little effect on the 

overall production of the MftA-mCherry fusion. The lack of immediate production of 

MftA-mCherry after the addition of oleic acid and the concentration independence is 

perplexing. Since we did not observe a diauxic growth curve, we do not suspect that Msmeg 

is displaying a prototypical substrate bias. Rather, we expect a subtler and unknown 

mechanism is at play.  
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3.6 Attempts to overexpress glycosyltransferase MftF from E. coli 

The analysis began with the attempts to overexpress and isolate an integral membrane 

protein MftF from species Mycobacterium smegmatis mc2 155 (MsMftF), Mycobacterium 

ulcerans Agy 99 (MuMftF), and Thermomonospora curvata (TcMftF) using E. coli 

expression system summarized in Table 3.3.  

 

Table 3.3 Strategies used for overexpression of MsMftF, MuMftF, and TcMftF genes 

in E. coli 

Approach Methodology Reasoning Examples 

Modifications 

to culture 

conditions 

Vary the 

concentration of 

inducer 

Reduces the protein 

expression rate  

Range from 0.1mM to 

1mM of inducer  

Lowering the 

temperature of 

induced cultures 

Reduces the protein 

expression rate, 

promotes proper 

folding and solubility  

15-20 ℃ during the 

induction  

Screening and 

considerations 

for expression 

hosts 

Co-expressing 

chaperones  

Aid in protein folding 

and solubility 

PG-KJE8 (dnaK-dnaJ-

grpE-groES-groEL); 

ArticExpress (DE3) use 

Cpn10 and Cpn60 

chaperonins 
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Use of strains for 

membrane and 

toxic proteins  

Reduces transcription 

rate of the derivatives 

strains improves 

membrane protein 

overexpression yields  

E. coli strains  

BL21(DE3) pLysS 

BL21(DE3) Gold 

C43(DE3), 

Lemo21(DE3),  

Use of E. coli 

optimized genes 

and use of strains 

for rare codons 

Aims to improve 

protein production by 

optimizing translation 

elongation   

Rosetta (DE3) for and E. 

coli optimized 

MsMftF/pET21a (+) 

Use of soluble 

fusion tags at N- 

or C- terminus 

Stabilizes the 

expression and 

improves protein 

solubility 

Pet28HMT (MBP,His-

tagged,TEV), 

Pet28GTH (GST, His-

tagged, TEV), 

pGEX6p-1 (GST) 

pet24mCTH (mCherry, 

His-tagged) 

Use of pMy 

vectors for 

protein 

expression in 

mycobacteria 

Addresses the 

mismatch in codon 

usage and the 

absence of cofactors 

and PTMs in E. coli   

pMyNT, pMyC, 

pMyBadC vectors  
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We used E. coli as a host because its relatively simple, inexpensive, and fast-growing. 

Moreover, in the study performed by Korepanova A. et al.,137 they cloned and 

overexpressed around seventy integral membrane proteins from Mycobacterium 

tuberculosis genome using T7 expression system. The molecular weight of the expressed 

proteins in the study ranged from 8.1 to 71.3 kDa with transmembrane helices from 1 to 

14.137 MftF is an integral membrane protein with a molecular weight of around 50.7 kDa 

and proposed to have 1-3 transmembrane helices. Table 3.3 has several expression 

conditions that we tested for MftF protein in attempt to maximize the efficient production 

of soluble protein in bacteria. We evaluated the efficiency through small-scale expression 

screening by SDS-PAGE stained with Coomassie blue or analyzed by Western blotting 

with anti-His antibody. However, overexpression of MftR was not detected.  

While the strategies used here worked for many targets, including membrane proteins, 

every protein has unique biophysical features that often requires optimization steps for 

successful expression.  

 

 

 

 

 



69 

 

Chapter Four: Contributions to the class of cyclopropylglycyl synthases 

4.1 Input towards the structural elucidation of TvgB product  

To structurally characterize the TvgB product we employed 1D/2D NMR techniques. 

When we compare the 13C NMR spectra of the product of TvgB reaction to the isotopically 

labeled peptide 13C-TvgA-4R we observed three shifts on Val carbons (Figure 4.1A). Since 

not all the four repeats are being modified by TvgB, the product spectrum contains peaks 

for unmodified Val. We assigned the new peaks: at C 55.57 ppm to the C of 13C-Val from 

the 57.29 ppm in the unmodified peptide; at C 12.80 ppm to the C of 13C-Val from 29.77 

ppm in the substrate; at C 2.26 ppm to the C of 13C-Val from 17.44/18.62 ppm. 

Next, we performed 13C HSQC on 13C-TvgA-4R (Figure 4.1B, C). The difference in 

the spectra of starting material and the product was consistent with the peaks observed in 

the 1D 13C NMR spectra. We detected new coupled features at H 0.25 ppm,  C 2.26 ppm; 

and H 0.39 ppm, C 2.26 ppm; which we assigned to saturated methylene groups that are 

bonded (-CH2-CH2-). Another set of new features at H 1.04 ppm,  C 12.80 ppm was 

assigned to C; at H 3.74 ppm,  C 55.57 ppm was assigned to C.  

From the data described above, we believed that TvgB catalyzed  the formation of 

cyclopropylglycine (CPG) from Val. To support this, we ran time-constant HSQC of 

modified 13C-TvgA-4R peptide (Figure 4.1D). The spectra showed C and C have odd 
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number of neighbors appearing in red (bonding to the carbonyl carbon is excluded due to 

C-O decoupling) and C carbons are directly bonded to two other nuclei showing in blue 

(Figure 4.1D, E).  

Taken together, our analysis of 1D/2D NMR experiments on the product indicates that 

TvgB installs a C-C bond in each of the TVGG repeats between the geminal methyl groups 

on Val side chains.  

 

 

Figure 4.1 Structural elucidation of the modified TvgA-4R. A) Stacked 13C NMR 
spectra of the TvgA-4R peptide (black) and modified TvgA-4R (red). B) Stacked 13C 

HSQC spectra of the TvgA-4R peptide (black) and modified TvgA-4R (red) featuring 
new peaks. C) Stacked 13C HSQC spectra of the TvgA-4R peptide (black) and modified 
TvgA-4R (red) highlighting new features. D) CT-HSQC of the modified TvgA-4R. E) A 

schematic representation of TvgB-catalyzed modification.  
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Figure 4.2 13C HSQC NMR spectra. A) substrate peptide TvgA-4R. B) modified 

TvgA-4R.  
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Figure 4.3 NMR spectra of the unmodified 13C 15N TvgA-4R peptide. A) 1H NMR. 

B) 13C NMR.   
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Figure 4.4 NMR spectra of the modified 13C 15N TvgA-4R peptide. A) 1H NMR. B) 
13C NMR. 
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Figure 4.5 Overlaid 13C HSQC of the substrate TvgA-4R (green) and the modified 

TvgA-4R (red).  

 

4.2 Structural characterization of TigE protein 

Collaborating with the Grove Lab from Albert Einstein College of Medicine we 

obtained a crystal structure of TigE protein. The substrate-free partial crystal structure was 

solved to 1.74Å resolution. Even though this structure is not fully solved, there is still a lot 

of information that could be extracted from it. The overall structure of TigE protein contain 

three functionally distinct domains: the N-terminal RRE domain, the radical SAM domain, 

and the C-terminal SPASM domain (Figure 4.6.  
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Figure 4.6 TigE partial structure solved at 1.74Å resolution. RRE domain is colored 
in blue; rSAM domain is shown in magenta; SPASM domain in green, consists of two 

auxiliary [4Fe-4S] clusters, CX2CX5CX3C motif (red), and GYW motif (cyan). 

 

The N-terminal domain of rSAM enzymes adopt a typical winged-helix-turn (wHTH) 

motif which was founded to be conserved among prokaryotic RiPP classes: either fused 

with the enzyme or a separate small protein acting as a chaperone. The partial structure of 

TigE with the sequence homology to other rSAM enzymes suggests the existence of the 
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N-terminal RiPP precursor recognition element (RRE) domain fused to the TigE. This 

domain is composed of two antiparallel -strands and three consecutive -helices. 

The rSAM cluster of TigE has a partial / triose partially solved (TIM) barrel. Cys 

120, Cys 124, Cys 127 from the conserved CX3CXC motif (where  is an aromatic 

residue, Tyr in this case) ligate three out of four irons in the SAM cluster. The fourth iron 

is coordinated by the amino and carboxylate groups of the methionine on SAM.  

The SPASM domain of TigE houses two auxiliary [4Fe-4S] clusters. Cys 360, Cys 377, 

Cys 427, and Tyr 339 coordinate auxiliary cluster I. Most [4Fe-4S] clusters are ligated by 

four Cys residues, or they may have one open site or non-Cys coordinating residue. For 

example, Asp ligation of auxiliary [4Fe-4S] cluster II in PqqE was shown to contribute to 

a more positive redox potential resulting in a thermodynamically favorable electron sink. 

To the best of our knowledge, amino acid Tyr has never been shown to participate as the 

ligand in coordinating iron from a canonical [4Fe-4S] cluster. However, for a nitrogenase 

when [8Fe-7S] cluster goes through two-electron oxidation it changes conformation in 

which a highly conserved oxygen-based residue (Ser/or, in some cases, Tyr) coordinates 

Fe-6 and a backbone amide of Cys – Fe-5 of the cluster. Ser ligation plays a role in 

protecting the structural and functional integrity of the [8Fe-7S] cluster under 

environmental stress. 138 
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Figure 4.7 Auxiliary cluster I of the C-terminal SPASM domain. [4Fe-4S] cluster is 

shown in ball and stick representation; iron atoms are shown in orange and sulfur atoms 

are in yellow.   

 

Cys 414, Cys 417, Cys 423, Cys 446 coordinate the second auxiliary cluster. The 

auxiliary clusters of C-terminal SPASM domain have a highly conserved CX2CX5CX3C 

motif where the first three cysteines coordinate the auxiliary cluster II , and the last cysteine 

coordinates auxiliary cluster I.  
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Figure 4.8 Auxiliary cluster II of the C-terminal SPASM domain. [4Fe-4S] cluster is 

shown in ball and stick representation; iron atoms are shown in orange and sulfur atoms 

are in yellow.   

 

4.2.1 The role of Tyr 339 in the class of CPG synthases  

  Interestingly, a GYW motif, which houses the Tyr 339 residue, is conserved in the CP 

synthase, TvgB. Upon sequence analysis of the remaining 47 members belonging to the 1-

1-201:AS65 cluster, we found the GYW motif to be strictly conserved despite sequence 

similarities ranging from 25-98% (Figure 4.9). We searched the Uniprot database for 

members of the rSAM-SPASM family that contain the GYW motif and only found 

members belonging to the 1-1-201:AS65 cluster. Simply removing either the Gly or Trp 

from the motif led to ambiguous results. Therefore, we suggest that GYW motif is specific 

to members of the 1-1-201:AS65 cluster, a CP-synthases motif.  
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Figure 4.9 Highly conserved CP-synthase motif for the members of the rSAM-

SPASM family containing GYW motif belonging to the 1-1-201:AS65 cluster only. 

 

The most notable feature from the TigE structure is Tyr 339 which lies within the CP 

synthase motif GYW and coordinates the open iron site from Aux I [4Fe-4S] cluster. To 

determine if Tyr 339 is required for catalysis, we generated the variants Y339A, Y339F, 

Y339C of TigE. We designed the primers with the desired mutation and used the TigE/ 

pET 28a as a template. Sequence verified plasmids and plasmids containing suf operon 

were co-transformed into E. coli BL21(DE3) cells for protein production The mutants were 

purified anaerobically using immobilized metal affinity chromatography, and 

reconstituted. The mutants show UV-Vis absorption spectra that are typical for an Fe-S 

cluster containing protein and similar to the wild type TigE (Figure 4.10).  
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Figure 4.10 UV-visible spectrum of TigE mutants, the appearance of 410 nm peak 

suggests the presence of [4Fe-4S] clusters. TigE Y339C is shown in purple, TigE Y339A 

is shown in red, and TigE Y339F is colored blue.  

 

In all cases, the TigE variants maintained near wild-type iron and sulfide content. The 

values are 10.0  0.1 Fe and 10.0  0.1 S per TigE monomer; 9.6  0.1 Fe and 9.6  0.3 S 

per TigE Y339A monomer; 12.2  0.1 Fe and 13.0  0.1 S per TigE Y339F monomer; 11.9 

 0.9 Fe and 13.0  0.1 S per TigE Y339C monomer. However, in reactions with TigB3R, 

none of the variants could modify the peptide substrate, even at longer incubation times. 

This suggests that Tyr 339 may be playing a role beyond coordination, such as redox tuning 

of the Aux I cluster.  

This proposed mechanism, similarly to TvgB, requires the cleavage of two SAM 

molecules per product produced (Figure 4.11). In the first step, 5'-dA• abstracts a hydrogen 

from Ile-C. The loss of an electron followed by a deprotonation (formally a hydrogen 

atom) from ethyl C results in ,-dehydro-Ile.96 After release of 5’-dA and methionine 

and a second round of SAM cleavage, the 5'-dA•  abstracts a hydrogen from an allylic Ile-

C. The resonance stabilized radical combines with an electron from Ile C-C unsaturated 
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bond with a concomitant quenching of the remaining free electron by a hydrogen forming 

mCPG.96  

 

 

Figure 4.11 Proposed mechanism for TigE catalysis.  

 

For this proposed mechanism, a hydrogen acceptor is required in the first oxidative 

step, and a hydrogen donor is required for the second step. In the case of TigE, our 

hypothesis is that Tyr 339 is participating directly in the catalysis as this hydrogen 

donor/acceptor. This line of reasoning should be tested in the future studies. Evidence of 

our mechanistic proposal is currently limited. In addition, deuterium labeling studies of  the 

Ile would allow us to understand which hydrogen atoms are removed or retained in the 

final product.  

 



82 

 

4.3 Isolation and characterization of TigD  

To expand on the exciting modification performed by CP synthase TigE we focused 

our attention on another rSAM-SPASM enzyme in the TIGSVS BGC, TigD protein. Like 

TigE, TigD houses a CP synthase motif GYW which was shown to be important for 

catalysis. N-terminally His-tagged TigD was recombinantly expressed in E. coli using 

plasmid containing suf operon to help with the incorporation of the iron-sulfur clusters into 

TigD. It was purified anaerobically using immobilized metal affinity chromatography and 

reconstituted with iron and sulfur (Figure 4.12A).   

 

Figure 4.12 Characterization of TigD protein. A) SDS-PAGE gel analysis of TigD 

protein showing it was purified to near homogeneity and the molecular weight is 
approximately 52 kDa. Lane 1 is the blue stain protein marker. B) UV-visible spectrum 

of TigD protein, the 410 nm peak suggests the presence of [4Fe-4S] clusters.  
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Isolated protein subjected to colorimetric ferrozine and sulfide quantification assays 

lead to an average Fe/S content of 15.0  0.1 Fe and 12.0  0.1 S per TigD monomer. This 

result suggests the presence of at least three [4Fe-4S] clusters, analogous to anSME enzyme 

and other CP-synthases TvgB, and TigE. The UV-Vis spectrum of TigD protein shows the 

presence of [4Fe-4S] clusters in the enzyme with a peak absorbance at 410 nm (Figure 

4.12B) in addition to the protein absorbance at 280 nm.  

As other rSAM-SPASM enzymes, TigD can produce L-Met and 5’-deoxydenosine in 

the absence of the substrate. Reaction of sodium dithionite reduced TigD with SAM leads 

to the formation of 5’-deoxyadenosine.  

Next, we set out to find the substrate for TigD protein. The precursor peptide TigB 

consists of TIGSVS motif that is repeated up to five times, suggesting that five identical 

products are formed from the peptide. We recently discovered that TigE installs a carbon-

carbon bond between the Ile-C‘s on TigB, forming methyl – CPG moiety. We expected 

that TigD would catalyze the formation of CPG from Val residues, like TvgB. Using 

microwave assisted solid peptide synthesis, we synthesized the truncated TigB peptide with 

three repeating TIGSVS motifs and a N-terminal Trp to increase absorbance and aid in 

purification of TigB3R (Figure 4.13A). To evaluate the enzymatic activity of TigD, 

reactions were set up containing TigD, SAM, dithiothreitol, and dithionite. A change in the 

retention time and mass of TigB3R was not observed by HPLC or LCMS (Figure 4.13B).  
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Figure 4.13 Analysis of TigD reaction with TigB3R. A) HRMS spectra of [M+2H]3+ 
ions of TigB3R precursor peptide and LC chromatogram. B) HRMS spectra of [M+2H]3+ 

ions of TigB3R precursor peptide from DTH reaction and LC chromatogram (red). C) 
HRMS spectra of [M+2H]3+ ions of TigB3R precursor peptide from FPR reaction and LC 

chromatogram (blue). D) HRMS spectra of [M+2H]3+ ions of TigB3R precursor peptide 

from FprB reaction and LC chromatogram (purple).   
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It is known that some rSAM enzymes, including TigE protein, are active in vitro only 

with the flavodoxin (FldA)/ flavodoxin (FPR) system.27 Hence, we set up overnight 

reaction of TigD with TigB3R and SAM substituting DTH with FldA, FPR, and NADPH 

(Figure 4.13C). The reaction was quenched and evaluated by HPLC and LCMS. TigD is 

inactive in the presence of flavodoxin, encouraging us to find a homologous reducing 

system.  One such enzyme used in redox metabolism is ferredoxin – NADP+ reductase 

(FprB). To check the ability of FprB to support TigD activity we set up overnight reaction 

of TigD protein with TigB3R precursor peptide, SAM, FprB and NADPH (Figure 4.13D). 

Still, no reaction was observed.  

Next, we hypothesized that TigD reacts with the product of the TigE catalyzed reaction, 

TigB3R-mCPG. Using the microwave assisted solid peptide synthesis, we synthesized the 

truncated TigB3R-mCPG with three repeating TIGSVS motifs (Fmoc - mCPG was used 

instead of Ile, shown in red) and a N-terminal Trp to increase absorbance and aid in 

purification of TigB3R-mCPG (Figure 4.14A). To evaluate the enzymatic activity of TigD, 

three sets of reactions were set up first - containing TigD, TigB3R-mCPG, SAM, 

dithiothreitol, and dithionite; second - TigD, TigB3R-mCPG, SAM, FldA, FPR, and 

NADPH; third - TigD, TigB3R-mCPG, SAM, FprB and NADPH Surprisingly, still no 

change in the retention time and mass of TigB3R-mCPG was observed by HPLC or LCMS.  
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Figure 4.14 Analysis of TigD reaction with TigB3R-mCPG. A) HRMS spectra of 
[M+2H]3+ ions of TigB3R-mCPG and LC chromatogram. B) HRMS spectra of [M+2H]3+ 

ions of TigB3R-mCPG from DTH reaction and LC chromatogram (red). C) HRMS 
spectra of [M+2H]3+ ions of TigB3R-mCPG from FPR reaction and LC chromatogram 
(blue). D) HRMS spectra of [M+2H]3+ ions of TigB3R-mCPG from FprB reaction and 

LC chromatogram (purple).   
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All rSAM enzymes require one electron reduction of the [4Fe-4S]2+ cluster to the +1-

oxidation state. This usually is done using an artificial chemical reductant dithionite or a 

physiological reducing system as flavodoxin/flavodoxin reductase or ferredoxin NADP+ 

reductase. However, the proposed reducing systems were not able to activate TigD to 

perform substrate – based catalysis. Instead, they led to the formation of uncoupled reaction 

to generate methionine and 5’ – dA with no modification of the substrate. Perhaps, a use 

of a different suitable reducing system is needed to support TigD activation. Some RiPP 

BGCs carry out reactions with a well-defined order of the post-translational modifications. 

So, there might be a possibility that TigB3R precursor peptide or TigB3R- mCPG must be 

further modified before the reacting with TigD. 
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Chapter Five: Discussion  

The mft BGC is one of the most widely distributed RiPP biosynthetic pathways and is 

highly concentrated in mycobacteria genomes. Of the ~625 unique species that encode for 

MFT biosynthesis, 300 are found in the mycobacteria genus including many pathogenic 

mycobacteria species.80 Despite the wide distribution of the mft BGC and its frequent 

occurrence in mycobacterial pathogens, little is known about the physiological conditions 

that lead to MFT production. To address this gap in knowledge we focused our efforts on 

the putative regulator MftR, which has remained relatively unexplored. As a point of 

clarification, it should be noted that the gene designation of MftR used throughout this 

dissertation is derived from automated gene annotation used by Uniprot and NCBI and 

should not be confused with the MarR-family regulatory protein that has been named major 

facilitator transport regulator (Uniprot: Q2SVY7) and is associated with urate response in 

Burkholderia sp.139,140 

In this study, we demonstrated that MftR binds to the promoter region of the mft gene 

cluster, suggesting that it acts as a cis regulatory element in the transcription of the mft 

BGC. Notably, we used DNase I footprinting to sequence the DNA binding region of MftR 

and identified a stretch of 27 bp residing -79 bp upstream to the start of the mft operon. We 

confirmed that MftR binds the 27 bp region by measuring the Kd of the MftR-DNA 

complex by fluorescence anisotropy. In addition, we used qRT-PCR and growth assays to 
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demonstrate that overexpression of mftR reduces transcript levels of the mft BGC. 

Additionally, we found that the mft operator is conserved in both sequence and location in 

the other mycobacterial genomes. This suggests that MftR homologues likely regulate the 

mft BGC using a similar operator sequence. Our findings are consistent with pathogen-

sequencing data from in vivo samples of macrophages infected with MTB. In this study, 

Peterson et al.141 found that Rv0691c is highly expressed and affects nearly 50 gene targets. 

Importantly, they found that upregulation of Rv0691c resulted in the repression of mftB, 

mftC, and mftD transcription. Additionally, our findings are consistent with regulatory 

networks that were built for transcription factors in MTB.142 Using chromatin 

immunoprecipitation sequencing (CHiP-Seq) experiments, Minch et al.142 found that 

Rv0691c binds to a region 5’ to the mftA homologue Rv0691a. The motif consensus 

described by Minch et al is conserved in the Omft sequence we show in Figure 3.2E. Taken 

together with our sequencing, binding affinity data, qRT-PCR data, and bioinformatic data, 

it is logical to conclude that MftR is a mft BGC transcriptional repressor in mycobacteria 

that harbor both the mft BGC and mftR.   

Significantly, we found that MftR is activated by long-chain acyl-CoA’s. Using 

competitive EMSAs and ITC we showed that acyl-CoA’s ranging from C12-C18 are 

effectors of MftR in vitro. Additionally, we repurposed a fluorescent reporter system to 

show that the mft BGC is upregulated in Msmeg cultures when oleate is supplemented to 

growth media as compared to glucose alone. These findings suggest that MFT production 

and utilization is required for some aspect of fatty-acid metabolism. Both bioinformatic 

and direct evidence support this view. In Msmeg, putative MFT-dependent dehydrogenases 
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belonging to the TIGR03989 family are co-localized with fatty-acid modifying enzymes. 

For instance, msmeg_4801 is co-localized with a putative 3-oxo-acyl carrier protein 

reductase and msmeg_2204 is in a gene cluster that contains an acyl-CoA dehydrogenase. 

More directly, in vivo studies have shown that the mymA operon, consisting of the genes 

rv3083-rv3089, is required for cell wall maintenance143,144 and for maintaining the mycolic 

acid composition in MTB when exposed to acidic pH.145 Encoded in the mymA operon is 

Rv3086, a putative MFT-dependent dehydrogenase. While enzymatic activity has yet to be 

established for Rv3086, it has been proposed to carry out the conversion of terminal methyl 

groups of fatty acids to carboxylic groups for condensation.144 Therefore, it is likely that 

the activation of the mft BGC by acyl-CoA’s is due to MFT-dependent dehydrogenases 

that are associated with fatty acid metabolism. 

We have found that MftR is at least one regulator of MFT biosynthesis. While our 

findings significantly progress current knowledge about the physiological conditions that 

induce MFT biosynthesis, we recognize that the regulatory network of MFT biosynthesis 

is likely incomplete. For instance, it is known that the MFT-dependent dehydrogenases 

Msmeg_6242 and Msmeg_1410 are required for primary alcohol and carveol catabolism, 

respectively,80,146 yet neither catabolic pathway incorporates long-chain acyl-CoA’s. 

Therefore, we expect other regulators influence the timing of MFT production. Supporting 

this notion, the MTB regulator, Rv0678, controls the expression level of mmpS5-mmpL5 

genes which are associated with azole efflux.147 Additionally, CHiP-Seq experiments show 

that Rv0678 also binds to regions of DNA that encode for MftB and MftD, potentially 

making Rv0678 a secondary regulator of MFT biosynthesis in MTB.148 While the 
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regulatory network for MFT biosynthesis may not be complete, our findings here provide 

the new insight to the physiological conditions that lead to MFT production.  

Despite the rapid progress in solving the biosynthesis, structure, and function of MFT, 

little is known about the physiological processes that require the molecule. Previously, we 

speculated that MftR is a regulator of MFT biosynthesis.80 The present study confirms this 

to be true, at least in Msmeg.  

Overall, this study underpins the importance of MFT in mycobacteria. However, to 

fully grasp the physiological roles that MFT participates in, future studies should be 

dedicated to investigating chemistries of MFT-dependent dehydrogenases.
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Chapter Six: Summary 

Here, we report that msmeg_1420, annotated as MftR, is a transcriptional repressor of 

the mycofactocin biosynthetic gene cluster (BGC) in Msmeg. We found that MftR binds a 

DNA sequence in the promoter region of the mycofactocin BGC. We mapped the 27 bp 

mft operator (Omft) by DNAse I footprinting and measured dissociation constant (Kd) of the 

MftR – Omft complex by fluorescence anisotropy. We employed relative RT-quantitative 

PCR (qRT-PCR) to demonstrate that overexpression of MftR results in the repression of 

mft genes in Msmeg. 

To determine under what conditions the biosynthesis of mycofactocin might be 

induced, we employed electrophoretic mobility shift assays and isothermal titration 

calorimetry to identify effectors of MftR. We identified that MftR is activated by long – 

chain acyl CoAs ranging from C12 to C18.  

To demonstrate that the identified effectors translate in vivo, we use an engineered 

fluorescence reporter system to show that when it is supplemented to growth media it 

induces the expression of mycofactocin BGC in Msmeg.  

In summary, we provide here mechanistic insights into the MftR dependent regulation 

of MFT biosynthesis and demonstrate that the induction of MFT biosynthesis is acyl-CoA 

dependent.  
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Appendix A: Supplementary information 

DNA sequences 

Pmft Sequence 

TACGCCTGCAGCTCTTCGGTTTCCAGGATCACGCGCATACGCTGCCGGTG

CTCGGCCATCTCGTGGTCGGCGTAGGTGTTGAAGGTCAGCAGTGCCTCGCGC

AGGGCGTCGCCGAGTGACACCTCGGAGCTGAGGGTCCTCAGCAGGTTCTGCA

GGTGCTGCAGGTGTGAGTCGAAATCACCCCACGGGATGGCGCTCTTGGAGGC

GTAGTACCGGAACAGGGTCCGTCGCGAGATGCCCGCGGCGGCCGCGACGTCG

TCGACGCTGACCGCGTCGAACCCTCGGGCCGCGAACAGATCGATCGCCACGC

CGGCGATGTGGTCCTGCGTGGTGGAGCGGCGACGCCCCGCGCGGGAACCCTC

GGACATCTCTCACACCCCCTCTTCCATTCTGGCACTCGATGCCATATATTTGC

GATCTCGATCACAACTGTCGAGACCATACGCGACGAAAGGGAGTCCACATGG

AACCGAATCAGCACGTCGAGGCCGAGACCGAACTCGTCACCGAGACTCTCGT

GGAAGAGGTCTCGATCGACGGTATGTGCGGGGTCTAC 

Pmft-pCherry  

TCTAGATACGCCTGCAGCTCTTCGGTTTCCAGGATCACGCGCATACGCTGCCG

GTGCTCGGCCATCTCGTGGTCGGCGTAGGTGTTGAAGGTCAGCAGTGCCTCG

CGCAGGGCGTCGCCGAGTGACACCTCGGAGCTGAGGGTCCTCAGCAGGTTCT

GCAGGTGCTGCAGGTGTGAGTCGAAATCACCCCACGGGATGGCGCTCTTGGA

GGCGTAGTACCGGAACAGGGTCCGTCGCGAGATGCCCGCGGCGGCCGCGAC

GTCGTCGACGCTGACCGCGTCGAACCCTCGGGCCGCGAACAGATCGATCGCC

ACGCCGGCGATGTGGTCCTGCGTGGTGGAGCGGCGACGCCCCGCGCGGGAAC



 

123 

CCTCGGACATCTCTCACACCCCCTCTTCCATTCTGGCACTCGATGCCATATAT

TTGCGATCTCGATCACAACTGTCGAGACCATACGCGACGAAAGGGAGTCCAC

ATGGAACCGAATCAGCACGTCGAGGCCGAGACCGAACTCGTCACCGAGACTC

TCGTGGAAGAGGTCTCGATCGACGGTATGTGCGGGGTCTACGGATCCATGGT

CTCGAAGGGCGAGGAGGACAACATGGCGATCATCAAGGAGTTCATGCGCTTC

AAGGTCCACATGGAGGGCTCGGTCAACGGCCACGAGTTCGAGATCGAGGGC

GAGGGCGAGGGCCGCCCGTACGAGGGCACCCAGACCGCCAAGCTGAAGGTC

ACCAAGGGCGGCCCGCTGCCGTTCGCCTGGGACATCCTGTCGCCGCAGTTCA

TGTACGGCAGCAAGGCCTACGTCAAGCACCCGGCCGACATCCCGGACTACCT

GAAGCTGTCGTTCCCGGAGGGCTTCAAGTGGGAGCGCGTCATGAACTTCGAG

GACGGCGGCGTCGTCACCGTCACCCAGGACTCGTCGCTGCAGGACGGCGAGT

TCATCTACAAGGTCAAGCTGCGGGGCACCAACTTCCCGTCGGACGGCCCGGT

CATGCAGAAGAAGACCATGGGCTGGGAGGCCTCGTCGGAGCGCATGTACCC

GGAGGACGGCGCCCTGAAGGGCGAGATCAAGCAGCGGCTGAAGCTGAAGGA

CGGCGGCCACTACGACGCCGAGGTCAAGACCACCTACAAGGCCAAGAAGCC

GGTCCAGCTGCCGGGCGCCTACAACGTGAACATCAAGCTGGACATCACCAGC

CACAACGAGGACTACACCATCGTCGAGCAGTACGAGCGCGCCGAGGGCCGC

CACAGCACCGGCGGCATGGACGAGCTGTACAAGTGAAAGCTTATCGATACCG

TCGACCTCGAGGGGGGGCCCGGTACGTACCCGGGGATCATCGAGCCGAGAA

CGTTATCGAAGTTGGTCATGTGTAATCCCCTCGTTTGAACTTTGGATTAAGCG

TAGATACACCCTTGGACAAGCCAGTTGGATTCGGAGACAAGCAAATTCAGCC

TTAAAAAGGGCGAGGCCTGCGGTGGTGGAACACCGCAGGGCCTCTAACCGCT
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CGACGCGCTGCACCAACCAGCCCGCGAACGGCTGGCAGCCAGCGTAAGGCG

CGGCTCATCGGGCGGCGTTCGCCACGATGTCCTGCACTTCGAGCCAAGCCTC

GAACACCTGCTGGTGTGCACGACTCACCCGGTTGTTGACACCGCGCGCGGCC

GTGCGGGCTCGGTGGGGCGGCTGTGTCGCCCTTGCCAGCGTGAGTAGCGCGT

ACCTCACCTCGCCCAACAGGTCGCACACAGCCGATTCGTACGCCATAAAGCC

AGGTGAGCCCACCAGCTCCGTAAGTTCGGGCGCTGTGTGGCTCGTACCCGCG

CATTCAGGCGGCAGGGGGTCTAACGGGTCTAAGGCGGCGTGTACGGCCGCCA

CAGCGGCTCTCAGCGGCCCGGAAACGTCCTCGAAACGACGCATGTGTTCCTC

CTGGTTGGTACAGGTGGTTGGGGGTGCTCGGCTGTCGCTGGTGTTCCACCACC

AGGGCTCGACGGGAGAGCGGGGGAGTGTGCAGTTGTGGGGTGGCCCCTCAG

CGAAATATCTGACTTGGAGCTCGTGTCGGACCATACACCGGTGATTAATCGT

GGTCTACTACCAAGCGTGAGCCACGTCGCCGACGAATTTGAGCAGCTCTGGC

TGCCGTACTGGCCGCTGGCAAGCGACGATCTGCTCGAGGGGATCTACCGCCA

AAGCCGCGCGTCGGCCCTAGGCCGCCGGTACATCGAGGCGAACCCAACAGC

GCTGGCAAACCTGCTGGTCGTGGACGTAGACCATCCAGACGCAGCGCTCCGA

GCGCTCAGCGCCCGGGGGTCCCATCCGCTGCCCAACGCGATCGTGGGCAATC

GCGCCAACGGCCACGCACACGCAGTGTGGGCACTCAACGCCCCTGTTCCACG

CACCGAATACGCGCGGCGTAAGCCGCTCGCATACATGGCGGCGTGCGCCGAA

GGCCTTCGGCGCGCCGTCGACGGCGACCGCAGTTACTCAGGCCTCATGACCA

AAAACCCCGGCCACATCGCCTGGGAAACGGAATGGCTCCACTCAGATCTCTA

CACACTCAGCCACATCGAGGCCGAGCTCGGCGCGAACATGCCACCGCCGCGC

TGGCGTCAGCAGACCACGTACAAAGCGGCTCCGACGCCGCTAGGGCGGAATT
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GCGCACTGTTCGATTCCGTCAGGTTGTGGGCCTATCGTCCCGCCCTCATGCGG

ATCTACCTGCCGACCCGGAACGTGGACGGACTCGGCCGCGCGATCTATGCCG

AGTGCCACGCGCGAAACGCCGAATTCCCGTGCAACGACGTGTGTCCCGGACC

GCTACCGGACAGCGAGGTCCGCGCCATCGCCAACAGCATTTGGCGTTGGATC

ACAACCAAGTCGCGCATTTGGGCGGACGGGATCGTGGTCTACGAGGCCACAC

TCAGTGCGCGCCAGTCGGCCATCTCGCGGAAGGGAGCAGCGCGCACGGCGG

CGAGCACAGTTGCGCGGCGCGCAAAGTCCGCGTCAGCCATGGAGGCATTGCT

ATGAGCGACGGCTACAGCGACGGCTACAGCGACGGCTACAACCGGCAGCCG

ACTGTCCGCAAAAAGCGGCGCGTGACCGCCGCCGAAGGCGCTCGAATCACCG

GACTATCCGAACGCCACGTCGTCCGGCTCGTGGCGCAGGAACGCAGCGAGTG

GCTCGCCGAGCAGGCTGCACGCCGCGAACGCATCCGCGCCTATCACGACGAC

GAGGGCCACTCTTGGCCGCAAACGGCCAAACATTTCGGGCTGCATCTGGACA

CCGTTAAGCGACTCGGCTATCGGGCGAGGAAAGAGCGTGCGGCAGAACAGG

AAGCGGCTCAAAAGGCCCACAACGAAGCCGACAATCCACCGCTGTTCTAACG

CAATTGGGGAGCGGGTGTCGCGGGGGTTCCGTGGGGGGTTCCGTTGCAACGG

GTCGGACAGGTAAAAGTCCTGGTAGACGCTAGTTTTCTGGTTTGGGCCATGCC

TGTCTCGTTGCGTGTTTCGTTGCGCCCGTTTTGAATACCAGCCAGACGAGACG

GGGTTCTACGAATCTTGGTCGATACCAAGCCATTTCCGCTGAATATCGGGGA

GCTCACCGCCAGAATCGGTGGTTGTGGTGATGTACGTGGCGAACTCCGTTGT

AGTGCCTGTGGTGGCATCCGTGGCCACTCTCGTTGCACGGTTCGTTGTGCCGT

TACAGGCCCCGTTGACAGCTCACCGAACGTAGTTAAAACATGCTGGTCAAAC

TAGGTTTACCAACGATACGAGTCAGCTCATCTAGGGCCAGTTCTAGGCGTTGT
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TCGTTGCGCGGTTCGTTGCGCATGTTTCGTGTGGTTGCTAGATGGCTCCGCAA

CCACACGCTTCGAGGTTGAGTGCTTCCAGCACGGGCGCGATCCAGAAGAACT

TCGTCGTGCGACTGTCCTCGTTGATCCTTGCCGAGCTGGGATGGAAGCTCGGC

CGACCACCCTGGAGGAGATGATCGAGGATGCCAGGGCCTTTCACGCCCGCCG

CTGCTGAGCGTCCGCCGCCGGGCCCGCACCGCCGTCGGCCGGCCCGCTCCGG

GCTCGCAGCAGCGGGCTTCGGCGCGGGCCCGGGGCTCCCGAGCGCGGGCGG

GGCTCCGGGCGGCCGCCGGGGGCCGGGGGCGGCGCCGGGCGGCCCGGGGCG

TCAGGCGCCGGGGGCGGTGTCCGGCGGCCCCCAGAGGAACTGCGCCAGTTCC

TCCGGATCGGTGAAGCCGGAGAGATCCAGCGGGGTCTCCTCGAACACCTCGA

AGTCGTGCAGGAAGGTGAAGGCGAGCAGTTCGCGGGCGAAGTCCTCGGTCCG

CTTCCACTGCGCCCCGTCGAGCAGCGCGGCCAGGATCTCGCGGTCGCCCCGG

AAGGCGTTGAGATGCAGTTGCACCAGGCTGTAGCGGGAGTCTCCCGCATAGA

CGTCGGTGAAGTCGACGATCCCGGTGACCTCGGTCGCGGCCAGGTCCACGAA

GATGTTGGTCCCGTGCAGGTCGCCGTGGACGAACCGGGGTTCGCGGCCGGCC

AGCAGCGTGTCCACGTCCGGCAGCCAGTCCTCCAGGCGGTCCAGCAGCCGGG

GCGAGAGGTAGCCCCACCCGCGGTGGTCCTCGACGGTCGCCGCGCGGCGTTC

CCGCAGCAGTTCCGGGAAGACCTCGGAATGGGGGGTGAGCACGGTGTTCCCG

GTCAGCGGCACCCTGTGCAGCCGGCCGAGCACCCGGCCGAGTTCGCGGGCCA

GGGCGAGCAGCGCGTTCCGGTCGGTCGTGCCGTCCATCGCGGACCGCCAGGT

GGTGCCGGTCATCCGGCTCATCACCAGGTAGGGCCACGGCCAGGCTCCGGTG

CCGGGCCGCAGCTCGCCGCGGCCGAGGAGGCGGGGCACCGGCACCGGGGCG

TCCGCCAGGACCGCGTACGCCTCCGACTCCGACGCGAGGCTCTCCGGACCGC
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ACCAGTGCTCGCCGAACAGCTTGATCACCGGGTCGGGCTCGCCGACCAGTAC

GGGGTTGGTGCTCTCGCCGGGCACCCGCAGCACCGGCGGCACCGGCAGCCCG

AGCTCCTCCAGGGCTCGGCGGGCCAGCGGCTCCCAGAATTCCTGGTCGTTCC

GCAGGCTCGCGTAGGAATCATCCGAATCAATACGGTCGAGAAGTAACAGGG

ATTCTTGTGTCACAGCGGACCTCTATTCACAGGGTACGGGCCGGCTTAATTCC

GCACGGCCGGTCGCGACACGGCCTGTCCGCACCGCGGATCAGGCGTTGACGA

TGACGGGCTGGTCGGCCACGTCGGGGACGACGGGGAGTCAGGCAACTATGG

ATGAACGAAATAGACAGATCGCTGAGATAGGTGCCTCACTGATTAAGCATTG

GTAACTGTCAGACCAAGTTTACTCATATATACTTTAGATTGATTTAAAACTTC

ATTTTTAATTTAAAAGGATCTAGGTGAAGATCCTTTTTGATAATCTCATGACC

AAAATCCCTTAACGTGAGTTTTCGTTCCACTGAGCGTCAGACCCCGTAGAAA

AGATCAAAGGATCTTCTTGAGATCCTTTTTTTCTGCGCGTAATCTGCTGCTTGC

AAACAAAAAAACCACCGCTACCAGCGGTGGTTTGTTTGCCGGATCAAGAGCT

ACCAACTCTTTTTCCGAAGGTAACTGGCTTCAGCAGAGCGCAGATACCAAAT

ACTGTCCTTCTAGTGTAGCCGTAGTTAGGCCACCACTTCAAGAACTCTGTAGC

ACCGCCTACATACCTCGCTCTGCTAATCCTGTTACCAGTGGCTGCTGCCAGTG

GCGATAAGTCGTGTCTTACCGGGTTGGACTCAAGACGATAGTTACCGGATAA

GGCGCAGCGGTCGGGCTGAACGGGGGGTTCGTGCACACAGCCCAGCTTGGA

GCGAACGACCTACACCGAACTGAGATACCTACAGCGTGAGCTATGAGAAAG

CGCCACGCTTCCCGAAGGGAGAAAGGCGGACAGGTATCCGGTAAGCGGCAG

GGTCGGAACAGGAGAGCGCACGAGGGAGCTTCCAGGGGGAAACGCCTGGTA

TCTTTATAGTCCTGTCGGGTTTCGCCACCTCTGACTTGAGCGTCGATTTTTGTG
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ATGCTCGTCAGGGGGGCGGAGCCTATGGAAAAACGCCAGCAACGCGGCCTTT

TTACGGTTCCTGGCCTTTTGCTGGCCTTTTGCTCACATGTTCTTTCCTGCGTTA

TCCCCTGATTCTGTGGATAACCGTATTACCGCCTTTGAGTGAGCTGATACCGC

TCGCCGCAGCCGAACGACCGAGCGCAGCGAGTCAGTGAGCGAGGAAGCGGA

AGAGCGCCCAATACGCAAACCGCCTCTCCCCGCGCGTTGGCCGATTCATTAA

TGCAGCTGGCACGACAGGTTTCCCGACTGGAAAGCGGGCAGTGAGCGCAAC

GCAATTAATGTGAGTTAGCTCACTCATTAGGCACCCCAGGCTTTACACTTTAT

GCTTCCGGCTCGTATGTTGTGTGGAATTGTGAGCGGATAACAATTTCACACAG

GAAACAGCTATGACCATGATTACCAGATCTGGCTCGCACCGCGGTGGCGGCC

GC 
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Table S1 primers used in this study 

Purpose  Primer Sequence (5′ − 3′) 

EMSAs; FAM-Omft TCCATTCTGGCACTCGATGCCATATAT   

MftR 

mutants, 

ITC 

Q15A 

D16R 

D16W 

R29A 

D38A 

R48A 

F65A 

D66A 

S67A 

S67W 

H68A 

F96A 

CGCCGCTCCACCACGGCGGACCACATCGCCGGC 

TCCACCACGCAGCGACACATCGCCGGC 

TCCACCACGCAGTGGCACATCGCCGGC 

GATCTGTTCGCGGCCGCGGGGTTCGACGCGGTC 

GCGGTCAGCGTCGACGCGGTCGCGGCCGCCGCG 

GCGGGCATCTCGCGAGCGACCCTGTTCCGGTAC 

GCAGGTGTGAGTCGGCATCACCCCACGGGATG 

CCGTGGGGTGATTTCGCGTCACACCTGCAGCAC 

TGGGGTGATTTCGACGCGCACCTGCAGCACCTG 

GGTGATTTCGACTGGCACCTGCAGCAC 

GGTGATTTCGACTCAGCGCTGCAGCACCTGCAG 

GAGGCACTGCTGACCGCGAACACCTACGCCGAC 

I114A GCAGCGTATGCGCGTGGCCCTGGAAACCGAAGA 

L120A CCTGGAAACCGAAGAGGCGCAGGCGTATTCGATG 

L120R CTGGAAACCGAAGAGCGGCAGGCGTATTCGATG 

M127A GCGTATTCGATGACCGCGTACGCCGGCTGGCG 
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